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1. Overview
1.1. Descriptive full-text title
Cell Viability, Apoptosis and High-Content Imaging Assay to Screen for Changes in Neuron
Proliferation Due To Chemical Exposure.
1.2. Abstract
The High Content Imaging Assay to Screen for Changes in Proliferation was
developed to screen large numbers of compounds for potential developmental
neurotoxicity in vitro. During the development of the nervous systems, many
processes occur to give rise to a functional and healthy neural network. These
important neurodevelopmental processes may be disrupted by potential toxicants,
resulting in developmental neurotoxicity. Among these processes is proliferation –
neural circuit function can be drastically affected by variations in the number of cells
that are produced during development. Defects in neural stem cell proliferation that
result in the generation of incorrect cell numbers or defects in neural stem cell
differentiation can cause microcephaly or megalencephaly (Homen,et.a. 2015.)
Apoptosis is a form of programmed cell death that also plays a critical role in
development of the nervous system. In particular, cells that fail to become integrated
into neural networks during neural development often undergo apoptosis. Chemical
exposure can result in changes in apoptosis and such changes may, like changes in
proliferation, alter the number of cells in the nervous system, resulting in
developmental neurotoxicity. This assay utilizes a high-content imaging solution to
determine the number of proliferating cells in a human neural progenitor cell line by
the immunocytochemical labelling of the nucleus and the proliferating cell bodies. An
automated image analysis protocol is employed to systematically identify targeted
structures based on preassigned criteria. Ultimately, changes in the number of
proliferating cells is quantified and reduction of more than 30% results in a hit call.
The assay is performed on a 96-well plate, allowing for a medium-to-high throughput
screening of chemicals. Cell viability and apoptosis measurements are performed
simultaneously in 96 well plates using commercial assays to determine toxicity of
chemicals and death by apoptosis. According to the readiness criteria as published
by Bal-Price et al. (2018) this assay obtained the readiness score of A.
Assay summary:
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toxicological target

→ developing brain

test system

→ human neural progenitor cells

readout(s)

→ cell number, proliferation, cell intensity

biological process(es)

→ Proliferation, apoptosis

(human) adverse outcome(s)

→ cognitive dysfunction

hazard(s)

→ adverse effect on cell proliferation and cell
viability; indication of apoptosis

endpoint of current regulatory studies

→ no

validation/evaluation

→ readiness analysis

2. General information
2.1. Name of test method
Human Neural Progenitor Proliferation, Cytotoxicity and Apoptosis Assay

2.2. Version number and date of deposition
20220104_v1.0

2.3. Summary of introduced changes in comparison to previous version(s)
original version

2.4. Assigned data base name
ToxCast invitro database assay identification: CCTE_Mundy_HCI_hNP1 (Apoptosis and Cytotoxicity);
CCTE_Mundy_HCI_hNP1_Pro (Proliferation)

2.5. Name and acronym of the test depositor
United States Environmental Protection Agency (USEPA)

2.6. Name and email of contact person
Tim Shafer (shafer.tim@epa.gov)

2.7. Name of further persons involved
Theresa Freudenrich (freudenrich.theresa@epa.gov)
Kathleen Wallace (wallace.kathleen@epa.gov)
Jackson Keever (keever.jackson@epa.gov)

2.8. Reference to additional files of relevance
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Number of supporting files:
1. Standard Operation Procedure (Appendix A)

3. Description of general features of the test system source
3.1. Supply of source cells
Human neural progenitor cells (hNP1) were obtained as cryopreserved cells from ArunA
Biomedical, Athens Georgia. The cells were thawed and expanded to produce a stock which
is used for all experiments and replenished a s needed.

3.2. Overview of cell source component(s)
Human neural progenitor cells (hNPC) were obtained as a cryopreserved single cell
suspension from ArunA Biomedical, Athens Georgia.

3.3. Characterization and definition of source cells
hNP1 Human Progenitors are fully differentiated, derived as adherent cells from hESC WA09 line.
The cells are shipped frozen in a vial with 1 x 106 cells. hNP1 Human Progenitors were
characterized for expression of Nestin and Sox2, which are markers of progenitor status

3.4. Acceptance criteria for source cell population
After thawing, a trypan blue exclusion viability count is done. Cells above 80% viability are
acceptable. Cell population below 80% will not be used and a new vial will be thawed and
tested. To maintain stability, cells are grown for several passages then expanded and
cryopreserved. This cryopreserved passage is used as a stock for cells of the same passage
and is the beginning point for all testing assays.

