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My Career Path

1981-1982
High-School 

Co-op

‘84, ‘85, ‘86
Summer Intern

Sept ’86-Aug’91
Graduate School

Aug’91-1994
Post-doc

~late ’90s
Metals 

~early ’00s
VOCs

Pyrethroids

Since ~2006
DNT NAMs

43 years in
Toxicology

UnderGrad
Research

• 6 Presidents (3 Democrats, 3 Republicans)
• 4 Government Shutdowns totaling 69 days (Always got paid).
• 1 Government Furlough (~50 hrs)- went fishing (Didn’t get paid).
• 9 Division Directors (not including me) and counting.
• 4 Reorganizations.
• 1 Laboratory move
• ~13 Months of WFH during COVID

• 5 months of lab shutdown

• Branch Chief (3 months)
• Division Director (15 months)
• Associate Laboratory Director (10 months)

• NIH Study Section (4 years)
• SOT 

• Sec/Treas NTSS
• Program Committee
• Collaborative Conference Committee

Roles I’ve had: What I’ve “survived” at EPA:



Some approaches over the years…
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History of the EPA
• Republican President Richard Nixon established the EPA in 

1972
– Unambiguous pollution issues

– Pb in gasoline; smog; water pollution; failure of raptor nesting 

Smokey Skies in Birmingham, 1972, epa.gov 

Cuyahoga River on fire, 1969

Boston, circa 1970

Boston today
https://www.epa.gov/history/historical-photos-and-images

EPA has made a difference...

http://www.epa.gov/history/images/p01b.gif


The EPA is still needed

PFAS contamination continue to surface 
at Van Etten Lake (Oscoda County, MI)



EPA’s mission: 
 to protect human health and the environment

• Sets standards (limits) for chemicals in the environment.

• Registers chemicals (develop guidelines).

• Develops pollution prevention technology.

• Conducts risk assessments (based on sound science).

• Informs and educates the public.

• Conducts research to provide a solid scientific basis for all of the above activities.

What does EPA do to accomplish this mission?:



EPA’s Research is Centered Around Regulatory Needs

Legislation Acronym Primary EPA Program 
Office

ORD Research Program

Clean Air Act CAA OAR Air, Climate, & Energy 
(ACE)

Clean Water Act CWA OW Safe and Sustainable Water 
Resources (SSWR)

Comprehensive Environmental Response, 
Compensation, and Liability Act

CERCLA OLEM Safe and Healthy 
Communities (SHC) & 

Homeland Security (HS)

Federal Food, Drug, and Cosmetic Act FFDCA OCSPP/OPP
Federal Insecticide, Fungicide, and 
Rodenticide Act

FIFRA OCSPP/OPP Chemical Safety for 
Sustainability (CSS)

Food Quality Protection Act FQPA OCSPP/OPP/OW CSS
National Environmental Policy Act NEPA
Resource Conservation and Recovery Act RCRA OLEM SHC

Safe Drinking Water Act SDWA OW SSWR & HS
Toxic Substances Control Act TSCA OCSPP/OPPT CSS

http://www.epa.gov/lawsregs/laws/caa.html
http://www.epa.gov/regulations/laws/cwa.html
http://www.epa.gov/superfund/policy/cercla.htm
http://www.fda.gov/regulatoryinformation/legislation/%20%20federalfooddrugandcosmeticactfdcact/default.htm
http://www.epa.gov/agriculture/lfra.html
http://www.epa.gov/pesticides/regulating/laws/fqpa/%20backgrnd.htm
https://www.epa.gov/nepa
http://www2.epa.gov/rcra
http://water.epa.gov/lawsregs/rulesregs/sdwa/
http://www2.epa.gov/laws-regulations/summary-toxic-%20substances-control-act


Toxic Substances Control Act 
(TSCA)

All New Chemicals
>60-80K “Grandfathered” 
Chemicals (“existing” 
chemicals)

Federal Insecticide, Fungicide 
and Rodenticide Act (FIFRA)

All “Pesticides”

Intended to Kill 
Something

Available Data
90 Day Premanufacture Notice

“Data Poor”- little or nothing 
may be known about toxicity 
hazard

Required Guideline Studies
   Health and Environmental 
Effects

Data Rich- Toxicity hazard is 
well characterized

Lautenberg Chemical Safety Act 2016
• Must consider risks to susceptible 

and highly exposed populations 
• Directs EPA to utilize alternatives 

to animals

Food Quality Protection Act 
of 1996

• Mandates an extra 10x 
safety factor for 
children/infants

The Differences between TSCA and FIFRA
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Developmental neurotoxicity is a public concern



Why Developmental Neurotoxicity (DNT) is a problem
Public Concern
Reports of the potential involvement of 
environmental chemicals in increased rates of 
neurodevelopmental disease contributed to 
increasing public concern about DNT hazard of 
chemicals

Current testing is too slow; “Guideline” DNT: 
• triggered for pesticides, not required for other 

chemicals
• 1 chemical= $1M cost; 2 yr; 1000 animals
• At current pace, ~200 chemicals in 25 yrs
• Only about ~25% of DNTs used as POD’s for risk 

assessment*

*Raffaele et al. The use of developmental neurotoxicity data in pesticide risk 
assessments. Neurotoxicol Teratol. 2010 Sep-Oct;32(5):563-72.

