Archives of Toxicology (2024) 98:1271-1295
https://doi.org/10.1007/500204-024-03703-8

REVIEW ARTICLE q

Check for
updates

Recent advances and current challenges of new approach
methodologies in developmental and adult neurotoxicity testing

Melania Maria Serafini'© . Sara Sepehri? - Miriam Midali' - Marth Stinckens? - Marta Biesiekierska® -
Anna Wolniakowska® - Alexandra Gatzios? - Elise Rundén-Pran® - Edyta Reszka® - Marina Marinovich'® .
Tamara Vanhaecke? - Joanna Roszak? - Barbara Viviani'~ - Tanima SenGupta®*

Received: 29 November 2023 / Accepted: 6 February 2024 / Published online: 13 March 2024
© The Author(s) 2024

Abstract

Adult neurotoxicity (ANT) and developmental neurotoxicity (DNT) assessments aim to understand the adverse effects and
underlying mechanisms of toxicants on the human nervous system. In recent years, there has been an increasing focus on the
so-called new approach methodologies (NAMs). The Organization for Economic Co-operation and Development (OECD),
together with European and American regulatory agencies, promote the use of validated alternative test systems, but to date,
guidelines for regulatory DNT and ANT assessment rely primarily on classical animal testing. Alternative methods include
both non-animal approaches and test systems on non-vertebrates (e.g., nematodes) or non-mammals (e.g., fish). Therefore,
this review summarizes the recent advances of NAMs focusing on ANT and DNT and highlights the potential and current
critical issues for the full implementation of these methods in the future. The status of the DNT in vitro battery (DNT IVB)
is also reviewed as a first step of NAMs for the assessment of neurotoxicity in the regulatory context. Critical issues such
as (i) the need for test batteries and method integration (from in silico and in vitro to in vivo alternatives, e.g., zebrafish, C.
elegans) requiring interdisciplinarity to manage complexity, (ii) interlaboratory transferability, and (iii) the urgent need for
method validation are discussed.
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Neurotoxicity testing: why is it challenging?

Until today it has been difficult for toxicologists to com-
pletely define what neurotoxicity concretely entails due to
the complex structure and function of the nervous system,
as well as its intricate interplay with other organ systems
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The complexity of the nervous system makes it difficult to
understand the relationship between exposure to environ-
mental factors and the occurrence of neurological dysfunc-
tion, which deserves a better understanding of the molecular
mechanisms involved (Sombers and Patisaul 2022). Another
concept that can be difficult to determine in neurotoxicity is
whether an effect on the nervous system is direct or indirect.
Secondary effects on the function and structure of the nerv-
ous system due to hepatic, renal, pancreatic, or cardiovas-
cular injury, or because of interference with the endocrine
system, could also be considered neurotoxic in an indirect
way (Costa 1998; Giordano and Costa 2012). Furthermore,
a combination of both effects is possible, e.g., a halogenated
compound can be neurotoxic in a direct manner as it inter-
acts with the neurons, but also in an indirect manner to the
developing nervous system as it alters the thyroid hormone
homeostasis (Costa and Giordano 2007; Crofton 2008).

In terms of toxicity, chemical-induced neurotoxicity
may be due to a short-term interaction with a target or as
a consequence of long-term or repeated exposure. In the
former case, the effect may be reversible after cessation of
exposure (e.g., solvents) or after reactivation of the target
(e.g., organophosphate pesticides, carbamates). In the lat-
ter case, the nature, localization (i.e., central or peripheral
nervous system), and extent of damage may lead to irrevers-
ible effects or favor the progression of complex patholo-
gies, as suggested by epidemiological studies. The overall
picture may be further complicated by the possibility that
the neurotoxic effect may occur hours or days after exposure
(e.g., tri-ortho-cresyl-phosphate) (Spencer and Lein 2024).
Acute neurotoxicity that causes severe damage or even death
in a laboratory or clinical environment is relatively simple
to measure (OECD 1997). It is much more challenging to
evaluate the more subtle maladaptive effects of chronic or
cumulative exposure, especially during critical windows of
neuronal development (OECD 2007). As the developing
nervous system could be more susceptible to exposure to
hazardous chemicals (Giordano and Costa 2012), DNT may
already occur at levels that do not cause acute toxicity. As
for ANT, it is important to evaluate long-term exposures
not only a single hit but rather multiple subtoxic hits over
longer periods of exposure. Epidemiological studies suggest
a link between specific environmental factors (e.g., pesti-
cides) and complex neurological diseases of adulthood such
as Parkinson’s disease (PD), amyotrophic lateral sclerosis,
and Alzheimer’s disease (AD) (EFSA 2014). In addition,
due to better diagnosis based on the Statistical Manual of
Mental Disorders and the International Classification for
Diseases (American Psychiatric Association 2013), envi-
ronmental factor exposure also seems to have a significant
impact on DNT inducing an increased prevalence of neu-
rodevelopmental disorders, including autism spectrum dis-
order (ASD) and attention deficit disorder (ADD), with or
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without hyperactivity (ADHD) (Heyer and Meredith 2017).
Nevertheless, identifying those environmental causes still
poses difficulties without a comprehensive knowledge of the
mechanisms involved, or which neuronal systems are most
prone to environmental injury (Quaak et al. 2013; Roberts
et al. 2019). Furthermore, the inherent limitations of epide-
miologic studies do not allow conclusions to be drawn about
a causal relationship between exposure to environmental
contaminants and the onset and progression of complex dis-
eases, but raise concerns and questions about the adequacy
of regulatory studies to inform on complex human health
outcomes. In this review, we carefully distinguish between
DNT and ANT, and try to provide specific examples for both
whenever possible. However, it is necessary to specify that
so far there is a big difference between the two in terms of
the progress made in the search for NAMs specific to one
or the other. The study of DNT is at a more advanced stage,
so much so that there will be a specific in-depth study in the
chapter on in vitro techniques dedicated to the example of
DNT IVB, which groups several assays to support hazard
and risk assessment with in vitro models.

Historically, test guidelines issued by the OECD and the
US EPA have been the basis for assessing ANT and DNT.
For ANT, these test guidelines are based on in vivo methods
and focused on clinical observations, functional testing of
the sensory and motor system, and neuropathological exami-
nation in rodents (OECD 1997; US EPA, 1998). For DNT,
both the OECD and the US EPA guidelines are based on
perinatal exposures to chemicals in rodents, to assess alter-
ations in neurodevelopmental aspects such as neurophysi-
ological and behavioral parameters (OECD 2007; US EPA
1991; OECD 2018). In particular, the DNT study screens for
adverse effects pre- and post-natal on the development and
function of the neurological system after exposure in utero
and through maternal milk until weaning, and offspring are
examined neurologically and behaviorally until adulthood
(Makris et al. 2009). It is important to point out that system-
atic DNT assessment is not a standard requirement within
the European Union and the United States, but it is based
on a weight-of-evidence approach to determine when testing
should be recommended considering only specific triggers
(e.g., endocrine disruption concerns, structural similarity to
known reproductive toxicants, results from other toxicity
studies, and anticipated use and human exposure patterns)
(Smirnova et al. 2014). Thus, the amount of chemicals and
mixtures tested for DNT is very limited (about 140 com-
pounds in Europe and the US) and a significant deficit in
knowledge exists (Fritsche et al. 2017; Crofton and Mundy
2021).
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Fig.1 The approximate number of animals used for scientific pur-
poses in the European Union and Norway, including re-uses, in 2019
(data from EURL ECVAM status report 2022 (https://data.europa.eu/
doi/https://doi.org/10.2760/500414 (accessed on Jan 9, 2023)). Figure
created with Biorender.com

New approach methodologies: why are
alternatives to animal testing needed?

Animal research has undoubtedly contributed to a bet-
ter understanding of various physiological and pathologi-
cal conditions. Although there is a visible decrease in the
number of procedures on live animals, data from 2011' and
2019% showed that over 10 million animals are still used
in scientific research (Fig. 1) with rodents being the most
used species and representing, together with rabbits, 80%
of the total number of animals used. In recent years, ethi-
cal concerns about animal testing have risen regarding the
possible advancement of scientific knowledge, animal pro-
tection, and especially the relevance of data obtained in ani-
mal models to human health for regulatory purposes. Many
literature data show a lack of correlation between animal
models and humans, as suggested by drugs ineffective in
patients although successful preclinical studies (Atkins et al.
2020; Ransohoff 2018). The same is true for toxicants and
involves several sources of uncertainty affecting extrapola-
tion to humans.?

! https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:
52013DC0859 (accessed on Jan 9, 2023).

2 https://op.europa.eu/en/publication-detail/-/publication/7 1ab6
91d-c9f6-11ed-a05¢c-01aa75ed71al/language-en (accessed on Jan 9,
2023).

3 https://publications.parliament.uk/pa/cm200304/cmselect/cmsct
ech/172/17211.htm#n142 (accessed on Oct 6, 2023).

The 3Rs introduced by Russel and Burch (Russell and
Burch 1959) denote Replacement, Reduction, and Refine-
ment, and have had a significant impact on the practice of
scientific research.

In terms of replacement (i.e., the usage of methods ena-
bling the absolute replacement of animals), most of the
in vitro models require less time and resources for chemical
toxicity screening, are more cost-effective, environmentally
friendly, avoid species-specific issues (Balls 2002), and in
some cases provide more relevant information compared to
whole animals (Barbosa et al. 2015). For instance, in vitro
cell culture is a good model for early-stage compound pri-
oritization. Using a human cell-based DNT IVB, Klose
and colleagues extrapolated benchmark concentrations of
flame retardants human exposure via breast milk and sug-
gested low risk for individual compounds. This could raise
a potential concern for real-life mixture exposure, especially
when different compounds converge through diverse MoA
on common endpoints (Klose et al. 2022). These are exam-
ples of full replacement (often collectively referred to as
non-animal methods), while we refer to partial replacement
when we use animals that are not considered to be capa-
ble of suffering based on current scientific knowledge (e.g.,
nematodes, fish) or primary tissues and cells explanted from
animals killed solely for this purpose.