3.5. Variability and troubleshooting of source cells
As with any cell line, the more subculturing performed, the more likely there will be genetic
drift. This critical element is controlled by not expanding beyond a certain passage.
Critical consumables for the hNP1 cells are:
The usage of a poly-L-ornithine/laminin coating that is no older that four weeks from coating.
Poly-L-Ornithine should be reconstituted, sterile filtered, aliquioted and aliquots should not be
refrozen. Laminin should be thawed slowly at 2-8oC, aliquoted and stored at -20oC or -80oC.
The usage of Knock-out™DMEM/F12 supplemented with StemPro® Neural Supplement,
GlutaMax, bFGF and EGF. The Proliferation medium should be aliquoted for feedings and
protected from light. The shelf life is four weeks at 4oC.
The Knockout DMEM/F12, StemPro Neural Supplement and TrypLE Express must be
protected from light
Repeated freezings do not affect the strength of the StemPro Neural Supplement.
The Proliferation Medium should be warmed (room temperature to 37oC) for all feedings.
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Flasks should be at a density on the high side, 5 e 5 for a T25, 1e6 to 3e6 for a T75.
All consumables are controlled for shelf-life following recommendations from the
manufacturer.

3.6. Differentiation towards the final test system
3.6.1.
Establishment of Stock cell supply. The vial of cells obtained from ArunA are
thawed in a 37oC water bath with agitation. Thawed cells are transferred to a 15 mL
conical tube and Proliferation Media (Knockout™ DMEM/F12 supplemented with 2%
StemPro®, 20 ng/mL EGF, 20 ng/mL recombinant human FGF, 1% GlutaMax™) is
quickly added dropwise. Cells are spun at 1000 rpm for 5 minutes at room
temperature. The pellet is resuspended in Proliferation media and a sample is taken
to determine cell number and viability. Cells are seeded at 5 x 105 cells/mL in a T25
flask pre-coated with poly-ornithine and laminin. The flask is placed in a 37oC/5%
CO2 humidified incubator. Cells are fed every other day during the work week until
the flask is at 90% confluency. Cells are sub-cultured and expanded until a predetermined passage is reached (P7). A large batch of cells is then frozen into
cryotubes at 3 x 106c/vial. This becomes the stock from which all experimental cells
are drawn.
3.6.2 Culture of cells for experiments. For an experiment, cells are removed from liquid
nitrogen and after thawing are cultivated in proliferation medium at 37°C and 5 % CO2. Cells
are spun at 1000 rpm at room temperature. The pellet is resuspended in Proliferation media
and a sample is taken to determine cell number and viability. Cells are seeded at 5 x 105
cells/mL in a T25 flask pre-coated with poly-L-ornithine and laminin. The flask is placed in a
37oC/5% CO2 humidified incubator. Cells are fed every other day during the work week until
the flask is at 90% confluency. Cells are sub-cultured and expanded for two more passages
each with an increasing number of cells and flask size (T25 to T75) to get to the needed cell
number.

3.7. Reference/link to maintenance culture protocol
Operating Protocol OP- I-BCTD-RADB-SOP-3311-1 Human neuroprogenitor cells (hNP1).
(Available upon request: email: shafer.tim@epa.gov)

4. Definition of the test system as used in the method
4.1. Principles of the culture protocol
After the establishment of the stock (see section 3.6.1), one vial is removed from liquid
nitrogen and thawed for each experiment. The cells are sub-cultured twice to allow for
recovery and expansion before use. Before each subculturing the cells are observed under a
microscope for attachment, confluency, and any sign of contamination. After each
trypsinization, a trypan blue exclusion count is used to determine that cells are proliferating,
and that viability remains above 80%. Cultivation during the expansion is performed at 37°C
and 5% CO2 at a pH of 7.2-7.6.

4.2. Acceptance criteria for assessing the test system at its start
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The cells are inspected visually for attachment to the plate surface. Before each subculturing
the cells are observed under a microscope for attachment, confluency, and any sign of
contamination. After each trypsinization, a trypan blue exclusion count is used to determine
that cells are proliferating, and that viability remains above 80%. Cultivation during the
expansion is performed at 37°C and 5% CO2 at a pH of 7.2-7.6.

4.3. Acceptance criteria for the test system at the end of compound exposure
The cells are inspected visually for attachment and contamination. Data from contaminated
wells is noted and discarded.

4.4. Variability of the test system and troubleshooting
Variability is reduced by using the same passage for each experiment. Potential areas that
may cause issues are the age of the coated surface, the age of the media and the health of
the cells. These are avoided by only using freshly coated plates (made the day of plating),
using medium that is not expired and allowing the cells to achieve confluency before using.

4.5. Metabolic capacity of the test system
Unknown

4.6. Omics characterization of the test system
Unknown.

4.7. Features of the test system that reflect the in vivo tissue
These neuroprogenitor cells express nestin and Sox, which are markers of neural progenitor
status and are expressed by neuroprogenitor cells in vivo.

4.8. Commercial and intellectual property rights aspects of cells
The cells were commercially available and trademarked by ArunA Biomedical. However,
ArunA no longer sells them. Fisher Scientific appears to have cells from the original EnStem
line but these were not the same as the hNP1. They also have other neural progenitors.
While cells from these other providers are likely to perform similarly in this assay, their
responses would need to be fully characterized.
The tests for cytotoxicity, CellTiter-Glo® 2.0 Assay (Promega G9242),
and apoptosis, Caspase-Glo® 3/7 Buffer (Promega G810A) and Caspase-Glo® 3/7

Substrate (Promega G811A), are patented.
4.9. Reference/link to the culture protocol
See section 3.7.