Developmental 
Neurotoxicity < 1%

Judson et al. 2009

13

The absence of DNT hazard data on chemicals 
impedes consideration of this adverse outcome in 
environmental decision-making.

https://pubmed.ncbi.nlm.nih.gov/20398750/?from_term=Guideline+Developmental+Neurotoxicity+review&from_sort=date&from_page=2&from_pos=3
https://pubmed.ncbi.nlm.nih.gov/20398750/?from_term=Guideline+Developmental+Neurotoxicity+review&from_sort=date&from_page=2&from_pos=3


Requirements of Guideline DNT Studies

https://beta.regulations.gov/document/EPA-HQ-OPPT-2009-0156-0042
https://www.oecd-ilibrary.org/environment/test-no-426-developmental-neurotoxicity-study_9789264067394-en
https://www.oecd.org/chemicalsafety/test-no-443-extended-one-generation-reproductive-toxicity-study-9789264185371-en.htm

• 6 Pregnant female rats/dose (20 
litters/dose recommended)

• 10 pups/litter (5 male/5 female)
• Minimum 3 doses + control
• Dosing period GD6-PND10
• Assessments on PND 4, 11, 21, 35, 45, 60 

• Signs of Maternal Toxicity
• Developmental landmarks
• Brain/body weights (4, 11, 17, 21 PND)
• Motor activity (13, 17, 21, 60 PND)
• Auditory Startle (weaning, PND 60)
• Learning and memory (weaning, PND 

60)
• Neuropathology (PND 11 and 

termination)
• Major brain regions

EPA 870.6300 / (OECD TG 426/443)

https://beta.regulations.gov/document/EPA-HQ-OPPT-2009-0156-0042


Overview

I. My Career Path
II. Brief History of the EPA and Regulatory Statutes
III. The Need for Alternative Approaches for Neurotoxicity and 

Developmental Neurotoxicity Hazard Assessment
IV. A Brief History of NAMs for DNT

• Establishing confidence in DNT NAMs data
V. Examples of How DNT NAMs are being utilized for decision-making
VI. Informing AOP Development with Omics Data
VII. Current projects
VIII. Questions



The Developmental Neurotoxicity In Vitro Battery 
(DNT-IVB) targets Key Neurodevelopmental Processes

From Bal-Price et al. 2018 ALTEX. 2018;35(3):306-352. doi: 10.14573/altex.1712081

*
* *

*

*

Assay(s) in DNT-IVB for this process*



On April 28, 2023, the OECD WNT approved the following document:

*Working Party of National Coordinators of the Test Guideline Program 



In Vitro Battery of Developmental Neurotoxicity 
Assays (DNT-IVB)

Migration in human 
neural crest cells

Neurite outgrowth in 
human CNS neurons

DNT compounds

Neurite outgrowth in 
human PNS neurons

Human Neuroprogenitor 
Proliferation

Human and Rat Neuron 
Neurite Outgrowth

Synaptogenesis in Rat 
Cortex Neurons

Human Neuroprogenitor Apoptosis Rat Neural Network Formation

Human Neurospheres

Figures courtesy of Drs Marcel Leist, and Ellen Fritsche



Establishing Confidence in the Assays

Assay Inclusion in the Battery:
• Deemed ready for use in screening and prioritization 

(Fritsche et al. 2017; Bal-Price et al. 2018; Sachana et al. 
2019)

• Tested a common set of chemicals
• Analyzed using the USEPA’s ToxCast Pipeline (TCPL)
• Detailed methodological descriptions in the ToxTemp 

format (Krebs et al. 2019)

from Van der Zalm, et al., Arch Toxicol. 2022 Nov;96(11):2865-2879. doi: 10.1007/s00204-022-
03365-4 



Establishing Confidence in the Assays:
Fit for Purpose

Consensus from SAP, OECD, Juberg et al.

All three reviews of the DNT-IVB agreed that it could be used for:

 Screening and Prioritization
 Weight of Evidence Decision-Making

Van der Zalm, et al., doi: 10.1007/s00204-022-03365-4 



2020 2021 2022 2023 202420192018

EFSA/OECD Compound testing (~115 compounds)
NTP DNT Phase I
(~115 compounds)

Establishing Confidence in the Assays:
Data Integrity & Transparency

EPA Compound testing (~81 compounds) Pending EFSA Project
(~100 compounds)

NTP DNT Phase II
(~115 compounds)

EPA PFAS testing (~160 compounds)

Testing has focused on:
• DNT Reference positive and negative chemicals
• Chemicals with in vivo DNT Guideline studies
• Chemicals with specific programmatic interest (PFAS; OPs; botanicals, cannabinoids)