Concerning reduction (i.e., minimizing the number
of animal individuals while maximizing the information
obtained), careful selection of study design and proper
application of statistical information allows minimization
of animals used while still providing meaningful scientific
results with robust and reproducible findings. Methods that
maximize the information obtained from each animal are
some imaging techniques (e.g., magnetic resonance imag-
ing, positron emission tomography, computer tomography),
blood micro-sampling, and omics technologies (Hartung
and McBride 2011). Indeed, one recent study found that in
response to neurotoxic compounds (i.e., acrylamide, chlor-
pyrifos, fluoxetine, methyl mercury, and valproic acid), RNA
sequencing data predicted changes in the neuronal differen-
tiation pathway related to neural progenitor proliferation,
neuronal and glial differentiation, axon development, syn-
aptogenesis, synaptic transmission, and apoptosis in human
neuronal progenitor cells (de Leeuw et al. 2022). Thus, while
traditional toxicology tests generate knowledge about api-
cal adverse outcomes in experimental animals, omics tech-
nologies provide evidence about why an adverse outcome is
likely to occur, enabling systems toxicology (Hartung et al.
2017). Omics technologies increase predictive power when
incorporated into animal study designs, but sharing data and
resources between different research groups is a key issue in
this kind of application.
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Table 1 The definition of NAMs according to ECHA, US EPA, ICCVAM, and the CMP

ECHA? “NAMs denote alternatives to traditional toxicity methods that typically involve animal testing. These alternatives are useful for
predicting and assessing chemical risks and hazards, by providing mechanistic information for biologically complex endpoints.
They include, e.g., in vitro, in chemico methods and in silico computational models, which may be used alone or in combination
with other methods and have the potential to be quicker, cheaper and use fewer animals”

US EPA®

“NAM is broadly descriptive reference to any non-vertebrate animal technology, methodology, approach, or combination thereof

that can be used to provide information on chemical hazard and risk assessment. NAMs are functionally equivalent to alterna-

tives to mammal testing”

ICCVAM® “NAM has been adopted as a broadly descriptive reference to any alternative test method or methodology that can be used to
provide information on chemical hazard and risk assessment. These new approaches include IATAs, defined approaches for data
interpretation and performance-based evaluation of test methods. In this context, alternative test methods include non-animal test
systems and phylogenetically lower species, methods that reduce the number of animals required for a specific test or refine animal

use to lessen or avoid pain and distress”
CMP?

“NAMs are broadly defined as any technology, methodology, approach or combination thereof that can be used to replace, reduce or

refine animal toxicity testing and allow for more rapid or effective prioritization and/or assessment of chemicals. These methods
may include the use of computer-based (computational) models, modernized whole-organism assays or assays with biological
molecules, cells, tissues or organs, as well as exposure prediction approaches. While some NAMs may still make use of animals
(zebrafish embryo or 5-day rodent transcriptomics study), the methods are refined to provide new mechanistic knowledge and
associated dose-response data. This is an important step toward reducing the total number of animals used in research, product
development and chemical risk assessment until the necessary NAMs become available to replace animal toxicity testing”

https://echa.europa.eu/documents/10162/21184118/2023_06_01_nam_workshop_background_note_en.pdf/18873078-7ef6-80d3-b929-3b5a7

82949¢9?7t=1684296040053 (accessed on Oct 4, 2023)

Phttps://www.epa.gov/chemical-research/epa-new-approach-methods-efforts-reduce-use-vertebrate-animals-chemical-testing (accessed on Sep

12,2023)

https://www.oecd.org/chemicalsafety/risk-assessment/concepts-and-available-guidance-related-to-integrated-approaches-to-testing-and-asses

sment.pdf (accessed on Oct 4, 2023)

dhttps://www.canada.ca/en/health-canada/services/chemical-substances/fact-sheets/use-new-approach-methods-risk-assessment.html

on Sep 12, 2023)
IATA Integrated Approaches to Testing and Assessment

The refinement* (i.e., minimizing pain, suffering, or
potential long-lasting harm to the animals) mainly refers to
the modification of breeding and experimental procedures to
minimize or eliminate pain and distress as well as to improve
the welfare of animals. Performing more breeding proce-
dures simultaneously may be beneficial in terms of decreas-
ing the handling stress in some species. In primates, positive
reinforcements and operant conditioning are other ways to
reduce the potential distress.’ Improving the lives of animals
is important for the reliability of scientific results, and to
break the vicious cycle in which less reliable outcomes (due
to stress) lead to unreproducible results and to an increase in
the number of animals used (Hendriksen 2009).

Nowadays, neurotoxicity research is shifting from pre-
dominantly animal testing to the use of NAMs (Zavala
et al. 2020). However, the umbrella term “NAMS” remains
raw-edged, as there is no globally standardized definition
of this word. Several agencies like the European Chemical
Agency (ECHA), the US EPA, the Interagency Coordinating

4 https://www.nal.usda.gov/animal-health-and-welfare/animal-use-
alternatives (accessed on Sep 13, 2023).

3 https://www.ncbi.nlm.nih.gov/books/NBK4039/ (accessed on Oct
4, 2023).
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(accessed

Committee on the Validation of Alternative Methods
(ICCVAM), and the Canadian Chemicals Management
Plan (CMP) all describe this coined term in their own words
(Table 1). Therefore, clarifying and standardizing the defini-
tion of the term may be key to defining its use for further
research in the field of harmonization.

NAMs and neurotoxicity assessment

The human relevance of the results obtained with the com-
plex in vivo regulatory animal studies required by OECD
and US EPA guidelines is questionable since significant dif-
ferences exist between rodents and humans which hampers
the extrapolation of the results, as discussed above (Tsuji
and Crofton 2012). For this reason, many efforts are being
made to develop NAMs that are applicable to the study of
DNT and ANT. The data obtained from NAMs are col-
lected in IATA to support chemical safety assessment. The
database® on alternative methods to animal experimentation

5 https://jeodpp.jrc.ec.europa.eu/ftp/jrc-opendata/EURL-ECVAM/
datasets' DBALM/LATEST/online/dbalm.html (accessed on Jan 19,
2024).
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(DB-ALM) of the European Union Reference Laboratory
for alternatives to animal testing (EURL-ECVAM) col-
lects the summaries and protocols of methods submitted
for validation. If we search for “Neurotoxicity”, the data-
base retrieves 16 entries from a total of 370 entries. In addi-
tion, the European Union’s Joint Research Center (JRC)
website contains a constantly updated list’ of validated
methods, but as you can see by scrolling through the topics,
no test has yet been approved for neurotoxicity assessment.

Here we review the recent advances of NAMs for ANT
and DNT assessment considering computational tools,
in vitro cell-based models, C. elegans, and zebrafish, intend-
ing to highlight the potential and current critical issues for
the full implementation of these methods in the future. We
also review the current status of NAMs in the regulatory
context with a focus on the DNT IVB, which could provide
useful data for hazard characterization and risk assessment.

Adverse outcome pathways (AOP)

An AOP is a conceptual framework in individual or network
settings to identify changes sufficient to serve as the basis
of hazard assessment (i.e., molecular initiating events, key
events, and adverse outcomes), data gaps and to establish
testing strategies for regulatory endpoints. Details of AOP
components have been extensively reviewed elsewhere
(Hemmerich and Ecker 2020; Schultz and Watanabe 2018;
Bal-Price et al 2015; Sachana et al 2021b) and will not be
discussed in detail here. In toxicology, AOPs/AOP net-
works are designed to facilitate the adoption of a mechanis-
tic approach in regulatory and epidemiological studies that,
as described in Chapter 1, raise the question of a possible
link between exposure to chemicals (e.g., pesticides) and the
occurrence of complex nervous system pathologies that are
difficult to study in animal models. The core of AOPs devel-
opment is data collection and analysis to define the confi-
dence in the relationship between KERs based on both the
biological plausibility and empirical support of KERs (i.e.,
dose, temporal, and incidence concordance), the confidence
and precision of KE measurement, and any identified incon-
sistencies, uncertainties, and data gaps. All these considera-
tions must be captured in the overall weight of evidence of
an AOP that delineates the confidence in the AOP to support
regulatory application. As such, AOPs and their network
should facilitate the functional understanding of complex
pathways and provide a mechanistic basis for the develop-
ment of an IATA that combines assays and/or predictive

7 https://joint-research-centre.ec.europa.eu/eu-reference-laboratory-
alternatives-animal-testing-eurl-ecvam/alternative-methods-toxicity-
testing/validated-test-methods-health-effects_en (accessed on Jan 19,
2024).