5. Test method exposure scheme and endpoints
5.1. Exposure scheme for toxicity testing

Appendix B10- hNP1 Prolif and hNP1-Apop
Cells are plated on pre-coated poly-L-ornithine/laminin clear bottomed and opaque 96 well
plates (day 0). Plates are placed in a 37oC, 5% CO2 incubator for 40 to 44 hours at which
time plates are removed from the incubator and 10 µL of a freshly made chemical solution is
added to each well. Twenty hours after the addition of the chemicals, the clear plates are
removed from the incubator and 11 µL of a BrdU solution is added to each well. The plates
are returned to the incubator for four hours. At four hours, the plates are fixed with a 4%
paraformaldehyde solution. Twenty-four hours after chemical addition, opaque plates are
removed from incubator and cytotoxicity and apoptosis assays are performed.

-19d -18d
Thaw Feed

-15d -13d -12d -11d
Feed Feed Sub- Feed
culture

-8d -6d -5d -4d
Feed Feed Sub- Feed
culture

-1d
0
Feed Plate

Proliferation, Cytotoxicity and Apoptosis Assays

0

40 to 44 h

60 to 64 h

Dose

Proliferation:
Add BrdU

64 to 68 h
Proliferation:
Fix

64 to 68 h
Cytotoxicity and
apoptosis
Assays:
Perform

Figure 5.1.11 Exposure scheme. Cells are plated onto 96 well clear and opaque plates and allowed 48 hr for
attachment to the substrate and recovery. Between 40 and 44 hours all plates are dosed with the chemical.
Twenty-four hours after exposure, cells are either fixed or assayed.

5.2. Endpoint(s) of the test method
The primary DNT specific endpoints of this test method is BrdU positive cells. Secondary
endpoints are apoptotic cell number and cytotoxicity. All endpoints are generated from the
same experimental cells but on sister plates.
The normalization endpoint is an in-plate negative control.
Neurodevelopmental
Process

Assay Name
(Cell Type)

ACID

AEID

2711

2795

MUNDY_HCI_
hNP1_Pro
Neural Progenitor Cell
Proliferation

(human hNP1
neuroprogenitors
)

Endpoint Name

MeanAvgInten_loss

2709

2796
ResponderAvgInten_loss

Description
Intensity of BrdU labeling in
the nucleus of each cell,
averaged across all cells in a
well. A decrease as compared
to control is indicative of
decreased cell proliferation.
Percentage of cells with
intensity of BrdU labeling > 3X
background. A decrease as
compared to control is
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Neurodevelopmental
Process

Assay Name
(Cell Type)

ACID

AEID

Endpoint Name

Description
indicative of decreased cell
proliferation

2710

2797
ObjectCount_loss

2691

2793

Casp3_7_gain a
MUNDY_HCI_
hNP1
Neural Progenitor
Apoptosis / Viability

(human hNP1
neuroprogenitors
)

2700

2794
CellTiter_loss a

The number of nuclei per well.
A decrease as compared to
control is indicative of
cytotoxicity.
Intensity of luminescent signal
produced by caspase 3/7
cleavage of a detection reagent.
The signal produced is
proportional to the number of
apoptotic cells. An increase as
compared to control is
indicative of increased
apoptosis.
Intensity of luminescent signal
produced by detection of
cellular ATP. The signal
produced is proportional to the
number of viable cells. A
decrease as compared to control
is indicative of cytotoxicity.

5.3. Overview of analytical method(s) to assess test endpoint(s)
The primary endpoint of BrdU positive cells is assessed based on an immunocytochemical
staining (ICC) image of cells in each well. Cells are fixed 24 hours after chemical exposure
then an ICC staining with Hoechst for nuclei and anti-BrdU for BrdU positive cells is
performed. The plates are scanned using an automated high content imaging device and all
nuclei and BrdU positive cells are identified automatically based on their intensity and size.
Images are analyzed by the software to give the following endpoints:
1. % Responders_Avg IntensityCh2
Several negative (solvent) control wells are chosen to determine exposure times for
the plate. Each well is auto-focused then auto-exposed in both
Channel 1 (Nuclei) and Channel 2 (BrdU positive). The average of several wells is
taken to determine exposure times. The time for each channel is fixed. Using the
fixed exposure times, an image set from a negative control well is obtained and the
algorithm is run. The mean average intensity for channel 2 (Mean_Avg Inten Ch2) is
collected and three more data points are obtained. These are averaged and the
number obtained is placed in the Assay Parameter table in the AvgIntCh2_Level High
line. Any cell with an intensity above this number is counted as a BrdU positive cell.
2. Selected Object Count per Valid Field
The selected object count is any object meeting the pre-set parameters listed in the
Assay Protocol. The Assay Protocol is developed over a period of time by using
multiple plates under a number of circumstances to account for normal culture to

culture or staining variability then testing plates to see if these parameters are
accurate.
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3. Mean_Average IntensityCh2
Cytotoxicity and apoptosis assays are performed in parallel.

