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Summary

Developmental neurotoxicity testing (DNT) is perceived by many stakeholders to be an area in critical
need of alternative methods to current animal testing protocols and guidelines. An immediate

goal is to develop test methods that are capable of screening large numbers of chemicals. This document
provides recommendations for developing alternative DNT approaches that will generate the type

of data required for evaluating and comparing predictive capacity and efficiency across test

methods and laboratories. These recommendations were originally drafted to stimulate and focus
discussions of alternative testing methods and models for DNT at the TestSmart DNT Il meeting

(http://caat jhsph.edulprograms/workshops/dnt2.html) and this document reflects critical feedback from
all stakeholders that participated in this meeting. The intent of this document is to serve as a catalyst

for engaging the research community in the development of DNT alternatives and it is expected that these

recommendations will continue to evolve with the science.
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1 Introduction

The development of alternative test methods has been widely ac-
knowledged as a critical need for toxicity testing (NRC, 2007).
Two major issues are driving this need. The first is the need to
provide more efficient testing methods that can provide hazard
information for the thousands of untested chemicals currently
used in commerce (Andersen and Krewski, 2009; Kavlock et
al., 2009). The second is a need to reduce the use of animals in
toxicity testing (Goldberg, 2002; Balls, 2009).

Over the past two decades, expert panels have provided
criteria and guidelines for validating new testing methods.
The most prominent of these are the ICCVAM guidelines on

validation of alternative test methods (ICCVAM, 1997). These
guidelines provide a framework for assessing the applicability
domain and performance criteria of new methods, which are
especially critical if the method is to be used in a regulatory
context. These guidelines, however, have been criticized for
implementing a tedious and lengthy process that may actually
impede efficient adoption and use of alternative test methods.
The need to validate the predictive nature of these methods
has required the collection of extensive and expensive data
sets for regulatory acceptance (Hartung, 2007). An alternative
approach is to use in vitro and QSAR methods for prioritiza-
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tion of chemicals for additional testing (Kavlock et al., 2009;
Judson et al., 2010; Aschner et al., 2010; Lein et al., 2007).
This approach requires a paradigm shift in chemical hazard
assessment, where initial testing will be based on efficient,
high-throughput methods, and the results used to prioritize
thousands of chemicals for additional testing. Positive “hits”
in these high-throughput assays will be followed by addi-
tional targeted testing based, as much as possible, on known
pathways of toxicity (Judson et al., 2010). However, negative
chemicals cannot be viewed as being without concern; rather,
less evidence to drive a concern would lower prioritization for
additional testing (Aschner et al., 2010). Complete validation
of alternative methods as replacements for current regulato-
ry tests, per ICCVAM guidelines, should not be required for
screening chemicals for testing prioritization.

Developmental neurotoxicity testing is an area that is widely
recognized as in need of alternative methods (Coecke et al.,
2007; Lein et al., 2005; Lein et al., 2007; Bal-Price et al., 2010;
Aschner et al., 2010). One issue that has restricted progress in
development of new alternative methods for DNT is that fund-
ing is skewed heavily towards research on basic biological and
toxicological mechanisms. This has led to the development of
a wide variety of methods (Coecke et al., 2007) that are not
necessarily amenable to testing large numbers of chemicals.
Organotypic cultures, while providing a good model for 3-di-
mensional tissue organization (Sundstrom et al., 2005), also
require animals for tissue harvesting and are low-throughput
(Coecke et al., 2007).

The current document provides a set of principles, which, if
embraced by the larger research community, will enhance the
development of alternative test methods suitable for screening
of large numbers of chemicals. It includes recommendations to
facilitate development of alternative testing methods for screen-
ing substances for potential developmental neurotoxicity. These
recommendations are not intended to be used for validation of
test methods and should not be used to circumvent or substitute
for any existing test method validation criteria (e.g., ICCVAM,
1997; Hartung et al., 2004; OECD, 2005). Test method valida-
tion for regulatory use involves a series of specific stages that
commence with development of a method, and then proceed
sequentially through test method optimization and standardiza-
tion; protocol transferability assessment; studies in multiple labs
to establish reliability, specificity and sensitivity; and finally
peer review and regulatory review for acceptance into a regula-
tory framework. In contrast, this document primarily focuses on
the early stages of this process: research and development, pro-
tocol optimization and protocol standardization. Taken together,
these research efforts will develop sufficient data to demonstrate
“proof of principle” that the test method performs adequately
for the intended propose and to facilitate the comparison of data
between laboratories. A favorable review of a test method’s per-
formance at the “proof of principle” stage paves the way for
moving forward towards developing the data needed for regula-
tory acceptance.