Tested, data available in ToxCast

Tested, data pending in ToxCast

Testing initiated

Testing in planning process

https://www.epa.gov/comptox-tools/comptox-chemicals-dashboard-resource-hub



Developmental 
Neurotoxicity < 1%

~200

200

400

600

800

1000

In vivo DNT 
IVB

# 
C

he
m

ic
al

s

81 In  EPA ToxCast

115 NTP Ph1 (pending)

125 NTP Ph2 (~2024)

≥3 Assays = 426

Establishing Confidence in the Assays:
Data Integrity & Transparency

Note: it is difficult to account for all the compounds that have been 
tested in DNT Guideline studies

Compare to transparency of data in ToxCast.
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Screening Level Information for PFAS Compounds
• Structurally diverse group of chemicals
• Little in vivo toxicological information on DNT
• DNT evidence is conflicting 

• epidemiological studies are equivocal
• neurodevelopmental  effects associated with 

exposure to PFAS in rodent and other animal 
studies

24Figure 1 from Carstens et al, 2023, Chem Res Toxicol. 2023 Mar 20;36(3):402-419. doi: 
10.1021/acs.chemrestox.2c00344

• Out of a set of 160 PFAS, 118 were 
inactive, leaving 42 active PFAS that 
decreased measures of neural network 
formation, neurite outgrowth, 
proliferation, or apoptosis

• 24 PFAS demonstrate moderate or low 
selective activity

These data can now guide future 
decisions about hazard identification 
for PFAS compounds



Waiver Evaluation for Glufosinate based 
on Weight-of-Evidence

– EPA’s Office of Pesticide Programs (OPP) received 
notification that different parties intended to register 
L-glufosinate ammonium and L-glufosinate acid as 
pesticides (herbicides)

– DL-glufosinate ammonium was already registered as a 
pesticide, and a Guideline DNT study had been 
submitted to OPP

• Decreased pup weight, morphometry changes in hippocampus, 
motor activity changes were reported

– DL-glufosinate also has acute neurotoxicity

– In vitro, literature report of altered network activity 
following acute exposure (Lantz et al., 2014)

– Question: Is the Guideline DNT for DL-glufosinate 
sufficient to inform decisions for L-glufosinate 
isomers?

– Need: Comparative bioactivity data for DL- vs L-
Glufosinate isomers

25



Using WoE and DNT NAMs for Guideline DNT Waiver

In vitro evidence
• Lack of effect on neurite outgrowth in human cells
• Lack of effect on network formation in rat cortical networks
• Positive effects on acute network activity demonstrate 

biological activity and add confidence to the lack of effects in 
DNT-related assays (neurite outgrowth and network 
formation)

• Similar effects of DL- and L-isoforms in all in vitro assays

In vitro to in vivo extrapolation (IVIVE)
• Tested concentrations in vitro > PODs selected for L-

glufosinate risk assessment

In vivo evidence
• Existing guideline DNT study for DL-glufosinate showing 

effects on morphometry, motor activity and pup weight
• Non-guideline DNT for L-glufosinate showing increased 

motor activity, decreased body wt in pups (morphometrics not 
conducted)

• Comparable toxicity profiles for both DL- and L-glufosinate.

from Dobreniecki et al., Reg Toxicol Pharmacol 2022 Jun;131:105167. doi: 10.1016/j.yrtph.2022.105167

 

DL-
GLF

L-GLF NH4

L-GLF acid (1) L-GLF acid (2)

DL-Glufosinate

EX000373

EX000372

EX000374

Glyphosate

Loperamide

EX000371

EX000373

EX000372

EX000374

Loperamide
(pos con)

Glyphosate
(negative con)

DL-GLF

L-GLF NH4 

L-GLF acid (1)

L-GLF acid (2)

 

 



Impacts of DNT NAMs

Animals Used:
• In vitro study- 3 Pregnant Dams (~12-15pups)
• Guideline study- 160 Pregnant Dams (2 compounds X 3 doses + control @20/dose (recommended))

• ~1600 pups

Cost:
• In vitro study- $1000 for Assays + $96,000 labor = $97,000 
• Guideline study- $2,000,000 (2 compounds x $1M each)

OPP makes 
formal request to 
ORD to collect 
data.

March 2019 Sept 2019

ORD data 
collection 
complete.

ORD Draft 
Report.

April 2020 June 2020

ORD Final 
Report sent to 
OPP.