5.4 Technical details (of e.g. endpoint measurements)
Apoptosis Assay: With the lid removed from the plate, read in the BMG FLUOstar OPTIMA
Fluorescence/Luminescence Microplate Reader following the instructions in OPNHEERL/ISTD/SBB/TMF/2013-007-r0 using the “Caspase Glo” protocol (set “Gain” at 3500).
All data and calculations are recorded in an Excel spreadsheet and stored in a laboratory
drive.
Cytotoxicity Assay With the lid removed from the plate, read in the BMG FLUOstar OPTIMA
Fluorescence/Luminescence Microplate Reader following the instructions
in OP-NHEERL/ISTD/SBB/TMF/2013-007-r1 Operation of the BMG FLUOstar OPTIMA
Fluorescence / Luminescence Microplate Reader using the “CellTiter-Glo protocol” (in the
program set “Gain” at 3500). All data and calculations are recorded in an Excel spreadsheet
and stored in a laboratory drive.

Appendix B10- hNP1 Prolif and hNP1-Apop

Data are stored on a dedicated server.

5.5 Endpoint-specific controls/mechanistic control compounds (MCC)
This assay was developed using the compounds in table 5.5.1 (apoptosis) and 5.5.2
(proliferation). See the original publications (Druwe et al., 2015 for apoptosis and XXX for
proliferation) for citations in table 5.5.1 and 5.5.2.
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Table 5.5.1 Training set of chemicals for evaluation of apoptosis.

5.6. Positive Controls
1. Proliferation
Aphidicolin: Inhibits DNA replication, blocks cell cycle progression
2. Cytotoxicity and Apoptosis
Staurosporine; Inhibits the proliferation, alters the cell cycle distribution, and induces
apoptosis
This assay has been evaluated against 53 compounds that have evidence of DNT in vitro
(Harrill et al., 2018). These 53 compounds were selected based on an evaluation of the
literature by Mundy et al., 2015). See Harrill et al., 2018 for details on the compounds
selected.

5.7 Negative and unspecific controls
The following compounds were used as negative/unspecific controls in the development of
this assay. They previously had been shown not to alter apoptosis or proliferation in vitro:
Saccharin sodium salt
Acetaminophen
Glyphosate
Dimethyl Phthalate
Amoxicillin
D-Sorbitol

The solvent control (SC) is used as a negative control that is run on each
experimental plate. Each SC has to be established by comparing the effect of
the SC to the effect of the media control. Established solvent controls show the
same response as the media control.
Established solvent controls are: DMSO, Water, Ethanol, Ethanol/DMSO
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5.8 Features Relevant for Cytotoxicity Testing
The Caspase-Glo® 3/7 Assay is a homogeneous, luminescent assay that measures
caspase-3 and -7 activities. These members of the cysteine aspartic acid-specific
protease (caspase) family play key effector roles in apoptosis in mammalian cells.
The assay provides a luminogenic caspase-3/7 substrate, which contains the
tetrapeptide sequence DEVD, in a reagent optimized for caspase activity, luciferase
activity and cell lysis. Addition of Caspase-Glo® 3/7 Reagent in an “add-mixmeasure” format results in cell lysis, followed by caspase cleavage of the substrate
and generation of a luminescent signal, produced by luciferase. Luminescence is
proportional to the amount of caspase activity present.
The Cell Titer-Glo 2 Cytotoxicity assay is a method for determining the number of
viable cells in culture based on the quantification levels of ATP present (indicative of
metabolically active cells). It is an assay which results in cell lysis and generation of a
luminescent signal proportional to the amount of ATP present. The ATP reacts with
beetle luciferin in the presence of recombinant firefly luciferase and results in a stable
luminescent signal. The measure of cell viability assessed by the CellTiter Glo 2
assay depends on the metabolic activity of cells present in the well. Reduced cell
viability as indicates either fewer cells present and/or a reduced metabolic capacity of
the cells in the well.

5.9

Acceptance Criteria for the Test Method

HCI: For data generated with the ArrayScan to be acceptable for use, a cellular
endpoint-specific chemical standard will be used as an internal control in the
culture plate being used. For any endpoint, the chemical standard will
be based on the scientist’s expertise and understanding of the biology of the
endpoint being measured and endpoint-specific data from the literature. The effect
of the chemical standard must be within +/- 10% of the expected value (e.g., for an
expected chemical result of a 50% change from control, the value should be
between 40 to 60 %) to be accepted. If the effect of the chemical standard is
outside of this range, the data from that culture plate will not be used.
Cytotoxicity and Apoptosis: A positive control (staurosporine) which is a chemical
known to cause toxicity is included in eight wells on each plate. A negative control
(eight wells) which is the solvent used to dilute the test chemicals is also included.
Data from the control wells will be compared to historical controls for the same cell
type. Data should fall within ± 10% of the historical controls.