models that address events sufficient to measure the hazard
of a chemical. There are currently 43 AOPs on the AOP
wiki that address neurotoxicity. Many of these lack detailed
descriptions or contain minimal information. While it is pos-
sible to pinpoint AOPs related to developmental or adult
neurotoxicity, there is often insufficient information on the
temporal progression of effects and the specific brain regions
affected. This dearth of data makes it challenging to iden-
tify the precise type of toxicity within the extensive range
of functional responses to chemical perturbation outlined
in Chapter 1. An exception is represented by the OECD-
endorsed AOPs (for ANT AOPs: 3, 10, 48; for DNT: 12,
13, 17, 42, and 54). A notable example is the AOP entitled
“Inhibition of mitochondrial complex I of nigro-striatal neu-
rons leads to Parkinsonian motor deficits” (ID 3 in the AOP
wiki, the repository of AOPs coordinated by the OECD),
which considers the long-term evolution of toxicity (overall
table in AOP wiki) together with the vulnerable area/neurons
relevant to the development of the targeted pathology. This
AOP provides mechanistic plausibility and aids in estab-
lishing a causal connection in support of epidemiological
observations linking pesticide exposure to an increased risk
of developing Parkinson’s disease (Ockleford et al. 2017), an
endpoint not routinely captured in regulatory studies. This
AOP has been a starting point to inform testing strategies
for hazard assessment of different pesticides (Tebby et al.
2022; van der Stel et al. 2020; van der Stel et al. 2021) and
to define the IATA case study of the OECD IATA program.®
So far, the AOP-based approach has proved useful in inte-
grating specific technologies and test systems which, once
coupled with toxicokinetic simulations, have allowed to sup-
port read-across of structurally related substances (van der
Stel et al. 2021) and to provide an in vitro point of departure
for a potential risk of parkinsonian motor deficits after long-
term exposure to tebufenpyrad (Alimohammadi et al. 2023).
Although these results are very promising in the context of
reducing the use of animals and overcoming the limitations
of regulatory studies to inform human health outcomes, it
is recommended that further case studies be conducted to
delineate the applicability and to facilitate and validate a
set of best practices (Alimohammadi et al. 2023). The key
element in the use of AOP 3 is the high quality, based on the
richness of the documentation and the overall assessment of
the evidence, which allowed the OECD endorsement.
Some of the most mature AOPs were organized into a
network (AOPN) and analyzed for topological features to
identify the most connected and studied KEs (nodes) and to
provide an overview of the pathways leading to AOPs rele-
vant for ANT and DNT (Spinu et al. 2019). The organization

8 https://one.oecd.org/document/ENV/IM/MONO(2020)21/en/pdf
(accessed on Nov 3, 2023).
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of linear AOs into networks and their analysis aims to pro-
vide guidance on which tests to prioritize, support the iden-
tification of biomarkers, and may provide an approach to
modeling quantitative AOs (Spinu et al. 2019). The benefits,
limitations, and challenges of AOPN with a focus on neuro-
toxicity are discussed in detail by Spinu et al. (2019).

Computational toxicology

Over the years, with advancements in computational mod-
eling, different techniques and the integration of different
types of data have been used and tested to predict ANT and
DNT. Computational toxicologists analyze chemical struc-
tures to identify toxicity-associated patterns, using struc-
tural alerts as warning signs for potential hazardous prop-
erties. A structural alert in a chemical compound suggests
the presence of certain characteristics or specific metabolic
reactions that may lead to toxicity. Different series of struc-
tural alerts as well as QSAR models have been developed
for ANT (Cronin 1996; Estrada et al. 2001; Grigorev et al.
2018; El Yazal et al. 2001). Moreover, neurodegenerative
diseases such as AD, have been studied using human-based
high-throughput imaging computational-based analysis to
decipher the epigenetic and molecular mechanisms driving
disease development. The absorption, distribution, metab-
olism, and excretion of chemicals involved in either AD
development, such as chlorpyrifos linked to A deposition,
or compounds for treating AD can be predicted using com-
putational models employed in toxicology. These models,
such as in vitro—in vivo extrapolation and physiologically
based pharmacokinetic and pharmacodynamics modeling,
allow us to define the kinetics and dynamics of compound
exposure and forecast long-term chemical effects (Pistollato
et al. 2015). In studies regarding DNT, computational mod-
els such as probabilistic modeling are being implemented to
formulate mechanistically driven hypotheses on how expo-
sure to various environmental chemicals affects the human
exposome (Pistollato et al. 2020; Mian et al. 2021). The
Bayesian hierarchical model predicts the potential to pro-
mote DNT with an accuracy of 76%, classifying the com-
pounds into three probability classes: low, medium, and
high. This classification and the methodology are explained
further (Spinu et al. 2022). Below, is a description given of
the approaches used in computational toxicology in NAMs
development for neurotoxicity assessment.

In silico tools

Non-testing approaches, commonly referred to as in silico
tools, play a crucial role in the development of NAMs. This
broad range of applications encompasses the creation and
organization of data libraries for efficient data retrieval, as
well as the identification of chemical activities (Crofton et al.
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2022). In terms of structure—activity identification, three dif-
ferent leading technologies stand out: category formation
(grouping) for read-across, (quantitative) structure—activity
relationship (Q)SAR (Cronin et al. 2017), and physiologi-
cally based kinetic (PBK) models. These technologies offer
diverse parameters linking a chemical’s biological activity
to its structure based on the similarity principle. Briefly, any
molecular descriptor or a set of descriptors can be used to
extrapolate information about less-known chemicals, pro-
viding insights into their chemical characteristics (Kasteel
and Westerink 2021). It should be mentioned that abiotic
molecular docking, an example of an in chemico testing
approach, enhances our understanding of a chemical’s intrin-
sic ability to interact with macromolecules. The outcomes
of in chemico testing contribute to the organic chemistry
knowledge underlying these interactions. Considering toxic-
ity, the origin of the effect is often the covalent binding to
macromolecules. Therefore, an in chemico approach offers
insights into the intrinsic reactivity of chemicals. These find-
ings are fed into in silico methods, generating computational
tools used for screening purposes (Cronin et al. 2009).

In the assessment of adverse neurotoxicity (ANT) and
developmental neurotoxicity (DNT), in silico approaches
have been applied across various levels of risk assessment,
spanning hazard assessment, mechanistic profiling, and pre-
dictions of absorption, distribution, metabolism, and excre-
tion (ADME), with a specific emphasis on blood—brain bar-
rier (BBB) models (Jiang et al. 2020; Worth et al. 2011;
Wijeyesakere et al. 2020; Chushak et al. 2018; Han et al.
2019). Despite these advancements, the complexity of ANT
and DNT as endpoints introduces uncertainties regarding
the underlying mechanisms. This complexity is particularly
pronounced in the case of DNT, given its time-sensitive
nature, where the exposure window further complicates the
understanding of toxicity mechanisms. Nevertheless, gov-
ernmental and non-governmental organizations have com-
piled data libraries and accessible resources to facilitate the
development of NAMs for ANT and DNT. Examples include
the Alternative Assessment Dashboard Hazard Database’
encompassing over 290,000 hazard data records, the SIDER
database, containing data on 1430 drugs and 5880 adverse
drug reactions (ADRs), as well as ToxCast and ToxRefDB.
It is important to note that while these libraries provide valu-
able data, none are exclusively designed for ANT and DNT,
encompassing various types of toxicity, including endocrine
disruption, reproductive toxicity, and chronic organ-specific
systemic toxicity (Kuhn et al. 2016). Table 2 summarizes
some of the publicly available resources from the National

° https://catalog.data.gov/dataset/alternatives-assessment-dashboard-
hazard-database-version-1-0-generated-12-07-2018 (accessed on Jan
16, 2023).
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Table 2 A non-exhaustive list of data and resources offered by the National Toxicological Program to researchers and the general public with a

short description

Type of resource Name

Description

Study data Chemical effects in biological systems (CEBS)

NTP report series

NTP historical controls database

Tools and resources  Developmental NeuroToxicity data integration

and visualization enabling resource (DNT-
DIVER)

Integrated chemical environment (ICE)

Test method development resources

TOX21 toolbox

Pathology resources Non-neoplastic Lesion Atlas

NTP archives

public data repository of toxicogenomics data, clinical data, histopa-
thology findings, microarray and proteomics data over 2000 NTP
studies permitting data integration and cross-study analysis and data
query using study condition and the subject responses

Rodent toxicology studies results reviewed by NTP internally. The
pathology results are peer-reviewed by the Pathology Working
Group (PWG). The data include toxicology (TOX) reports of short-
term or sub-chronic studies, technical reports (TR) of long-term
or chronic studies and results using genetically modified models
(GMM), developmental and reproductive toxicology (DART) stud-
ies, immunotoxicology (IMM) studies and peer-reviewed manu-
scripts published in scientific journals

A historical summary collection of chronic animal studies and geneti-
cally modified models and DART data

A web-based tool to analyze, compare, and visualize multiple DNT
assays

Curated TOX21 data with in silico prediction of physicochemical and
ADME properties, mapped in vitro data, and IVIVE tools estimat-
ing in vivo exposure (Bell et al. 2020)

Recommended protocols, tools, and research opportunities as well as
guidelines and regulatory needs (only US), supporting the develop-
ment of alternative test methods

It contains tools for accessing, visualizing, and analyzing quantitative
high-throughput screening (QHTS) data library of 10 K. The data
library, one of the largest libraries constructed ever, generated 100
million data points from ~8500 chemicals in more than 70 high-
throughput toxicity assays (Richard et al. 2021)

High-quality images of rodents’ body systems and description after
exposure to environmental chemicals inducing non-cancer diseases
(Schmidt 2014)

Provides primary public resources for toxicological research includ-
ing study collections, educational material, and training material
on rodent pathology. It contains millions of histological slides and
paraffin-embedded tissue blocks; 242,000 bags of formalin-pre-
served tissues, 74,000 frozen specimens and millions of paper data
and microfiche with over 18,000 digital histopathology images