HED HASPOC 
determines 
that additional 
in vivo DNT 
data is not 
needed for L-
isomers

June 2021

HED ToxSAC 
reviews the L-
glufosinate 
databases and 
in vitro work

May 2021

Submission to Agency 
Includes: Securing 
CRO
Develop protocol
Range-finding
Running study
Generate QA/QC 
Report

March 2022

Includes: Create & 
Review DER, ToxSAC 
review; update 
endpoints & risk 
assessment

Sept-Dec 2022

Guideline DNT Best Case Scenario- 3yrs to point of submission; 0.5 yrs to decisions 

27

PFAS:
 $160M for Guideline studies
 160,000 animals



Other Uses of DNT NAMs

https://www.oecd.org/chemicalsafety/risk-assessment/iata/   
     (click on “In vitro Battery” checkbox)

OECD Case-Studies
Organophosphate re-assessments

https://www.oecd.org/chemicalsafety/risk-assessment/iata/
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Proof-of-Concept for collecting –omics information 
from the rat network formation assay

Selected Treatments

Compound exposure MEA-NFA
Altered Network Formation

in Cortical Networks

Step 1: Chemical Dose Identification 
with Functional  Assay

media
Cell Pellet

Disease Analysis (NDD)

Metabolomics

Transcriptomics

3: Integrated Core 
Analysis

Step 2: Identifying Key Molecular 
Events Involved in Neurodevelopment

+

Molecular/Cellular 
Function Categories

Disease Analysis (NDD)
Molecular/Cellular 
Function Categories

Disease Analysis (NDD)

Molecular/Cellular 
Function Categories

Transcriptomic level

Metabolomic level

Combined Analysis

0 2 5 7 9 12
Days in Vitro- toxicant present throughout

Record
Change Media

Record Record
Change Media

Record
Viability
OMICS

Marable et al., Toxicol Sci. 2022 Feb 28;186(1):118-133. doi: 10.1093/toxsci/kfab151
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Marable et al., Toxicol Sci. 2022 Feb 28;186(1):118-133. doi: 10.1093/toxsci/kfab151



Principal Components Analysis for Differentially Expressed 
Genes and Metabolites indicate treatment effects 

Metabolites Genes

Marable et al., Toxicol Sci. 2022 Feb 28;186(1):118-133. doi: 10.1093/toxsci/kfab151
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Marable et al., Toxicol Sci. 2022 Feb 28;186(1):118-133. doi: 10.1093/toxsci/kfab151
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Development of 
Increased Throughput 
DNT NAMs to facilitate 

chemical screening

96-well → 384-well

Manual pipetting → 
Laboratory automation

Updated imaging equipment 
Outdated imaging platform

Prolif

Apop

Increasing Throughput to Accelerate Testing

Figure courtesy of Gabby Byrd
5-Fluorouracil (µM)

Pe
rc

en
t 

C
on

tr
ol

Current imaging platform

Scale up of proliferation/apoptosis in hNP1 Cells to 384 wells

BrdU 
Incorporation



NAMs-Based Tiered Hazard Evaluation Approach

from Thomas et al., Tox. Sci. 2019; 169(2):317-322 Jun 1;169(2):317-332. doi: 10.1093/toxsci/kfz058.
36

DNT-IVB



Tiered-testing: Development of Tier 1 Assays

Culbreth et al., Front. Toxicol. 2022 Feb 16;3:803987. doi: 10.3389/ftox.2021.803987

High-throughput phenotypic profiling of hNP1 Cells with 
Cell Painting

Chemical

DN
T-

re
le

va
nt

 
ch

em
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al
 li

st
EFSA_OECD1

NTP91

GRADN2

MARTIN_NEGATIVES3

OP_LIST

DNTP_NEUROTOX_HEI

CARSTENS_SHAFER_LAB4

SUBSTITUTIONS_AND_ADD_ONS

MICROTUBULE_MODULATORS

RAR_AGONISTS

GR_AGONISTS

Screen 284 DNT-relevant compounds



Development of organotypic culture models for DNT

Maxwell MaxTwo 
HD-MEA
6&24 wells/plate
CMOS based electrodes
26,400 electrodes/well
17.5 microns electrode pitch

Axion Maestro
6, 24 &48 wells/plates
Au/Pt based electrodes
768 electrodes/plate
16 electrodes/well @ 48 wells
200 microns between 
electrodes

• 8-10 weeks
• 300-600 microns
• 70% TUJI Neurons
o >40% myelinated 

axons @ 8 weeks

Johns Hopkins University-
Neurospheres



Ontogeny data from neurospheres
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Tetrodotoxin blocks activity in neurospheres

Note:
• Neurospheres plated on either week 3 or 4
• Data normalized to a baseline recording
• 10 minute recordings every 15 minutes after TTX 

treatment



While picrotoxin increases activity



Pathway Compound
BMPR BMP2

BMP7
Notch DAPT
EGFR PD153035

WNT CHIR99021
IWP2

PPAR-γ Pioglitazone HCl
COX-2 Celecoxib

mTORC MHY1485
Rapamycin

AKT MK-2206
PDGFR CP-673451

PKC BIS-1/BIM-1
RHO Narciclasine

EP1-4 PGE2
CREB KG-501
AKT SC79 (Activator)
ETC I Rotenone
EGFR AG1478

NO-cGMP ODQ
ROCK Y 27632

Protein Synthesis Cycloheximide
HDAC SAHA/Vorinostat

PARP1 (DNA repair) Talazoparib/BMN-
673

ERK/MAPK SCH772984

DNT Signaling Pathways
- Purpose: Determine whether 22 developmentally relevant signaling pathways are recapitulated in our battery
- Method: Utilize specific chemical pathway inhibitors/activators in our normal battery to characterize selectivity in our assays
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Pathway Chems