5.10. Throughput Estimate
The methods described here are described for a 96 well plate format. Typically, 18 plates
can be made in one culture (Six for Proliferation, six for apoptosis, six for cytotoxicity), which
allows testing 16 compounds in triplicate. With thawing and expansion plating can occur
every 14 days, allowing 32 compounds in triplicate at multiple concentrations to be screened
per month

6 Handling details of the test method
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6.1 Preparation/addition of test compounds
The experimental compounds were each prepared in stock solutions at 1000-fold
concentrations of 0.0003, 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10, and 30 mM in DMSO,
ethanol, or double-deionized H2O (ddiH2O) based on solubility. Training chemicals known to
be especially potent or to have low solubility at high concentrations were not prepared at high
concentrations. Chemicals that were known to be present in vivo at very high concentrations
were tested at the appropriate order of magnitude.
Dosing solutions were prepared from each of these stocks by diluting 1/100 into Medium. In
a 96 deep well plate, 5 µL of 1000X test chemical is diluted with 495 µL of Proliferation
Media. Cells were exposed to chemicals 48 hours after planting by diluting a volume of the
10x dose concentration (DMSO or water, depending on solubility of the compound) of 0.1%.
The cells were maintained in a humidified incubator at 37°C and 5% CO2.
Stock solutions are aliquoted and stored at -80°C. Freeze/thaw cycles should be avoided
with compound stock solutions; therefore, it is best to prepare an aliquot of stock solution to
be thawed and used once for each treatment.

Figure 6.1. Plating Scheme. 10 compound concentration are plated in a serial dilution from lowest (left) to highest
(right) concentration. Positive control (Aphidicolin or Staurosporine) and Solvent Control are plated at 8 replicates
each. Solvent control depends on the solvent of the compound that was tested.

6.2

Day-to-day documentation of test execution

Plate maps contain all information to the set-up of a plate: chemicals to be tested,
Concentrations of those chemicals, and negative and positive controls. A plate map for all
three plates is created prior to plating cells. Data Sheets have been created to record all
information on the procedures. Theses sheets are scanned and placed into the OneNote
online notebook. All data relevant to the assay is stored on an online OneNote notebook
created for the specific project.
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6.3 Practical phase of test compound exposure
Notes on any deviation or error are made on the data sheets. Errors are defined (coding
based on QA requirements), initialed and dated. All aspects of the experiment are recorded
(scanned) in an online OneNote laboratory notebook. This includes any documentation of
adherence to plate maps, potential errors, and any other variable that may impact the assay
and interpretation of results. Projects are typically subjected to review by EPA Quality
Assurance Managers.

6.4 Concentration settings
Ten compound concentrations in serial dilutions are tested in each plate.
As default a serial dilution of 1:3 is used, i.e., a concentration range of 729-fold is covered
(e.g., from 20 µM to 27 nM). Depending on the need, other serial dilutions such as 1:2, 1:5,
1:10 … can be used.
Start concentrations and concentration ranges are defined based on the following factors:
-

toxicological relevance of the compound (i.e., internal human exposures, effects at
lowest concentrations)
solubility of the compound
concentration of stock compound in solutions provided by suppliers of chemical sets
(e.g., for EPA’s ToxCast library chemicals are typically supplied at 20 mM in DMSO).
the highest concentration of solvent (e.g., DMSO) that can be tolerated by the assay.
solubility of the compound (highest useable solvent concentration)

6.5 Uncertainties and troubleshooting
Problematic compounds:
- volatile compounds
- high lipophilicity (high KOW)
- low solubility in established solvents
- Fluorescent compounds (possible interference with viability assay)
Critical handling steps:
- The poly-L-ornithine/laminin coating is critical for good cell attachment. Coated plates
should be stored at 4°C for no longer than 7 days. Preferably freshly coated plates
are best.
Sources of variation:
- Pipetting steps: Each pipetting step is a source of variation. Especially in the viability
and cytotoxicity assay where the volume pipetted determines the final readout.
Known Pitfalls:
- Multiple washing steps in the ICC staining can lead to the wash off of cells. Slow and
careful pipetting, the use of a manifold on low aspiration and the use of wide orifice
tips can alleviate this issue.
Caveats:
- different subpopulations of neuroprogenitors express different proteins (that also vary
between different developmental timepoints), only a limited number of also potential
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direct and/or short-term targets for toxicants to interfere with neuronal proliferation are
present in this test.

6.6 Detailed protocol (SOP)
OP-NHEERL-H/ISTD/SBB/KAW/2018-02-r1: The “Caspase-Glo” 3/7 assay (Available upon
request; Email: Shafer.tim@epa.gov).
OP-NHEERL/ISTD/SBB/TMF/2013-007-r1: Operation of the BMG FLUOstar OPTIMA
Fluorescence / Luminescence Microplate Reader using the “CellTiter-Glo protocol”
OP-NHEERL/ISTD/SBB/TJS/2017-001-r2; BrdU staining for proliferation in 96 well plates.

