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n > 350,000 

n > 1,000

Toxic to neurodevelopment

Neurotoxic in humans

Neurotoxic in experiments

Chemical universe 

n = 14 

n > 200

Limited knowledge of (developmental) neurotoxicity 

Grandjean and Landrigan 2006, 2014; 
Aschner et al. 2017, Wang et al., 2020 



DEVELOPMENTAL 
NEUROTOXICITY



Organ systems involved in safety failures (AstraZeneca, 2005-2010)

Cook et al., Nat Rev Drug Discov 2014



Walker et al., Exp Biol Med 2018

Fail earlier, fail cheaper



Schmidt et al. Arch. Toxicol. 2017, 91:1-33. 

“main cellular characteristics underlying 
neurotoxicity, present an overview of cellular 
platforms and read-out combinations assessing 
distinct parts of acute and developmental
neurotoxicology, and highlight especially the 
use of stem cell-based test systems to close 
gaps in the available battery of tests”



https://ncats.nih.gov/sparc

Not only CNS !!!

Toxicity to the 
peripheral nerve system 



Differentiation of hiPSC to DRG neurons
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Peripherin (PRPH): 
marker of peripheral neurons

DRG: dorsal root ganglia

Marcel Leist



Comparison of peripheral neurons
and central neurons (LUHMES)
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PeriTox assay: Specificity

Test system:
human iPSC derived 
peripheral neurons

Comparison of viability
and neurite degeneration
by high-content imaging



• Differentiated: First 3D nerve model to 
demonstrate two key characteristics of 
the peripheral nervous system
• Schwann cell myelination
• Nerve conduction studies

• Applications: Neurotoxicity, 
neuroprotection, and disease modeling

• Multiple Species: Available in human, 
rat, and mouse models 

Khoshakhlagh, et al. J Neural Engineering (2018)



Disease Modeling

Ability to use the platform with patient-derived iPSC lines

Current 2 year grant from DoD to create ALS model with patient-derived cell line

• Early work showed protein inclusion suggestive of ALS pathology

Looking for opportunities to expand into neuroprotection and neuroregeneration among 

other peripheral and motor nerve diseases

ALS disease model showing protein inclusions



FOOD FOR THOUGHT...
DEVELOPMENT NEUROTOXICITY – CHALLENGES IN 
THE 21ST CENTURY AND IN VITRO OPPORTUNITIES

ALTEX 2014, 31:129-156 



Animal test:
$1,4 million

1,400 animals

200 chemicals tested:
No regulatory
consequence

https://commons.wikimedia.org/wiki/File:White_rat_on_table.jpg
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2005 2010 2015 2020

Test 
Readiness

DNT Reference 
Compounds

ISTNET Workshop 

Guidance Document

Expert Group on DNT

DNT assessment from in vivo towards in vitro

FIFRA review
NAMs for DNT



Key endpoints needed in a developmental neurotoxicity 
testing strategy

(from Fritsche et al. 2015, original by William Mundy, EPA)



…a set of > 50 endpoint-specific control compounds was identified. For further test 
development, an additional “test” set of 33 chemicals considered to act directly as bona fide 
DNT toxicants is proposed, and each chemical is annotated to the extent it fulfills these 
criteria. A tabular compilation of the original literature used to select the test set chemicals 
provides information on statistical procedures, and toxic/non-toxic doses (both for pups and 
dams). Suggestions are provided on how to use the > 100 compounds (including negative 
controls) compiled here to address specificity, adversity and use of alternative test systems. 

ALTEX 2017, 34:49-74



Workshop and 
Working 
Group for Test 
Guideline 
development



Started to draft AOP for DNT 
based on 5 established human 
DNToxicants

…

ALTEX 2014, 31:129-156



Plasticity???
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3D models: aggregates

Tissue slices/explants

Increasing information

Cell lines / stem cells : Human and rodent

Primary monolayer cultures
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Alternative models for DNT testing

Non-
mammalian 

species

Our work:
Rat reaggregating culture
LUHMES 3D model
iPSC BrainSpheres
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3D rat primary neural organotypic in vitro model

Flame Retardant Conc. well
2,2'4,4'Tetrabromodiphenyl ether (BDE-47) 0.1-20µM
Triphenyl phosphate (TPHP) 0.1-20µM
Isopropylated phenol phosphate (IPP) 0.1-10µM
Isodecyl diphenyl phosphate (IDDP) 0.1-20µM
Tricresyl phosphate (TMPP) 0.1-20µM
Dimethyl sulfoxide (DMSO) 0.1% (v/v)