		Pathway		Model Compound		CAS/MDL		Supplier		SDS		Cat#		Cost		2019/2021 Data		ToxCast		hNP1		CDI		rCortNOG/Synap		rCort MEA		Lopac

		BMPR		BMP2		MFCD03097877		Sigma		here		B1814-10UG		$   417.00		FALSE		FALSE

				BMP7		MFCD03702812		Sigma		here		B1434-10UG		$   622.00		FALSE		FALSE

		Notch		DAPT (inh.)		208255-80-5		Sigma		here		D5942-5MG		$   240.00		FALSE		FALSE										none

		EGFR		PD153035		183322-45-4		Sigma		here		SML0564-5MG		$   89.90		FALSE		FALSE										Rack 003/F6

		WNT		CHIR99021 (activator)		252917-06-9		Sigma		here		SML1046-5MG		$   121.00		FALSE		FALSE

				IWP2 (inhibitor)		686770-61-6		Sigma		here		I0536-5MG		$   154.00		FALSE		FALSE

		PPAR-gamma		Pioglitazone HCl (agonist)		112529-15-4		Sigma		here		E6910-10MG		$   77.50		FALSE		FALSE

		COX-2		Celecoxib		169590-42-5		Sigma		here		SML3031-10MG		$   91.90		FALSE		FALSE

		mTORC		MHY1485 (Activator)		326914-06-1		Calbiochem		here		5005540001		$   191.00		FALSE		FALSE

				Rapamycin (Inhibitor)		53123-88-9				here						FALSE		FALSE

		AKT		MK-2206 (hydrochloride)		1032350-13-2		Cayman		here		11593		$   75.00		FALSE		FALSE

		PDGFR		CP-673451		343787-29-1		Tocris		here		5993		$   277.00		FALSE		FALSE

		PKC		BIS-1/BIM-1 (inh)		133052-90-1 		Calbiochem		here		203290-1MG		$   181.00		FALSE		TRUE		Not tested		Not tested		Not tested		Positive(Cytotoxic?)

		RHO		Narciclasine		29477-83-6		Sigma		here		SML2805-5MG		$   569.00		FALSE		FALSE

		EP1-4		PGE2		363-24-6		Sigma		here		P5640-1MG		$   145.00		FALSE		FALSE

		CREB		KG-501		18228-17-6		Sigma		here		70485-250MG		$   98.70		FALSE		FALSE

		AKT		SC79 (Activator)		305834-79-1		Sigma		here		SML0749-5MG		$   116.00		FALSE		FALSE

		ETC I		Rotenone (Complex 1 Inhibitor)		83-79-4		Sigma		here		R8875-1G		$   109.00		TRUE		TRUE		Tested		Tested		Tested		Positive(Cytotoxic?)

		EGFR		AG1478		175178-82-2		Sigma		here		T4182-1MG		$   74.30		FALSE		FALSE

		NO-cGMP		ODQ (inh.)		41443-28-1		Sigma		here		O3636-5MG		$   110.00		FALSE		FALSE

		ROCK		Y 27632 (inh.)		129830-38-2		Sigma		here		Y0503-1MG		$   226.00		FALSE

		Protein Homeostasis/Synthesis		Cycloheximide		66-81-9		Sigma		here		C7698-1G		$   83.10		FALSE

		HDAC		SAHA/Vorinostat (Class I, II, & IV Inhibitor)		149647-78-9		Sigma		here		SML0061-5MG		$   92.90		FALSE

		PARP1 (DNA repair)		Talazoparib/BMN-673 (Inhibitor)		1207456-01-6		Sigma		here		TA9H11E41C53-1MG		$   37.40		FALSE

		ERK/MAPK		SCH772984 (ERK1/2 Inhibitor)		942183-80-4		Cayman		here		19166		$   36.00		FALSE
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Assays by Pathway
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Pathways by Assay

		ASSAY		PATHWAY

		NPC1 (hNPC prolif.)		AKT		NPC1 (hNPC prolif.)																		NPC2 (hMPC mig.)

				CREB		AKT		CREB		EGFR		EP1-4		ETC I		mTORC		PCK		PDGFR		RHO		EGFR		ETC I		NO-cGMP		PKC		RHO		ROCK		SRC		WNT

				EGFR

				EP1-4		UKN4 (CNS Neur. Out.)								UKN5 (PNS Neur. Out.)								Neur. Out.		Neur. Net.