NTP National Toxicological Program, PWG Pathology Working Group, TOX toxicology, TR technical reports, GMM genetically modified mod-
els, DART developmental and reproductive toxicology, /MM immunotoxicology, ADME absorption, distribution, metabolism, excretion, IVIVE
in vitro to in vivo extrapolation, gHTS quantitative high-throughput screening, CEBS Chemical Effects in Biological Systems, DNT-DIVER
Developmental Neurotoxicity Data Integration and Visualization Enabling Resource, /ICE Chemical Integrated Environment

Toxicology Program (NTP) of the United States Department
of Health and Human Services.'°

Except for DNT-DIVER, the resources listed in Table 2
are not specifically tailored to in silico approaches for ANT
and DNT but rather encompass other toxicological end-
points and alternative methodologies. These include targeted
in vitro testing approaches and the development of in vitro
to in vivo extrapolation (IVIVE) tools. In addition, ECHA

10 https://ntp.niehs.nih.gov/data/index.html (accessed on Jan 16,
2023).

provides a dossier of all registered substances in Europe,
including neurotoxicants. While this data serves as a valu-
able starting point for retrieving compound-specific existing
data, the database lacks interactivity, and access to dossiers
is limited to individual retrieval. Another noteworthy data-
base is DevTOX, designed to enhance and standardize the
assessment of developmental findings and categorization,
with a recent emphasis on developing prediction systems
for DNT (Marx-Stoelting et al. 2021).
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Read-across and category formation

Developing databases for screening and prioritizing chemi-
cals for ANT and DNT based on evidence from both human
and animal studies, as well as similarities in functional
groups and constituents (chemistry) and biological activ-
ity is instrumental in filling data gaps and forming catego-
ries. In recent years, significant efforts have been devoted
to identifying uncertainties and enhancing the transparency
of read-across assessment. Various bodies have developed
guidelines and frameworks to facilitate this process (Schultz
and Cronin 2017; OECD 2014; ECHA 2008; ECETOC
2014). The use of analogs and read-across concepts to
bridge knowledge gaps has been extensively discussed and
studied, particularly for neurotoxicants with a known MoA
such as the inhibition of complex I or III of the mitochon-
drial respiratory chain and chemical causing PD-associated
neurological effects (van der Stel et al. 2021; OECD 2021,
Soares et al. 2022). In 2018, the EPA launched the GenRA
(generalized read-across) tool, integrated into the EPA Com-
putational Toxicology Dashboard. This tool predicts analogs
based on chemistry and/or bioactivity descriptors using the
chemical biological read-across (CBRA) approach (Helman
et al. 2019; Hemmerich and Ecker 2020). User-friendly tools
like these can be explored for hazard identification and guid-
ing risk minimization strategies with known neurotoxicants.

(Quantitative) Structure—activity—relationship (Q)SAR

Machine learning techniques on large data have facilitated
the establishment of several QSAR models for neurotoxi-
cants, utilizing various molecular descriptor packages and
machine learning algorithms. The construction, valida-
tion, and evaluation of these models have been extensively
assessed and reported in the literature (Jiang et al. 2020;
Worth et al. 2011; Cronin 1996; Nicolotti et al. 2014; Estrada
et al. 2001; Malygin et al. 2003). Software-based tools are
available for predicting ANT and DNT (e.g., Derek Nexus,
PALLAS HazardExpert, and PASS). A better understanding
of the mechanisms underlying the toxic effects of chemicals
involves identifying the structural fragments responsible,
known as structural alerts. Mechanistically based, a group
of structural alerts can be used to develop in silico profil-
ers for the early screening of chemicals. Profilers, grouped
based on a shared mechanism of toxicity, can flag chemicals
linked to specific toxicities in large databases. Nelms et al.
developed an in silico profiler for mitochondrial toxicity
based on scientific knowledge of mitochondrial structural
alerts (Nelms et al. 2015). Mitochondrial respiratory chain
dysfunction, studied in vitro and in vivo, has been suggested
to trigger various neurotoxicities, including Parkinsonian
motor deficits (Delp et al. 2021; Li et al. 2019; Capela and
Carvalho 2022).
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Furthermore, the web-based expert system, SApredictor!!
developed by Hua and coworkers, assesses various toxico-
logical endpoints, including neurotoxicity. Using data for 22
toxicity endpoints, they focused on neurotoxicity using Jiang
et al. 2020’s collection of data on 495 compounds in humans
from ChemIDplus (Jiang et al. 2020). Employing frequency
analysis SARpy and fingerprints filter, they identified 18
structural alerts for neurotoxicity in the training dataset. A
neurotoxicity computational model based on 684 annota-
tions (329 positives and 355 negatives) was established with
the applicability domain calculated using the Tanimoto coef-
ficient in the similarity matrix based on the Klekota Roth fin-
gerprint (KRFP) (Hua et al. 2022). Despite the existence of
useful in silico models to identify neurotoxicants, a negative
prediction alone is insufficient to draw a negative conclusion
on neurotoxicity (Crofton et al. 2022). Gadaleta et al. applied
AOPs in developing a QSAR tool, modeling the molecular
initiating events (MIEs) in the existing AOP network for
DNT. The prediction performance was compared to other
reference QSAR standards, such as molecular descriptors
and structural alerts, to return a comparable predictive per-
formance (Gadaleta et al. 2022).

Physiologically based kinetic (PBK) models

In addition to QSAR models for addressing chemical and
hazard characterization, significant effort and research
focus on modeling key biological processes influencing
ANT and DNT. Utilizing publicly available data, QSAR
models for BBB and placental barrier have been developed
employing methodologies such as Support Vector Machine
(SVM), Multiple Linear Regression (MLR), and Artificial
Neural Network (ANN). However, not all the BBB mod-
els developed adhere to the OECD QSAR model criteria
(Masjosthusmann et al. 2018). Molecular descriptors like
lipophilicity, polar surface area, and hydrogen bonding were
instrumental in model development (Wang et al. 2011).

BBB permeability is a key factor in central nervous sys-
tem exposure and its prediction is crucial in neurotoxicity
research, given that a functional BBB prevents over 98%
of chemicals from penetration (Goodwin and Clark 2005).
Moreover, in silico ADME predictions can capture interspe-
cies and intraspecies differences in ANT and DNT assess-
ment, replacing traditional uncertainty factors with more
precise chemical-specific adjustment factors (Kasteel and
Westerink 2021).

To enhance confidence in in silico predictions for ANT
and DNT, it is imperative to assess uncertainties within
each model. Cronin and colleagues developed a schema to
evaluate structural alerts predicting toxicity, proposing 12

1 www.sapredictor.cn (accessed on Jan 16, 2023).
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criteria for assessing the quality and usability of an alert for
a specific purpose (Cronin et al. 2022). Applying a simi-
lar scheme to ANT and DNT alerts can enhance trust and
acceptance of these models. Evaluating uncertainties within
a specific method generates alerts that allow higher confi-
dence levels in decision-making.

An illustrative example of an AOP-based DNT model,
considering uncertainties through a combination of in vitro
and in silico approaches, has been presented by Spinu and
colleagues. They developed a Bayesian hierarchical model
of a simplified AOP network for DNT incorporating three
common KEs: a reduction of brain-derived neurotrophic
factor, a decrease of synaptogenesis, and a decrease in neu-
ronal network formation. The training dataset comprised
88 chemicals from different sectors, and the data for the 3
KEs were gathered using in silico/in vitro methods. With
an accuracy of 76%, their model classified compounds into
three categories low, medium, and high probability of DNT
potential (Spinu et al., 2019).

In vitro models

One of the recognized drawbacks of using the animal model
to study both DNT and ANT is that regulatory animal tests
are not designed to generate mechanistic understanding and,
therefore, do not necessarily provide an understanding of
the mechanisms underlying toxicity. The utility of in vitro
cell models lies in the ability to study detailed cellular and
molecular mechanisms. The brain is a complex organ, so
the challenge for in vitro models to be used in the context of
neurotoxicology is to find ways to reproduce the complexity
in terms of, e.g., cell types and intercellular communication.
Moreover, many relevant processes are involved in neuro-
toxic outcomes, and one way to mimic the complexity of the
in vivo brain is to plan test strategies based on data collec-
tion from a battery of assays (Fritsche et al. 2017).

The first cell-based in vitro models described include
primary cultures of neurons and glial cells from animal ori-
gin, mainly rodent embryos and pups, and immortalized or
tumor-derived cell lines (Abdulla and Campbell 1993; Harry
et al. 1998). The latter two are suitable for in vitro testing
because of their ease of handling and ability to expand rap-
idly but differ from primary cultures in several ways: (i)
due to indefinite divisions, they can express unique gene
patterns not found in any cell type in vivo, (ii) they may not
have typical neural cell attributes or functions. In particular,
immortalized cell lines of neuronal origin often lack ion
channel and/or membrane receptor expression and activity,
do not form effective synapses, and show unusual combina-
tions of the neurotransmitters they produce (Edwards et al.
2007; LePage et al. 2005). As for primary cells, since they
are of animal origin, molecular epitopes, gene expression,
and physiological functions may differ from humans (Leist

and Hartung 2013); however, they form excellent synaptic
networks and contain various cell types of interest. For these
reasons, they have been the main model used for mechanistic
studies since now.

A move forward in in vitro NAMs came with the advent
of human embryonic stem cells (hESCs) and human-induced
pluripotent stem cells (hiPSCs) (Takahashi and Yamanaka
2006). hESCs and hiPSCs shifted the paradigm: they can
expand and differentiate into virtually any brain cell type
including both neurons and glial cells, providing an unlim-
ited supply of cells from human origin and overcoming
the issues of interspecies differences that are posed when
using animal-derived primary cells (McComish and Cald-
well 2018). Moreover, hiPSCs are considered identical to
hESCs in terms of proliferation, differentiation abilities,
and morphology, but override ethical issues concerning
the use of hESCs which are derived from fertilized human
embryos (Mallon et al. 2014). Unfortunately, the differentia-
tion protocols are demanding, expensive, lengthy (at least
3-5 weeks of differentiation), and result in heterogeneous
neuronal populations.