6.7 Special instrumentation
-

Biological Safety Cabinet
Incubator for cell culture
Multiplate reader for fluorescence measurement
Cellomics® ArrayScan® VTI HCS Reader (ThermoFisher Scientific)

6.8 Possible variations
Not Applicable
6.9 Cross-reference to related test methods
Not applicable

7 Data management
7.1 Raw Data Format
Image files (*.C01 files) are saved to a network drive. These files can be reanalyzed by reapplying the bio application software. The data extracted are saved to a network drive as
*.xls (excel) files, with 1 file containing all extracted feature values per experimental plate.
The original excel output files are saved for traceability of the data.

7.2 Outliers
Mathematical procedures to define outliers are not applied. The tcpl curve fitting
program (Filer et al., 2017) is robust with respect to minimizing the impact of outliers.
Data points from wells where technical problems are known or obvious are retained
in the data file but are excluded from the analysis by marking them as “well quality 0”.
Some example technical problems:
- pipetting errors
- contamination
7.3 Raw data processing to summary data
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Bio application software analyze the image files and extract the relevant features (neurite
length, branch points, etc) and save these data as excel (*.xls) files. R scripts are used to
scrape the data from the *.xls files. Data are transformed to the “long” data format, with 1 row
for each well-feature pair.

7.4 Normalization, Curve fitting and BMC calculation
Data are analyzed using the ToxCast Pipeline (tcpl) approach as described by Filer et al.,
2017. A summary of techniques applied is in table 7.4
Table 7.4 Methods applied in tcpl for the rat cortical neurite outgrowth assay
ToxCast Data
Pipeline Level
mc0: preprocessed data
input
mc1: mapping to
well and column
indexes
mc2:
transformation
mc3:
normalization
mc4: BMAD
calculation type
for curve-fitting
mc5: Hitcall and
potency
determination
mc6: caution flags
on fitting

7.5

HCI assays: Methods Applied
Data are raw input

Auto

No transformation
Baseline value (bval) was calculated as the median value for the vehicle control wells
(DMSO) on a by-plate basis; No positive control value was used in normalization
(pval=0); the response was calculated as percent of DMSO vehicle control.
An approximation of noise around the baseline signal, the baseline median absolute
deviation, was calculated based on the vehicle control wells on each plate.
The cutoff for a positive response was the greater of 30% or 3*BMAD.

Flags for single point hit at maximum concentration (6), flags for single point hit not at
the maximum concentration screened (7), inactives with multiple median responses
above baseline (8), noisy curves relative to the assay (10), actives with borderline
efficacy (11), inactives with borderline efficacy (12), low concentration gain-loss curvefits (15), possibly overfitting (16), hitcalls with less than 50% efficacy (17), model fits
with AC50 less than lowest concentration tested (18) were assigned to all; additionally
cell viability assays were assigned “viability gain-loss fit” (19)

Internal data storage

Data collected from the Arrayscan VTI are saved as *.C01 files on a laboratory network drive.
This network drive resides on EPA servers which are backed up daily. As per US
Government regulations, these files will be maintained for at least 20 years.

7.6 Metadata
Metadata is saved in *.xlsx files, with 1 file for each group of 3 plates prepared on the same
date. R scripts are used to scrape the metadata from the files, merge the metadata with the
experimental data for each well, and save the result in a *.RData file.

7.7 Metadata file format
The metadata file format is *.xlsx.
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8. Prediction model and toxicological application
8.1 Scientific principle, test purpose and relevance
BrdU, or bromodeoxyuridine, is a synthetic nucleic acid that may be incorporated into
DNA during replication in lieu of thymine. Cells undergoing DNA replication – S-phase
of the cell cycle – incorporates this BrdU into its DNA, but cells in other phases of the
cell cycle may not. Since only four hours are allotted for cells to incorporate BrdU into
their DNA, not enough time is given for S-phase cells to begin mitosis and pass the BrdUlabel to their progeny. Antibodies are selected to screen for this nucleoside to
demonstrate which cells were actively dividing at the time of BrdU exposure. The
purpose of this test is to identify compounds that may interfere with the normal
neurodevelopmental process of neurprogenitor cell proliferation. Chemicals that interfere
with proliferation may result in too few, or too many cells in the nervous system. Both of
these conditions have been associated with developmental neurotoxicity following
chemical exposures.

8.2 Prediction model
The cutoff for a positive response in each assay endpoint is set as 3*BMAD or a 30% change
from DMSO controls, and compounds with treatment levels reaching this cutoff are then
subjected to curve fitting in tcpl, from which AC50 values are generated (see table 7.4). The
PM is based on a comparison between the AC50 value for the NFA-specific endpoint and the
AC50 value cytotoxicity/viability effect.
Thereby the following classifications apply:
“specific hit”: a threefold difference between the AC50 value for apoptosis or proliferation
endpoints and the most potent cytotoxicity endpoint. Where no cytotoxicity endpoint had an
AC50 value, then the highest concentration tested is used.
“non-specific hit”: Less than a threefold difference exists between AC50 value for the NFAspecific endpoint and the most potent cytotoxicity AC50 value.
It should be noted that there are other valid approaches to determining specificity. For
example, one could calculate the area under the curve of the specific endpoint that is below
the AC50 value for cytotoxicity.
“inactive”: the compound was active in proliferation, apoptosis, and cytotoxicity endpoints.