				ETC I		ETC I		Microtubule		Protein synthesis		RHO		ETC I		Microtubule		Protein synthesis		RHO		PKC		PKC

				mTORC

				PCK		NPC3 (hNPC diff.)								NPC4 (hPNC Neur. Mor.)				NPC5 (Olig. Diff)

				PDGFR		EGFR		ETC I		NOTCH		RHO		PKC		RHO		AKT		BMP		COX-2		EGFR		mTORC		Notch		PDGFR		PKC		PPAR-gamma		RHO		WNT

				RHO

		NPC2 (hMPC mig.)		EGFR

				ETC I

				NO-cGMP

				PKC

				RHO

				ROCK

				SRC

				WNT

		NPC3 (hNPC diff.)		EGFR

				ETC I

				NOTCH

				RHO

		NPC4 (hPNC Neur. Mor.)		PKC

				RHO

		NPC5 (Olig. Diff)		AKT

				BMP

				COX-2

				EGFR

				mTORC

				Notch

				PDGFR

				PKC

				PPAR-gamma

				RHO

				WNT

		UKN4 (CNS Neur. Out.)		ETC I

				Microtubule

				Protein synthesis

				RHO

		UKN5 (PNS Neur. Out.)		ETC I

				Microtubule

				Protein synthesis

				RHO

		Neur. Out.		PKC

		Neur. Net.		PKC





DNT Building Blocks



				EGFR		EP1-4		PDGFR		CREB		mTORC		ATK		RHO		ETC		PKC		HDAC								EGFR		SRC		WNT		RHO		ETC		PKC		NO-cGMP		ROCK												EGFR		Notch		ETC		RHO

				NPC1 (hNPC prolif.)																										NPC2 (hMPC mig.)																										NPC3 (hNPC diff.)

				Notch		WNT		PPARy		COX-2																				Notch		EP1-4		PPARy		COX-2		mTORC		ATK		PDGFR		CREB												CREB		EP1-4		PPARy		COX-2		mTORC		AKT		PDGFR

				RHO		PKC																								EGFR		BMP		Notch		WNT		PPARy		COX-2		mTOR		AKT		PDGFR		PKC		RHO		Asc. Acid				Mircotub.		RHO		ETC		Prot. Hom.		cGMP		MAPK		PKC

				NPC4 (hPNC Neur. Mor.)																										NPC5 (Olig. Diff)																										UKN4 (CNS Neur. Outgrowth)

				CREB		EP1-4		PPARy		COX-2		mTORC		AKT		PDGFR		ETC		Notch		WNT								CREB		EP1-4		ETC																						PARP		COX-2		Mikrofil.



				Mircotub.		RHO		ETC		Prot. Hom.

				UKN5 (PNS Neur. Out.)















Building Block Charts
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2019 & 2021 Chemicals

		PREFERRED_NAME		CAS no.