Mono-culture techniques

Neuron mono-cultures allow easy analysis of neuron-spe-
cific data, such as axon/dendrite growth, synapse formation,
and all those transcriptional features and mechanisms of
action that can be attributed to neurons alone. Furthermore,
in the context of neurotoxicity testing, the neurotoxic effect
of compounds on a specific cell type can be analyzed (Hop-
kins et al. 2015). An example of conditionally immortalized
cells that provide a basis for chemical neurotoxicity testing
is Lund human mesencephalic (LUHMES) cells; this cell
line, derived from healthy 8-week-old human embryonic
mesencephalic tissue, differentiates rapidly and homogene-
ously into mature dopaminergic neurons (Delp et al. 2018a).
LUHMES cells are one of the models that are part of the
DNT IVB (see chapter 3.3.5, UKN4 Assay—NeuriTox).
This in vitro test method assesses one endpoint, the impair-
ment in neurite outgrowth, after exposure to toxicants to
evaluate both DNT, in terms of disturbances in the develop-
ment of the nervous system and brain structures, and ANT
in terms of direct damage to the adult nervous system. The
advantage of the use of such a model is the possibility of
high-throughput testing on a larger scale (Delp et al. 2018b).
In contrast, this is a specific model for dopaminergic neu-
rons, which represent < 1% of all neurons in the brain, so it
cannot be considered representative of other neuronal types.

When it comes to hiPSCs-derived neurons, many proto-
cols were developed to differentiate hiPSCs toward specific
neuronal types and subtypes, reflecting features of a certain
brain area (i.e., hippocampus; cortex) or with certain neuro-
transmitter characteristics (i.e., dopaminergic, glutamatergic,
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Table 3 A list of references

: ” Neurons Astrocytes Oligodendrocytes Microglia
reporting human cell-derived
in vitro model systems from hiPSc hiPSc hiPSc hiPSc
various sources Glutamatergic Leventoux et al. 2020 ~ Wang et al. 2013 Speicher et al. 2019

Nehme et al. 2018
Boissart et al. 2013
GABAergic

Yang et al. 2017
Dopaminergic
Hartfield et al. 2014
Serotonergic
Luetal. 2016
Motor neurons

Du et al. 2015

Immortalized cell lines
Smirnova et al. 2016

hESCs

Voulgaris et al. 2022

Byun et al. 2020
Fibroblast-derived
Meyer et al. 2014

Immortalized cell lines
Furihata et al. 2016

Douvaras et al. 2014

Immortalized cell lines
De Kleijn et al. 2019

Primary macrophages
Etemad et al. 2012

Monocytes/PBMCs-derived
Leone et al. 2006

Immortalized cell lines
Janabi et al. 1995

hiPSc human-induced pluripotent stem cells, ZESCs human embryonic stem cells, PBMCs peripheral blood

mononuclear cells.

GABAergic). Logan and colleagues summarized the main
protocols to generate neuronal and non-neuronal cells from
hiPSCs reporting the most common strategies found in the
literature (Logan et al. 2019).

Concerning glia, the species-specific differential gene
expression profile and dissimilar expression of susceptibil-
ity genes for neurological disorders between animal models
and human glial cells indicate the need for human-based
models to better recapitulate the microenvironment of glial
cells physiology and function (Gosselin et al. 2017). HiP-
SCs, hESCs, fibroblasts, peripheral blood mononuclear cells
(PBMCs), and immortalized cell lines have been used to cre-
ate mono-culture of human astrocytes and microglial cells
in a laboratory setting, enabling the assessment of processes
such as glutamate transport, inflammatory response, calcium
responses, neurite outgrowth and maturation (Leventoux
et al. 2020; Voulgaris et al. 2022; Speicher et al. 2019).
Starting from hiPSCs, it is now possible to differentiate
astrocytes, oligodendrocytes, microglia, and brain micro-
vascular endothelial cells by adding a different sequence
and combination of induction factors to the culture medium
(Logan et al. 2019). These protocols are very recent, particu-
larly those for the generation of microglia. Until 5 years ago,
the only ways to obtain human microglia employed human
monocytes cultured with astrocyte-conditioned medium
(Leone et al. 2006) or PBMCs stimulated with a cocktail
of four human recombinant cytokines (Etemad et al. 2012).
Later, in 2017, a few papers were published that showed
how to differentiate microglia from reprogrammed iPSCs to
better mirror the developmental stages and ontogeny, con-
sidering that microglia derive from non-monocytic primi-
tive myeloid cells (Muffat et al. 2016; Pandya et al. 2017,
Haenseler et al. 2017; Douvaras et al. 2017). Despite pos-
sessing genes and functions unique to microglia, monolayers
of in vitro microglial cell cultures can contain macrophages,
lack regionality, and do not mirror the different subtypes
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found within the brain (Grabert et al. 2016). A non-exhaus-
tive list of references reporting current protocols for human
cell-derived in vitro models is provided in Table 3.

Co-culture techniques

The main limitation of mono-culture models is the growth of
a single cell type which cannot recapitulate specific physi-
ological features due to insufficient cell-cell and cell-extra-
cellular matrix interactions. Mono-cultures are, thus, far
away from representing the human brain, but they can still be
very useful in assessing DNT- and ANT-specific endpoints.
The assessment of neurotoxicity cannot be discussed without
considering the phenomenon of neuroinflammation. Several
studies have shown that glial cells, especially astrocytes,
are crucial for the formation of neuronal networks as pure
neuronal cultures show limited bursting (Meneghello et al.
2015). This could be a problem when testing neurotoxicity
outcomes, different MoAs identified as relevant to human
neurotoxicity are related to neurotransmission (Masjos-
thusmann et al. 2018). The study by Tukker and colleagues
showed that the addition of astrocytes in a glia/neuron ratio
of 1:1, which is a near-physiological ratio, impacts the
development of spontaneous neuronal network activity and
bursting behavior (assessed by MEA) promoting neuronal
network formation (Tukker et al. 2018). In addition to glial
cells, the presence of both excitatory and inhibitory neurons
also appears to play a role in the maturation of the network,
with the optimal ratio defined as 1:5 inhibitory to excitatory
neurons (Sahara et al. 2012). Moreover, aberrations in nor-
mal glial functions could affect neuron—glia communication
possibly leading to toxicity and pathogenesis. At the same
time, soluble molecules released in the medium and direct
contact with other cell types are crucial for cultivating glia in
their homeostatic state (Wenzel et al. 2023), this is a limita-
tion observed when setting up mono-cultures of astrocytes,
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Table 4 The pros and cons of 2D versus 3D cell culture methods

2D 3D Spheroids 3D organoids

2D 3D spheroids 3D organoids

Easy handling/SOP
Costs
Homogeneity
Reproducibility

v/
v/
v
v

Cell—cell interactions

a
Cell-ECM interactions X V

Long-term culture X

CLLKKLKK
XXX X

b

Cytoarchitecture

High diversity of cell types

Control of environmental conditions

Spatial organization

Ease of manipulation for downstream
analysis

High-throughput screening

Brain Regionality

X X
X Vv
v Vv ¢
X Vv
v Vv X
v Vv a
v Vv

a limited to side-by-side contact; b usually to a lesser extent when compared to 3D organoids; ¢ typically cannot have both high complexity and
high variable control of environmental conditions; d less amenable due to lack of standardization

SOPs standard operating procedure, ECM extracellular matrix

microglia oligodendrocytes. Mono-cultures of glial cells
showed altered gene expression, morphology, and physical
features (Dezonne et al. 2017; Bohlen et al. 2017).

Two-dimensional (2D) methods

The need to integrate the glial component into the neuronal
cultures gave rise to multicellular systems. In 2D, cells can
be co-cultured in the same environment, e.g., stimulating
SH-SYSY cells with BV2 culture supernatant (Guo et al.
2019), directly plating neurons on the glia monolayer (Shi
et al. 2017), or simply plating primary cells derived from
rodent embryos or pups without the addition of a cytostatic
agent: this will allow glial cells to grow. Again, it is pos-
sible to plate cells on Petri dishes equipped with a porous
membrane placed on a transwell; this method could some-
how simulate the interaction between cells, but it is still
limited in terms of direct cell—cell interaction. Transwell
co-culture is particularly relevant for modeling the BBB (for
an extensive review see Jackson et al. 2019). Finally, the
glia—neuron sandwich co-culture could be a useful tool to
assess interactions between different cell types based on the
release of soluble factors secreted by both neurons and glia
(Mancino et al. 2019). In terms of cost-effectiveness, sim-
plicity, and the possibility to test neurotoxicity, these models
are advantageous and, although some of them were devel-
oped with primary cells of animal origin, they could be set
up also with hiPSCs-derived neurons and glial cells. Worth
mentioning here also ex vivo brain slice cultures which are
difficult to classify as 2D or 3D because, although they have
a thickness, this is very different from the concept of 3D,
which will be explored below. Slice cultures can preserve
some elements of in vivo morphology, cytoarchitecture and
anatomical connectivity; however, the process of generating

slice cultures is morphologically damaging (for an extensive
review see (Humpel 2015).