8.3 Prediction Model Set-up
This assay was developed using a training set of chemicals and then further evaluated with a
test set of chemicals that had 53 putative positive and 13 putative negative DNT chemicals
(see Harrill et al., 2018). See sections below for additional details.
All endpoints in this assay are fit in the down direction. For the viability endpoints, fitting in
the up direction (increased viability) is not logical since viability of controls is typically quite
high (>90%). The proliferation parameters can be fit in both the up and down direction.
However, to date, the vast majority of compounds tested cause decreases in proliferation
parameters, including assay positive controls. Biological meaning of changes in the up
direction (increased proliferation parameters) is difficult to interpret due to the lack of assay
positive controls that alter parameters in the up direction.
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8.4 Test performance
Toxicological application domain
The following compound classes have been tested successfully:
-

Industrial chemicals
cosmetics ingredients
pharmaceuticals

Compounds need to be soluble in a solvent at a solubility where the solvent does not
produce effects by itself in the test systems (Error! Reference source not found. for
established solvents).
Compounds that are volatile or have a high lipophilicity have not been tested and might need
more sophisticated exposure methods such as ‘passive dosing’.
Biological application domain
Neural progenitor cell migration and differentiation assay (NPC2-5) is based on primary
hNPC obtained from the human cortex. As mentioned in 0 “Scientific principle” The method
represents migration and differentiation to neurons and oligodendrocytes of fetal hNPC.
Next to the endpoints represented by this test method there are several other necessary
neurodevelopmental endpoints which need to be studied using other test methods.
Neurodevelopmental processes not represented by this test method:
•
Neural Crest Cell (NCC) Migration
•
NPC apoptosis
•
Neuronal morphology
•
Synaptogenesis
•
Neuronal network formation
•
Neural Rosette Formation
•
hiPSC-derived NPC proliferation
•
hiPSC-NPC neuronal differentiation
•
Neuronal subtype differentiation
•
Astrocyte Differentiation and Maturation
•
Astrocyte Reactivity
•
Microglia reactivity
For a complete assessment of developmental neurotoxicity, the test method needs to be part
of test battery.
Table 8.4.1 summarizes the assay performance in terms of variability of each endpoint in the
assay.
Table 8.4.1
ACID
2711
2710
2709
2691

Assay component name
MUNDY_HCI_hNP1_Pro_MeanAvgInten
MUNDY_HCI_hNP1_Pro_ResponderAvgInten
MUNDY_HCI_hNP1_Pro_ObjectCount
MUNDY_HCI_hNP1_Casp3_7

Median
87.75
33.7
92.88
65272

MAD
11.49
4.16
8.45
2228.35

CV
12.72
11.9
8.51
3.8
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2700

MUNDY_HCI_hNP1_CellTiter

714037

18172.2

1.96

For the assessment of chemical action on the endpoints represented by this test method, the
test method can be used as stand-alone test method.
For performance assessment in this assay, the following compounds are used as assay
positive controls as they have been previously demonstrated to disrupt neurite outgrowth in
in vitro systems:
Staurosporine for apoptosis/viability
Aphidicolin for proliferation
Table 8.4.2 summarizes the z prime (z’), strictly standardized median deviation (SSMD) and
signal-to-noise (SN) for assay positive control compounds.

MED.RESP

MED.HITC

CHEM

CONC.UM

Z’

SSMD

SN

2793

MUNDY_HCI_hNP1_Casp3_7_
gain

199.
41

1

Staurosporine

1

0.8

19

54.59

2794

MUNDY_HCI_hNP1_CellTiter_l
oss

70.3

1

Staurosporine

10

0.75

18

19.69

2795

MUNDY_HCI_hNP1_Pro_Mean
AvgInten_loss
MUNDY_HCI_hNP1_Pro_Object
Count_loss
MUNDY_HCI_hNP1_Pro_Respo
nderAvgInten_ loss

47.1
2
20.8
3
87.1
4

1

Aphidicolin

10

0

3

2.99

0

Aphidicolin

10

0

1

1.57

1

Aphidicolin

10

0.1

4

4.77

AEID

AENM

Proliferation

Apoptosis
/ viability

Activity
type

Table 8.4.2

2796
2797

The test method is currently used in the setup of a DNT test battery.

8.5 In vitro – in vivo extrapolation (IVIVE)
IVIVE of data from this assay has been conducted based on the activity (e.g. EC50, AC50,
tipping point) values obtained from curve fitting. Because in vitro toxicokinetic information
(e.g. lipid and protein content of cells, volume of cells) are not readily available, these
extrapolations have been based on the nominal concentration of test article in the medium.
Adjusted Equivalent Doses (AEDs) were estimated using the high-throughput toxicokinetic
(HTTK) information and models available in the httk R package (v1.8; Pearce et al., 2017),
which functionalizes an approach similar to the one previously used by Wetmore et al.
(2012).