		3,3'-Iminobispropanenitrile		111-94-4

		5-Azacytidine		320-67-2

		Acephate		30560-19-1

		Acetamiprid		135410-20-7

		Acibenzolar-S-methyl		135158-54-2

		Allethrin		584-79-2

		alpha-Cypermethrin		67375-30-8

		Ampicillin		69-53-4

		Anthracene		120-12-7

		Aspartame		22839-47-0

		Aspirin		50-78-2

		Azinphos-methyl		86-50-0

		Benomyl		17804-35-2

		beta-Cyfluthrin		1820573-27-0

		Boscalid		188425-85-6

		Buspirone		36505-84-7

		Butylated hydroxyanisole		25013-16-5

		Cadmium chloride		10108-64-2

		Carbaryl		63-25-2

		Chlorpheniramine maleate		113-92-8

		Chlorpyrifos-methyl		5598-13-0

		Clothianidin		210880-92-5

		Cyfluthrin		68359-37-5

		Cymoxanil		57966-95-7

		Cypermethrin		52315-07-8

		Cytarabine hydrochloride		69-74-9

		Dimethoate		60-51-5

		Dinotefuran		165252-70-0

		Disulfoton		298-04-4

		D-Mannitol		69-65-8

		Doxylamine succinate		562-10-7

		Emamectin benzoate		155569-91-8

		Endosulfan		115-29-7

		Erythromycin		114-07-8

		Ethylene thiourea		96-45-7

		Etofenprox		80844-07-1

		Famotidine		76824-35-6

		Fenamidone		161326-34-7

		Fipronil		120068-37-3

		Flubendiamide		272451-65-7

		Flufenacet		142459-58-3

		Galactosamine hydrochloride		1772-03-8

		Glycerol		56-81-5

		Ibuprofen		15687-27-1

		Imidacloprid		138261-41-3

		Indoxacarb		173584-44-6

		Kepone		143-50-0

		L-Ascorbic acid		50-81-7

		Malathion		121-75-5

		Mancozeb		8018-01-7

		Mepiquat chloride		24307-26-4

		Metaflumizone		139968-49-3

		Metformin		657-24-9

		Methamidophos		10265-92-6

		Methimazole		60-56-0

		Methyl parathion		298-00-0

		Metoprolol		51384-51-1

		Mifepristone		84371-65-3

		Octamethylcyclotetrasiloxane		556-67-2

		Parathion		56-38-2

		Penicillin VK		132-98-9

		Potassium perfluorooctanesulfonate		2795-39-3

		Pymetrozine		123312-89-0

		S-Bioallethrin		28434-00-6

		Selegiline hydrochloride		14611-52-0

		Sodium chlorite		7758-19-2

		Sodium L-glutamate hydrate		6106-04-3

		Spirodiclofen		148477-71-8

		Sulfisoxazole		127-69-5

		tau-Fluvalinate		102851-06-9

		Tembotrione		335104-84-2

		Tetracycline		60-54-8

		Thiacloprid		111988-49-9

		Thiamethoxam		153719-23-4

		Topramezone		210631-68-8

		Tri-allate		2303-17-5

		Triamcinolone		124-94-7

		Tributyltin chloride		1461-22-9

		Tributyltin methacrylate		2155-70-6

		Tri-o-cresyl phosphate		78-30-8

		Tris(1,3-dichloro-2-propyl) phosphate		13674-87-8

		Tris(2-chloroisopropyl)phosphate		13674-84-5

		Warfarin		81-81-2

		λ-Cyhalothrin		91465-08-6

		2-Ethylhexyl diphenyl phosphate		1241-94-7

		6-Aminonicotinamide		329-89-5

		Amoxicillin		26787-78-0

		Captopril		62571-86-2

		Cytarabine		147-94-4

		Deltamethrin		52918-63-5

		Dexamethasone		50-02-2

		D-Glucitol		50-70-4

		Fluoxetine hydrochloride		56296-78-7

		Hexachlorophene		70-30-4

		tert-Butylphenyl diphenyl phosphate		56803-37-3

		Triphenyl phosphates isopropylated		68937-41-7

		Tris(methylphenyl) phosphate		1330-78-5

		Diazinon		333-41-5

		Heptachlor		76-44-8

		Trichlorfon		52-68-6

		2,4-Dichlorophenoxy acetic acid (2,4-D)		94-75-7

		5-Azacytidine		320-67-2

		Abamectin 1 and 2		71751-41-2

		Aluminum citrate		31142-56-0

		Amicarbazone (MKH 3586)		129909-90-6

		Atorvastatin calcium salt		134523-03-8

		Azoxystrobin		131860-33-8

		Baythroid		68359-37-5

		Bensulide oxon		20243-81-6

		Bensulide		741-58-2

		Benzothiazole		95-16-9

		Benzyl butyl phthalate		85-68-7

		Bifenthrin		82657-04-3

		Boscalid		188425-85-6

		Carbendazim		10605-21-7

		Carbofuran		1563-66-2

		Chlorethoxyfos		54593-83-8

		Chlorethoxyfos oxon		3957-63-9

		Chlorfenapyr		122453-73-0

		Cisplatin		15663-27-1

		Clodinafop-propargyl (CGA-184927)		105512-06-9

		Cyazofamid		120116-88-3

		Cypermethrin zeta		1315501-18-8

		Cytarabine hydrochloride		69-74-9

		DEET		134-62-3

		Di(2-ethylhexyl) phthalate		117-81-7

		Di(n-butyl) phthalate		84-74-2

		Diazoxon		962-58-3

		Dichlorvos (DDVP)		62-73-7

		Diisobutyl phthalate		84-69-5

		Dolutegravir		1051375-16-6

		Emamectin benzoate		155569-91-8

		EPTC (S-Ethyl dipropylthiocarbamate)		759-94-4

		Ethalfluralin		55283-68-6

		Ethoprop		13194-48-4

		Ethylbenzene		100-41-4

		Famoxadone		131807-57-3

		Fenamiphos		22224-92-6

		Fenpyroximate		111812-58-9

		Fluazinam		79622-59-6

		Flumethrin		69770-45-2

		Fluoxastrobin		361377-29-9

		GenX (HFPO-DA/ hexafluoropropylene oxide dimer acid		13252-13-6

		Hexabromocyclododecane (HBCD)		25637-99-4

		Isopropanol		67-63-0

		Isoxaflutole [Unacceptable study]		141112-29-0

		Kresoxim-methyl		143390-89-0

		L-ascorbic acid		50-81-7

		MCPA.EHE (2-ethyl hexyl ester)		29450-45-1

		Mesotrione		104206-82-8

		Methyl mercuric chloride		115-09-3