Three-dimensional (3D) methods

Multicellular systems could also be grown in 3D and we
usually refer to them as spheroids or organoids. Spheroids
are defined as 3D aggregates of multiple CNS cell types
derived from neural progenitor cells (NPCs) cultured in non-
adherent plates so that they cluster together and grow in
suspension (Reynolds et al. 1992). An organoid is defined as
“A 3D structure derived from pluripotent stem cells [...] in
which cells spontaneously self-organize into properly differ-
entiated functional cell types and which recapitulates at least
some functions of the organ” (Huch et al. 2017). Therefore,
considering this definition, an organoid has three charac-
teristics: (i) it is spatially organized in a way that resembles
a human organ, not only at the cellular level, but also in
terms of tissue structure and developmental trajectory (ii) it
contains several organ-specific cell types, and (iii) it reca-
pitulates a specific function. The main difference between
spheroids and organoids is that the former typically lack
distinctive cytoarchitecture (Hogberg and Smirnova 2022).
The main pros and cons of 2D versus 3D cell culture meth-
ods are reported in Table 4.

Lancaster and colleagues first allowed the differentiation
of hiPSCs into organoids (Lancaster et al. 2013) and during
the following years, this technique has been improved and
refined. Given the rapid advances in the field and the con-
tinuous development of new experimental protocols, a recent
article has attempted to clarify the nomenclature for nervous
system organoids by emphasizing the self-organization fea-
ture of 3D cultures to derive unguided neural organoids, as
opposed to regionalized neural organoids resembling regions
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or domains of the nervous system (Pasca et al. 2022). The
combination of different regionalized brain organoids, called
assembloids, is a further development of the three-dimen-
sional in vitro culture technology that could allow the study
of different aspects of the interactions between brain regions
and domains soon (Marton and Pasca 2020).

As mentioned above, one of the key features of both sphe-
roids and organoids is the diversity of cell types they con-
tain. During differentiation, endoderm and mesoderm line-
ages are generally suppressed due to the patterning toward
the ectodermal lineage. Therefore, microglia are generally
assumed to be absent because of their non-neuroectodermal
origin. Microglia originate in the yolk sac and reach the
brain, where they mature, through vasculature (Nayak et al.
2014). This precludes the study of non-ectodermal cell types
that play an important role in brain function and neurotoxic
events, being microglia the resident immune cells of the
brain. To overcome this limitation, it is possible to generate
microglia from hiPSCs separately and then integrate them
into brain organoids (Abud et al. 2017) or again to transplant
microglia from primary origins (Popova et al. 2021). The
benefits of integrating microglia into organoids have been
multiple and have covered several domains: decrease of cel-
lular stress, induction of transcriptional changes, facilitation
of neural networks formation and maturation, also acting on
bursting synchronization and frequency (Sabate-Soler et al.
2022).

Despite being very expensive, time-consuming, and
requiring specialized knowledge, 3D organoids can accu-
rately mimic physiological conditions, which are relevant
for translational studies due to the human origin of the cells.
3D brain models are becoming increasingly complex to reca-
pitulate human-relevant cellular processes and functional-
ity. However, in neurotoxicology, the reproducibility of the
system is a key point and it is, therefore, necessary to find a
balance between complexity and simplicity to have robust,
reproducible systems that can be used for high-throughput
chemical screening. Spheroids are at a lower level of com-
plexity than organoids, as shown in Table 4, but have the
advantage of being more versatile as they can be used in
low-/medium-throughput formats up to larger scale applica-
tions for screening purposes depending on manual pipetting
or use of liquid handling systems. For these reasons, they
are the most important model, though not the only one, part
of DNT IVB, which will be discussed in more detail in the
next chapter.

Some critical points represent a true challenge for the
future—first of all, how to determine the in vitro age at
which 3D brain spheroids and organoids correlate with
the in vivo human adult brain. In vivo embryogenesis and
organogenesis are processes that profoundly differ from
in vitro spheroid and organoid formation (Bayir et al. 2019),
since the in vitro environment, although highly uniform,
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could not match the real in vivo physiological conditions.
Spheroids and neural organoids mostly mimic the early
phases of embryonic development of the human brain (Tru-
jillo et al. 2019; Porcitincula et al. 2021), thus are considered
a suitable model for the study of DNT, but many questions
are still open about a possible use in the context of ANT.
This is one of the reasons why there are currently great dif-
ferences between the development of methods for the study
of DNT and ANT so there is a consistent methodological
gap concerning the study of ANT. The “age issue” also
applies to 2D cultures; tumor-derived cell lines can be iso-
lated from young or old individuals, but this does not mean
that they can be considered representative of the study of
DNT or ANT, respectively. Furthermore, age-dependent
phenotypes are present in vivo, but the length of time a cell
line can be maintained in culture is limited. This is also a
critical step for the study of chronic neurotoxicity using 2D
cultures, as it is not possible to culture them for long peri-
ods. As with primary cultures, a maturation process can be
identified. For example, primary rat hippocampal neurons
are considered mature after at least 14 days in vitro (DIV),
when the developed network is visible, morphological stud-
ies show the presence of mushroom-shaped synaptic spines,
and functional studies show ion fluxes in response to phar-
macological activation of receptors (Paoletti et al. 2013).
However, this refers to the glutamatergic system and the
timing may vary when other neuronal types or other brain
regions are considered.

Finally, one issue regarding the use of hiPSCs in the
study of ANT (both in 2D and 3D) concerns the process
of de-differentiation through a stem cell-like stage. It has
been demonstrated that after cell reprogramming, hiPSCs,
and their derivatives are largely rejuvenated and have loose
hallmarks of cellular aging typical of the original somatic
cell source. These age-related cellular signatures include
epigenetic features, energy metabolism, and other cellular
mechanisms (Gladyshev 2016). Efforts have been made to
develop alternative strategies that may be more suitable for
ANT testing, such as direct reprogramming, in which cells
are directly converted from one lineage to another without
going through the pluripotent stage (Zhou-Yang et al. 2021;
Mertens et al. 2018).

In vitro models for hazard and risk assessment: the example
of DNTIVB

DNT represents an area where there is great interest in devel-
oping and applying NAMs for regulatory purposes. Thus,
several international efforts have been made to address the
need for a new framework that allows cost-effective and effi-
cient screening and characterization of potential DNT haz-
ards (Coecke et al. 2007; Lein et al. 2007) and to overcome
the hurdles and questions that come alongside using a single
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in vitro test strategy such as: (i) elucidating interactions of
several biological and toxicological mechanisms involved,
(i) causality from molecular interactions to neurodevelop-
mental disorders, and (iii) the extrapolation from obtained
in vitro results to humans. The “Initial Recommendations on
Evaluation of Data from the Developmental Neurotoxicity
(DNT) In-Vitro Testing Battery”, released in the updated
version in November 2023'2 by the OECD, focuses on the
use and interpretation of the DNT IVB and introduces a
framework to enable regulatory use of the DNT IVB through
an integrated approach to IATA, which represents a per-
fect tool to encompass and organize a variety of methods to
address a specific case in a regulatory context (OECD 2020).

One NAM does not cover all key aspects of DNT. Thus,
the establishment of the DNT IVB is based on the principle
that the development of the nervous system in humans can
be broken down into several key neurodevelopmental pro-
cesses (KNDP) and that disruption of any of these KNDP
may lead to DNT (Bal-Price et al. 2018). An overview of the
updated DNT IVB is given in Table 5. It should be noted
that many more NAMs related to DNT can be found in the
literature and that this set of assays was selected based on
three specific criteria: (i) complementarity, (ii) documenta-
tion (e.g., test description compatible with OECD guidance
document 211 for describing non-guideline in vitro test
methods (OECD 2017)) and (iii) readiness level (Patterson
et al. 2021).

The sensitivity of the predictions made by the current
DNT IVB might be hampered by the lack of coverage of cer-
tain KNDP, such as stem cell differentiation toward neural
progenitor cells, neural tube construction, and, importantly,
the formation and function of neural networks (Blum et al.
2023). Together with toxicokinetic aspects, where for exam-
ple a parent compound might not cause DNT, but a metabo-
lite generated in vivo might be toxic, this could lead to false
negative results. For these reasons, to date, a negative result
after DNT IVB testing should not be interpreted as a lack of
DNT potential and complementary in vitro assays should be
added to the DNT IVB in the future to cover as many KNDP
as possible and to solve uncertainties critical issues related
to the in vitro methods used. Furthermore, there is a lack of
empirical data correlating specific levels of alteration in the
assays with known changes in in vivo neurodevelopmental
outcomes. It should be noted that a classic OECD 34 vali-
dation of DNT IVB (i.e., interlaboratory testing of all DNT
IVB tests on all compounds, including positive and negative
molecules) has not been performed to date.

The DNT IVB has many potential regulatory applications,
such as (i) identification or confirmation of possible DNT

12 https://one.oecd.org/document/ENV/CBC/MONO(2023)13/en/pdf
(accessed on Nov 3, 2023).

activity of compounds that were flagged by computational
models, (ii) screening and prioritization of a large number
of compounds for further testing, and (iii) specific testing
of compounds with either inconclusive in vivo DNT data
or novel data that causes concern (Sachana et al. 2021a).
Furthermore, data obtained using NAMs in a weight-of-evi-
dence-based approach have also already been used by the US
EPA to waive the requirement of further guidelines in vivo
testing (Dobreniecki et al. 2022), which is another impor-
tant example of a possible application of the DNT IVB.
The DNT IVB could provide data that are useful for hazard
characterization and, by application of PBK modeling and
IVIVE tools, benchmark doses obtained with the DNT IVB
could be converted to administered equivalent doses that
could then be used for risk assessment (Masjosthusmann
et al. 2020; Blum et al. 2023). To increase confidence in the
DNT IVB and to better clarify how it could be applied in a
regulatory context, case studies in different regulatory set-
tings should and are being performed with the DNT IVB in
an AOP-informed IATA framework (Hernandez-Jerez et al.
2021). Nevertheless, to increase predictive performance,
the focus must be on cross-disciplinary approaches to fur-
ther elucidate mechanisms underlying adverse effects on
the nervous system. This should be combined with a regu-
lar revision of the DNT IVB as new assay techniques and
further chemical test data become available (Sombers and
Patisaul 2022; Crofton and Mundy 2021).