Table 1: Flame retardants (FR)
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Arch Toxicol 2021, 95:207–228



Our vision: paradigm shift

NIH:
Human 
Toxome

NCATS:
3D iPSC
(human)

FDA:
DNTox-21c
(rat)



§ FROM SKIN OF DONORS, 
INDIVIDUAL STEM CELLS

§ IN 3 MONTHS THOUSANDS OF 
IDENTICAL ORGANOIDS

§ NEURONS COMMUNICATING
§ SOME BRAIN FUNCTIONALITY

OUR MINI-BRAIN 

PROJECT

ASTROS



Pamies et al., ALTEX 2017

BrainSphere functionality

D Gracias

3D spatiotemporal 
recording from a multi-

electrode shell

unpublished



Anderson et al., In Vitro Cellular & Developmental Biology 2021, Published online. Doi: 10.1007/s11626-020-00532-8



Glioblastoma in BrainSpheres

► DEVELOP DRUGS

► OPTIMIZE CHOICE OF DRUG

Effect of 
Temozolomide 
and Doxorubicin 
treatment

2020, 23:101633



Myelination

Pamies et al., Altex 2017

Megan Chesnut

I Scarisbrick,
MAYO

OLIGOS



Megan Chesnut

> 5,000 articles 

1 Standard (cuprizone)
16 drugs
6 illicit drugs
22 environ. toxicants

Systematic review of compounds for myelination assay
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Screen
Prepare Search

Sysrev.com

Inclusion Criteria
Medical Device is primary subject

Similaritydatasource

Semi-automated systematic review:
• Auto-extract from, e.g., PubMed
• Auto-annotate papers
• Auto-analyze clustering of papers
• Learn from manual inclusion / exclusion
• Automated inclusion / exclusion suggestions

FREE !!!

Mining publications



The model identifies 
suspected 
developmental 
neurotoxicants and 
models various 
diseases

In conclusion, our BrainSpheres model has shown to be a reproducible and novel 
tool to study neurotoxicity and developmental neurotoxicity. Results presented here 
support the idea that rotenone can potentially be a developmental neurotoxicant. 



September 2019
Multiplexed human 

BrainSphere Developmental 
Neurotoxicity test for six key 
events of neural development

Smirnova, Hartung, Berlinicke, Gracias

Romero, Morales, Plotkin, Modafferi



CHD8 and chlorpyrifos functional synergy
EHP, revised

Cotney  et al. Nature 
Comm  2015

CHLORPYRIFOSCHD8 regulated molecular network

GxE

Functional and Molecular 
signatures

CHLORPYRIFOS-
OXON

Lena Smirnova

Herbert Lachman, 
Xiali Zhong, 
Sergio Modafferi 

CRISPR-CaS9
introduction of 
risk / reporter 
genes of interest



GCCP 2.0
Draft published

• Stakeholder 
discussion

• Editor 
workshop

• Funding 
bodies

At ESTIV 2018
CAAT/ESTIV 
pre-symposium

ALTEX 2020, 37: 490-492

Register at:
CAAT@jhu.edu



ALTEX 2019, 36:3-17

ALTEX 2019, 
36:682- 699

https://zeenea.com/data-quality-management-the-ingredients-
to-improve-the-quality-of-your-data/



New date!
Virtual 24 Jun & 9 Dec 2021
New Orleans
30 May- 3 Jun 2022
Hosts:  Suzie Fitzpatrick, FDA
Thomas Hartung, Hopkins
Don Ingber, Harvard

~35 organizations
Scientific Advisory Board

Forming an International Society
and Conference Series



Big data & A.I.

Internet
data

Legacy
data

Databases
High-content imaging

~omics 
technologies

Robotized 
testing

Sensors
LiteratureNew tools

Big Data & A.I.





A.I. use for 
(developmental) 
neurotox is starting



Under negotiation
To start 1 May 2021

~ $20 million
18 partners
Incl. CAAT-US, ToxTrack, AlterTox
5 years



The difficulty lies, not in the new ideas, 

but in escaping from the old ones.

John Maynard Keynes 

(1883 - 1946)