8.6 Applicability of test method
Toxicological application domain
To date, 307 unique compounds (as defined by unique DTXSIDs) have been tested
successfully in this assay. This includes the following compound classes:
Industrial chemicals
Pesticides and metabolites (e.g. oxons)
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pharmaceuticals
metals and organometals
Compounds that are volatile would need specialized modifications to test as the assay is
conducted at 37ºC, and these compounds would likely evaporate to some extent depending
on the duration of the experiments and the vapor pressure of the compound. To date, volatile
compounds have not been tested in this assay.
While mixtures can be tested in the assay, it has not been evaluated for its ability to
distinguish additive from non-additive effects of mixtures to date. If proper experimental
design is used and the chemical properties are compatible with the assay, it is anticipated
that the assay could be used for this purpose.
Biological application domain
Next to the endpoints represented by this test method there are several other necessary
neurodevelopmental endpoints which need to be studied using other test methods.
Neurodevelopmental processes not represented by this test method:
•
Neural Crest Cell (NCC) Migration
•
Neuronal morphology
•
Synaptogenesis
•
Neural Rosette Formation
•
hiPSC-derived NPC proliferation
•
Network formation
•
Neuronal subtype differentiation
•
Astrocyte Differentiation and Maturation
•
Astrocyte Reactivity
•
Microglia reactivity
For a complete assessment of developmental neurotoxicity, the test method needs to be part
of test battery.

8.7 Incorporation into Test Battery
To assess the hazard for developmental neurotoxicity it is recommended that this assay is
used as one assay in a battery of assay (see 0 “Applicability of test methods”)
For the assessment of chemical action on the endpoints represented by this test method, the
test method can be used as stand-alone test method.
The test method is currently used in the setup of a DNT test battery.

9 Publication/validation status
9.1 Availability of key publications
9.2 (Potential) Linkage to AOPs
The AOPWiki lists numerous Key Events (KEs) that are relevant to cell proliferation. The
most directly relevant are KEs 1821 (decreased cell proliferation) 870/1555 (increased cell
proliferation). However, to date, none of the AOPs containing these KEs are relevant to DNT.
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9.3 Steps Toward Mechanistic Validation
a) Information demonstrating how the test system is biologically relevant to humans in terms
of cell types, signaling pathways, etc
Proliferation of neuroprogenitor cells during development is a process that is highly
conserved across all mammalian species, including humans. The signaling pathways
regulating neuroprogenitor cell proliferation are highly conserved, and the same signals in
vivo that allow continued proliferation, or signal exiting the cell cycle and differentiation also
cause continued proliferation or cell cycle exit in vitro.
b) Interventions (pathway knockdown, specific inhibitors (i.e., mechanistic controls, which
may be part of the training set) that show expected effects on the assay
This assay has been developed by using mechanistic control compounds known to
disrupt proliferation in neural progenitor cells.
c) Formal mechanistic validation
There has been no formal validation of this assay. This test method was developed
following the criteria established in Crofton et al., 2011, where a set of assay positive controls
has been tested followed by a test set of compounds (Harrill et al., 2018).
d) Is there a correspondence to human (in vivo?) changes?
To date, no specific studies have been conducted with chemicals to demonstrate a
correspondence to human in vivo changes.

9.4 Pre-validation or Validation
No OECD 34 validation study has been done. The test method is part of a pre-validation
study that test the DNT hazard assessment for 83 Compounds in a DNT test battery. The
compound sets include potential DNT positive and DNT negative compounds.

9.5 Linkage to (e.g. OECD) guidelines/regulatory use
Test is not linked to regulatory guidelines.

10 Test method transferability
10.1 Operator training
For operators with a basic training in cell culture practices a four-week training period for
handling of the test system and training in the assay is recommended. The operators should
have basic understating in image analysis and data evaluation with respect to concentration
response fitting.

10.2 Transfer
The test method has been used by multiple operators over a period of 18 months. However,
inter operator variability has not been determined. Given the availability of multiple
commercial approaches for measuring cell proliferation, transfer of this protocol to other
laboratories would not be difficult.
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11. Safety, ethics and specific requirements
11.1 Specific hazards; issues of waste disposal
This assay itself has no specific hazards. However, chemicals being tested in this assay may
pose both human health and environmental hazards. Therefore, appropriate personal
protective equipment should be worn by operators, and appropriate waste disposal practices
should be followed.

11.2 Safety data sheet (SDS)
SDS should be supplied by the manufacturer or supplier of the chemicals being tested and
should be kept on file as appropriate for legal guidelines for the location of the facility where
testing is occurring.

11.3 Specific facilities/licenses
No specific facilities are required.
No specific ethical approval is required. No specific license is required.

11.4

Commercial aspects/intellectual property of material/procedures

As noted in section 4.8, the hNP1 cells were sold by ArunA Biomedical, but are no longer
commercially available. The kits mentioned for apoptosis and viability are also commerically
available. However, the assay itself is not subject ot any other intellectual property issues,
and could be conducted by anyone with access to the cells and other materials.
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