C. elegans as a NAM model organism to study
neurotoxicity

For the regulatory assessment of DNT and ANT, in vivo
mammalian models are considered the first choice as guide-
lines to date still rely primarily on mammalian animal test-
ing, although the OECD, along with European and Ameri-
can regulatory agencies, are promoting the use of validated
alternative test systems. Given the time and cost required to
test an increasing number of compounds for DNT and ANT,
the need for alternative models has arisen. The main chal-
lenge with NAMs is their reduced complexity compared to
in vivo mammalian test systems, which limits their ability to
answer open-ended questions. While NAMs are effective for
screening and defining MoA, the complexity gap between
in vivo and alternative systems has not yet been bridged. In
addition to the possibility of creating batteries of many tests
to assess different key processes for DNT and ANT, another
strategy is the complementary use of animals that are not
considered to be capable of suffering (partial replacement
mentioned in Chapter 2). In this context, the C. elegans as
NAM model is gaining popularity due to its simple genet-
ics, conservation of key biological processes and genes
(C. elegans Sequencing Consortium 1998), transparent
body, short lifespan of 20 days, and cost-effective lab setup
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Table 5 Current status of the DNT IVB

Key event

Assay name

Cell type

Link to OECD appendix

Cell migration

Neurite outgrowth
(central)

Neurite outgrowth
(peripheral)

Precursor proliferation

Radial glia migration

Neuronal migration
Oligodendrocyte migration
Neuronal differentiation
Neurite outgrowth
Oligodendrocyte differentiation

Neurite outgrowth

Neurite maturation

Synaptogenesis

Network formation assay (NFA)

Neurite outgrowth

Proliferation, cytotoxicity and
apoptosis assay
Proliferation, cytotoxicity and
apoptosis assay

UKN2 assay (cMINC)

UKN4 assay (NeuriTox)

UKNS assay (PeriTox)

Neurosphere Assay
NPC1

Neurosphere assay
NPC2a

Neurosphere assay
NPC2b

Neurosphere assay
NPC2c

Neurosphere assay
NPC3

Neurosphere assay
NPC4

Neurosphere assay
NPC5

Cortical initiation

Cortical maturation

Cortical synapto

Cortical MEA

hN initiation

hNP1 Apop

hNP1 Prolif

hiPSC-derived NCCs

LUHMES cells (differentiated into mor-
phologically and biochemically mature
dopamine-like neurons)

hiPSC-derived iDRG

hNPCs

hNPCs
hNPCs
hNPCs
hNPCs
hNPCs
hNPCs

Rat primary
cortical neurons

Rat primary
cortical neurons
Rat primary
cortical neurons

Rat primary
cortical neurons

hiPSC-derived neurons

hNPCs

hNPCs

https://www.oecd.org/env/ehs/testing/
appendix-b3-guidance-evaluation-of-
data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/env/ehs/testing/
appendix-b4-guidance-evaluation-of-
data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/env/ehs/testing/
appendix-b5-guidance-evaluation-of-
data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-ba-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-b2-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-b6-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-b7-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-b8-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/testi
ng/appendix-b9-guidance-evaluation-
of-data-developmental-neurotoxicity-in-
vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

https://www.oecd.org/chemicalsafety/
testing/appendix-b10-guidance-evalu
ation-of-data-developmental-neurotoxic
ity-in-vitro-testing-battery.pdf

(accessed on Nov 2, 2023)

¢MINC circular migration inhibition of neural crest cells, NCCs neural crest cells, 4iPSC human-induced pluripotent stem cell, iDRG immature
dorsal root ganglia neurons, ZNPCs human neural progenitor cells, LUHMES Lund human mesencephalic
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Fig.2 Advantages of the C. elegans model. Figure created with
Biorender.com

(Fig. 2). C. elegans is already a well-known experimental
model with high sensitivity to diverse pollutants in soil and
aquatic ecosystems, thus making it a great bridging model to
assess environmental risk factors as per Environmental Risk
Assessment (ERA) routines (Queirds et al. 2019).

Concerning neurotoxicity assessment, the entire neuron
wire of C. elegans has been mapped: these organisms have
302 neurons, 56 glial cells, and 7600 synapses (White et al.
1986). The biochemical interactions of C. elegans neurons,
synapses, and neurotransmitters are remarkably similar to
those of mammals and well characterized (Bargmann 1998).

In addition, using genetic manipulation, transgenic ani-
mals expressing human genes with mutations for various
diseases can be created to study the disease mechanism.
High-throughput chemical screening, genetic screening, and
behavioral assays can be easily achieved using this model
system (Naranjo-Galindo et al. 2022). A recent study evalu-
ated the morphological and behavioral endpoints of C. ele-
gans in the context of reported AOP of neurodegenerative
disorders and demonstrated the homology of human genes
and associated proteins in the cholinergic and dopaminergic
signaling system (Sammi et al. 2022). Also, an EFSA study
conducted in 2018 showed that this model organism can be
used as an alternative tool for ANT and MoA (Masjosthus-
mann et al. 2018).

About the endpoints addressed by the DNT IVB (reported
in Table 5), implementing a similar battery of tests using C.
elegans is yet to be developed. The study of neuronal cell
proliferation from stem cells in C. elegans is well-estab-
lished (Marchal and Tursun 2021). When reprogramming
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Fig.3 Advantages of the zebrafish model. Figure created with
Biorender.com

barriers like chromatin regulators are removed, germ cells
can be reprogrammed to specific neuron subtypes (Kolund-
zic et al. 2018). Based on recent reports, exposing mercury
to young C. elegans larvae displayed adult behavioral defects
and DNT in dopaminergic neurons (Ruszkiewicz et al.
2018). Whereas lead neurotoxicity in young animals showed
behavioral defects, cognitive defects, and neurodegeneration
of cholinergic neurons upon aging (Ruszkiewicz et al. 2018).
These studies can be extrapolated and compared to human
outcomes, allowing us to develop C. elegans as a NAM
for neurotoxicity assessment. The molecular mechanisms
for neurite branching are similar to those found in mam-
mals, with Netrin-1 and Anosmin-1 promoting the process
in both nematodes and mammalian CNS neurons (Jin and
Kim 2020). The cell fate of neuronal and glial stem cells has
been fully mapped and there are 50 ectoderm-derived glia
and 6 mesoderm-derived glia in the neuron—neuron junction,
neuron—synapse junction, and sensory neuron junctions.
Epidemiological studies and meta-analyses suggest a rela-
tionship between pesticide exposure and neurodegenerative
diseases such as PD and AD (EFSA 2014). Currently, C.
elegans is widely used to study ANT caused by environ-
mental toxicants like manganese, lead, arsenic, and mercury.
Interestingly, high-throughput chemical genetic screening
using C. elegans makes it possible to model PD, AD, and
other neurodegenerative diseases. Like mammalian rodent
models, C. elegans can be used to perform a variety of
behavioral assays regulated by several classical neurotrans-
mitters, which can further delineate the effect of neurotoxins
(Iliff and Xu 2020). Neurodegeneration, protein aggregation,
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mitochondrial dysfunction, and reactive oxygen species for-
mation are endpoints well explored in both PD and AD C.
elegans models (Naranjo-Galindo et al. 2022; SenGupta
et al. 2021). Worth mentioning, that steadily piling omics
approaches in C. elegans AD and PD model allow for inves-
tigation of the molecular mechanism underlying DNT and
ANT (SenGupta et al. 2022; Sanchez-Martinez et al. 2023).

However, the limiting factors associated with this model
system are the absence of tissues, the BBB, and the circula-
tory system. In particular, while C. elegans has advantages
for certain types of studies, it may not fully mimic the com-
plexity of mammalian neurobiology due to phylogenetic
distance.

Zebrafish as a NAM model organism to study
neurotoxicity

Zebrafish (Danio rerio) is a small freshwater teleost fish
that,over the years, has become an important model in biol-
ogy, toxicology, human diseases, and physiology. Figure 3
summarizes the key features that make zebrafish an interest-
ing organism for assessing DNT and ANT as an alternative
to rodents (Parng et al. 2007; d’Amora and Giordani 2018).

The zebrafish genome was fully sequenced and shows
approximately 70% homology with humans (de Esch et al.
2012). It has similar neuroendocrine hormones, neurotrans-
mitters, and receptors involved in brain functions, such as
learning and memory, (Takesono et al. 2022), although dif-
ferences in expression patterns are observed when compared
to human and rodents. Some areas of the zebrafish brain are
similar to mammals and, despite the lack of a hippocam-
pus, the lateral pallium appears to be functionally equivalent
(Rodriguez et al. 2002).

The use of zebrafish to assess DNT is increasing because
it avoids ethical constraints of rodent experiments. Zebrafish
embryos and early larval stages, until free-swimming and
independent feeding corresponding to 5-day post fertiliza-
tion, could be considered as an alternative animal model'?
(EFSA 2005). For ANT testing using adult fish, the legisla-
tion is more complex, butthe use of non-mammalian animals
is still an important aspect of the 3Rs, as it falls within the
definition of partial replacement.