		Mifepristone		84371-65-3

		Molinate		2212-67-1

		N-Acetyl-L-aspartic acid		997-55-7

		N-Butylbenzenesulfonamide		3622-84-2

		N-Methylneodecanamide (MNDA)		105726-67-8

		NaledΔ		300-76-5

		Nelfinavir mesylate		159989-65-8

		Oxyfluorfen		42874-03-3

		Oxytetracycline dihydrate		6153-64-6

		p-methane-3,8-diol (Cyclohexanemethanol)		3564-98-5

		Perfluorobutanesulfonic acid (PFBS)		375-73-5

		Perfluorohexanesulfonic acid (PFHxS)		3871-99-6

		Perfluorooctanesulfonic acid (PFOS)		1763-23-1

		Perfluorooctanoic acid  (PFOA)		335-67-1

		Phorate oxon		2600-69-3

		Phorate		298-02-2

		Phosmet		732-11-6

		Phosmet oxon		3735-33-9

		Picoxystrobin		117428-22-5

		Propineb		12071-83-9

		Prothioconazole		178928-70-6

		Pyraclostrobin		175013-18-0

		Pyrasulfotole (AE 0317309)		365400-11-9

		Pyridaben		96489-71-3

		Pyroxasulfone (KIH-485)		447399-55-5

		Rotenone		83-79-4

		Saccharin Sodium		82385-42-0

		Sodium citrate		994-36-5

		Tebupirimfos		96182-53-5

		Tebupirimphos oxon (OMAT)		1035330-36-9

		Terbufos		13071-79-9

		Terbufos oxon		56070-14-5

		Terbufos sulfoxide		10548-10-4

		Tetrachlorvinphos 		22248-79-9

		Thallium(I) acetate		563-68-8

		Thiram		137-26-8

		Transfluthrin		118712-89-3

		Triadimefon		43121-43-3

		Tribufos		78-48-8

		Tributyl phosphate (TNBP)		126-73-8

		Triethylene glycol monomethyl ether (TGME)		112-35-6

		Trifloxystrobin		141517-21-7

		tris(Chloropropyl) phosphate		13674-84-5

		Vinclozolin		50471-44-8







Performance of the assays- False Negatives

Sensitivity: 
 93% including cytotoxicity
 74% using only selective hits

But…..14/53 putative positive compounds 
clustered in the “inactives” space (Cluster 5)



Reasons for a “false negative” response

• Testing at too low of a concentration
• Chemical instability/insolubility/wrong solvent
• Need for metabolism
• Testing of less active or inactive enantiomers
• Lack of necessary biology (e.g. critical receptor not expressed in the assay)

Goal: Re-screen 19 false negative compounds in the EPA assays
• Understand underlying reason for negative response.



Preliminary data
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Overall Summary
Solvent Chemical Name µM NFA Nog Synap NOG Cyto Apop Overall

DMSO 5,5-Diphenylhydantoin 1000 Y Y N N ? ? Y
DMSO Dexamethasone 100 Y Y N N? ? N Old Y
DMSO Dexamethasone 100 Y Y N Y N N New Y
DMSO Nicotine 300 N Y (cyto) N N N N Y
DMSO Maneb 10 Y Y (cyto) N Y N N Y
DMSO Thalidomide 100 N N N N N N N
DMSO Phenobarbital sodium 100 Y N N N N N Y
DMSO Carbamazepine 100 N N N N N N N
Media Sodium valproate 10000 Y Y Y Y N N Y
Water Cocaine 100 N Y N N N N Y
Water L-Ketamine 100 Y N N N N N Y
Water Terbutaline hemisulfate 100 N? N N N N N N
Water Caffiene 300 N N N N N N N
Water Dextroamphetamine sulfate 100 Y Y (cyto) N N N N Y
Water Acrylamide 300 Y Y (cyto) Y N N N Y
Water Hydroxyurea 300 Y Y (cyto) Y ? Y Y Y
Water Sodium fluoride 300 N Y (cyto) Y N N N Y
Water Manganese dichloride 300 Y Y (cyto) Y Y N N Y
Water Naloxone hydrochloride dihydrate 100 N Y (cyto) N N? N N Y
Water Cyclophosphamide monohydrate 100 N? Y (cyto) Y N? N N Y

15/19 “False Negatives” appear to have some biological activity upon retesting with 
fresh solutions, different enantiomers and higher concentrations.

This should improve the sensitivity of the battery



Screening volatile compounds for neuroactivity

Volatile compounds are not amenable to in vitro screening because they have low solubility in aqueous 
solution and evaporate rapidly, especially at 37 °C

48-Well MEA plate 
with primary cortical 

neural networks 
growing on 
electrodes

Manifold 
with input 
and output 

vents for gas 
exchange

Manifold sits 
on top of 

MEA plate in 
the Maestro 

amplifier

Decreasing Volumes 
should lead to 

quicker equilibrium 
between gas and 

media 



Proof-of-concept:  Toluene
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Thank you!
Questions?

EPA Program Office Colleagues
• Anna Lowit
• Liz Mendez
• Monique Perron
• Sarah Dobreniecki
• Mike Metzger

EPA ORD Colleagues:
• Kathleen Wallace
• Theresa Freudenrich
• Sierra Boyd
• Josh Harrill
• Katie Paul Friedman
• Kelly Carstens 
• Megan Culbreth
• Richard Judson
• Grace Patlewicz
• Matt Henderson
• Todd Krantz
• Mark Higuchi
• Brian Chorley
• Barbara Wetmore

International Collaborators
• Ellen Fritsche (IUF)
• Marcel Leist (U. Konstantz)
• Andrea Terron (EFSA)
• Iris Mangas (EFSA)

OECD
• Magda Sachana

50

Students:
• Carmen Marable (ORISE)
• Amy Carpenter (ORISE)
• Hunter Fitzpatrick (ORISE)
• Jessica Conley (ORISE)
• Olivia Rice (ORISE)
• Gabby Byrd (ORISE)
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