Zebrafish motility and its response to various stimuli is an
important behavioral indicator and could be used to under-
stand neurobehavioral assessment in humans (Nishimura
et al. 2015). Juvenile and adult zebrafish can mimic sev-
eral human behaviors, which have been used to study both
neurodevelopmental (e.g., autism, schizophrenia) and neu-
rodegenerative (e.g., PD) disorders (for a list of zebrafish

13 http://data.europa.eu/eli/dir/2010/63/2019-06-26 (accessed on Jun
1, 2023).
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behavioral assays see Dasgupta et al. 2022). Unfortunately,
despite the usefulness of behavioral assays for understanding
toxicant effects, there is insufficient standardization of assay
protocols or analysis methods between laboratories and it
should also be recognized that there are clear anatomical
differences between the mammalian and the zebrafish brain
that need to be taken into account.

There are several examples of zebrafish models used to
assess DNT and ANT. The microbiota—gut—brain axis is
involved in a neurotoxicological contest and zebrafish is a
powerful model (Bertotto et al. 2020) thanks to the high
homology in the gastrointestinal tract (Goldsmith and Jobin
2012) and the ability to be directly exposed to environmental
chemicals. Bisphenol A is an example of an environmental
contaminant associated with adverse neurodevelopmental
and endocrine effects, that has been studied using zebrafish
(Catron et al. 2019a). These examples highlight the possibil-
ity of achieving a higher level of complexity compared to
computational or in vitro methods, potentially assessing the
intricate interplay with other organ systems (i.e., endocrine
system and microbiota—gut—brain axis). The key to using
zebrafish models is to determine which mechanisms are dif-
ferent from those in mammals and which are similar. Until
these methods are adequately standardized and possibly even
validated it is possible to use non-mammalian models in
conjunction with classical mammalian models.

Perfluorooctane sulfonate, 17f-estradiol, ethanol, and
acrylamide are just some of the other substances for which
zebrafish has been used as a model to assess DNT, ANT,
and behavioral toxicity (Tal et al. 2020; Catron et al. 2019b;
Park et al. 2021; Fitzgerald et al. 2021). Neurotoxic effects
in mammals of acrylamide (which induces apoptosis and
demyelination) and ethanol (which affects neuronal prolif-
eration, motor neuron survival, and optic nerve loss) were
similarly assessed with the zebrafish model (Parng et al.
2007; Park et al. 2021). Another study shows how zebrafish
estrogen pathways are homologous to those in rodents and
humans. For this reason, zebrafish models have the poten-
tial for hazard assessment of endocrine disruptors and other
developmentally neurotoxic chemicals (Takesono et al.
2022). Integrated multi-omics analysis using zebrafish has
revealed the underlying molecular mechanism in response to
polyfluoroalkyl substances (PFAS) used in the textile indus-
try (Lee et al. 2021; Min et al. 2023). In conclusion, many
qualitative endpoints for predicting DNT and ANT in mam-
mals can be assessed in zebrafish, but direct comparison of
zebrafish results to mammalian results still requires further
validation.
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Conclusion

NAMs are defined as alternative approaches to classical
animal testing; they include both non-animal approaches
and test systems in phylogenetically lower species such as
non-vertebrates and non-mammals. A PubMed search using
the query “new approach methodology” returned 368 results
from 2018 to the present.'* The growing importance of this
argument to the scientific community is reflected in the num-
ber of scientific papers on the subject, despite its relative
youth. For this reason, it would be desirable to standardize
the definition of the term NAMs, so that it would be possible
to define its use for further research.

Testing chemicals for their potential neurotoxic effects
still comes alongside some hurdles:

e Minimal use of the non-obligatory regulatory in vivo
test guideline studies with significant challenges in
extrapolating findings from rodents to humans (Fritsche
et al. 2017; Crofton and Mundy 2021; Tsuji and Crofton
2012);

o Time and cost-intensive nature of current in vivo and, to
a lesser extent, alternative accepted methods (Fritsche
et al. 2017; Crofton and Mundy 2021);

e Lack of data generation of one’s optimized alternative
method causing low confidence in prediction and inter-
pretation of data (Crofton et al. 2021);

e Limited funding left for developmental steps, leading to
a wide range of alternative methods not necessarily being
able to test many chemicals at once (Crofton et al. 2021;
Coecke et al. 2007);

e Strict, but essential, guidelines on validation and reg-
ulation of alternative test methods that require a diffi-
cult process and high proof of concept, impending the
encouragement of shifting to in vitro testing (Crofton and
Mundy 2021; Grandjean and Landrigan 2006).

It is important to underline that the primary issue with
animal testing is the relevance of data obtained to human
health for regulatory purposes. Thus, the goal of new testing
systems must be to address and improve this critical aspect,
recognizing that mere replacement without achieving com-
parable scientific results will not be sufficient.

DNT and ANT assessment has to take into account a huge
amount of variables: acute or chronic exposure, direct or
indirect effects, reversibility or irreversibility of the effect,
and the possibility of delayed effects (from hours or days
to years). Of great relevance is the intricate interplay with

!4 https://pubmed.ncbi.nlm.nih.gov/?term=%22new+approach+
methodologies%22&sort=fauth&sort_order=asc&size=50 (accessed
on Oct 31, 2023).

other organ systems which makes it even more difficult to
approach the complexity of the brain. Based on current
knowledge, no single NAM can completely replace in vivo
regulatory neurotoxicity tests alone because of its reduced
complexity compared to in vivo mammalian systems. While
NAMs are effective for screening and defining MoA, their
ability to answer open-ended questions is limited.

A first attempt to bridge the complexity gap between
in vivo and alternative systems is the creation of test batter-
ies (e.g., the DNT IVB) that use different tests to address dif-
ferent endpoints that target key processes for neurotoxicity.
Multiple assays can be combined into IATA. This requires
an interdisciplinary approach based on the combined use of
multiple sources of information so that different alternative
methods can be used in concert to elucidate the mechanisms
underlying adverse effects on the nervous system.

To date, several protocols have been published and
are available to scientists; the hypotheses, specific aims,
and study design determine the choice of one model over
another. As far as in vitro methods, hiPSC-derived neurons
are best suited to address different developmental stages of
the nervous system to study DNT, rather than being rep-
resentative of the adult nervous system, although progress
is ongoing and recently protocols have been developed to
generate fully mature, i.e., adult, neurons differentiated from
hiPSC (Lin et al. 2023) and to perform direct reprogram-
ming, to obtain adult neurons without going through the
pluripotent stage (Mertens et al. 2018).

One complexity that many laboratories face is the repro-
ducibility of the method. Bench experiments often have
many variables that are difficult to control (e.g., variations
in technicians, human error, machines, reagent lots), and
reproducibility of data is also closely linked to the use of
quality-controlled cells. Unfortunately, there is a lack of
specific hands-on guidance on hiPSC quality control in the
academic research environment (Li et al. 2015). Tigges and
colleagues proposed a quality-controlled, two-step banking
process to characterize the hiPSCs used in the laboratory
with a panel of eight assays to ensure cell quality at moder-
ate cost (Tigges et al. 2021); however, these tests are not
routinely performed. As for the computational methods, they
can theoretically be replicated exactly by an independent
scientist, provided the raw data are available, the code is cap-
tured in a publicly available source, and the computational
environment is dockerized; unfortunately, not all articles in
the literature meet these requirements. This highlights the
need to support data sharing, which is also critical for multi-
omics approaches, by creating an infrastructure of tools,
platforms, and software that can be accessed by researchers
around the world.

As NAM models for neurotoxicity, C. elegans and
zebrafish present comparable challenges. Despite their
importance as tools for DNT and ANT assessment, there is
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an urgent need to harmonize and standardize methodologies
by OECD Test Guidelines 426 and OECD Series on Test-
ing and Assessment Number 377.'> As reported in a recent
OECD case study entitled “The integrated methodologies for
evaluating DNT to prioritize a class of flame retardants”!®
zebrafish has already gained some popularity as a NAM for
DNT, but its use could also be expanded to the ANT field
(Dasgupta et al. 2022). C. elegans still has a long way to go
as an accepted model, but a recent study by Sammi et al.
effectively demonstrated a novel application of C. elegans
under the AOP framework for neurotoxicity testing (Sammi
et al. 2022) qualifying it as both a promising DNT and an
ANT NAM model for neurotoxicity.

In conclusion, when working with NAMs, considering
the number of available protocols covering a wide variety of
endpoints and the questions that are still open, it is of criti-
cal importance to define the applicability domains to find a
well-characterized system that suits the research question
considering the accessibility of the material, throughput, and
complexity. Finally, the keywords for the continuation of
NAM studies should be standardization and reproducibility.
The methods available in the literature are numerous, but
these protocols must be standardized so that they can be
used in different laboratories around the world obtaining
strongly reproducible results. Standardization and repro-
ducibility are also two central criteria for NAMs validation
which is urgently needed. It is a long process, time- and
cost-consuming, which needs a change of mindset first of all
from researchers, but it is essential if we are to think about
using NAMs for regulatory decision-making.

Standardization and reproducibility stand as pivotal cri-
teria in the validation of NAMs, a process that is urgently
needed. It is a long process, time- and cost-consuming,
which necessitates a shift in mindset, particularly among
researchers in academia. Financial support from stakehold-
ers can play a crucial role in funding researchers to validate
NAMs. Regulatory agencies in Europe already fund projects,
including those focusing on interlaboratory transferability, a
key point for results reproducibility. Progressing with stand-
ardization and reproducibility to achieve methods validation
is essential if we are to think about using NAMs for regula-
tory decision-making.
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