The goal of this document is to engage the research commu-
nity in the process of developing alternative methods for de-
velopmental neurotoxicity that are amenable to high-throughput
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screening. The primary focus is to provide recommendations
and guidance to catalyze development of a suite of assays that
can be used for prioritization. Prioritization would differenti-
ate substances that are of high concern (and may need further
evaluation for a particular toxicity pathway or endpoint) from
substances that are of lower concern (by virtue of having lower
potential for exerting biological actions on relevant physiologi-
cal or pathological processes). These same test methods could
be considered for use in screening drugs or chemicals prior to
commercialization and to aid in grouping commercial chemi-
cals for read-across, or replacement of in vivo animal testing for
initial hazard screening.

The rest of this document provides definitions for important
terms that describe test systems and a series of recommenda-
tions that can be used when developing new alternative test
methods. Consideration of the recommendations made herein,
while important for development of all test methods, should as-
sist in the transition of methods from early development stages
to use in screening and validation efforts. For each recommen-
dation there are examples and references.

2 Definitions

For the purpose of this draft we defined the following terms:

1. Endpoint (E): the biological or chemical process, response,
or effect assessed by a test method (OECD Guidance Docu-
ment 34, 2005)

2. Test system (TS): any animal, cellular, subcellular, chemical,
or physical system, or a combination thereof, used in a study
(modified from OECD, GLP principle, directive 87)

3. Test method (TM): A process or procedure used to obtain
information on the biological effects of a substance or agent.
Toxicological test methods generate information regarding
the ability of a substance or agent to produce a specified bio-
logical effect under specified conditions. Used interchange-
ably with “test” and “assay.” (OECD Guidance Document
34, 2005). The test method should assess one or more key
aspects of human neurodevelopment.

3 Guidance

This guidance was drafted to stimulate and focus discussions of
alternative testing methods and models for DNT at the TestSmart
DNT 1II meeting (http://caat.jhsph.edu/programs/workshops/
dnt2.html), and the current version reflects critical feedback from
all stakeholders that participated in this meeting. In the present
document, PC12 cells as a test system and neurite outgrowth as
an endpoint will be used as examples. This is not intended to be
exclusionary of other test methods or approaches. Table 1 pro-
vides an overview of the 15 guidance items for developing alter-
native screening test methods for developmental neurotoxicity.

1. Key event of neurodevelopment (TS, TM, E). Test methods

should incorporate one or more endpoints that model key
aspects of human neurodevelopment.

ALTEX 28, 1/11



CROFTON ET AL.

&

Tab. 1: Overview of the 15 guidance items for developing alternative screening test methods for developmental neurotoxicity.
(See text for details and definitions)

Methods Area Method Elements Description

1 | Key Event of Neurodevelopment ™™, TS, E Endpoints should model key aspects of neurodevelopment

2 | Endpoint Measurement ™, E Correct and accurate measurement of the endpoint

3 | Dynamic Range E Determination of the extent of measurable change

4 | Parametric Controls E Assay parameters that predictably change the endpoint

5 | Response Characterization E Level of change determined to be an effect

6 | Concentration TS, E Methods must be designed to allow determination of
concentration-response

7 | Endpoint Selectivity E Discrimination of the endpoint of concern from non-specific outcomes

8 | Endpoint-Selective Controls E Chemicals known to reliably and consistently alter the endpoint
at a mechanistic level.

9 | Training Set Chemicals ™, E Goal is proof-of-concept that the test method can rapidly and
efficiently screen moderate numbers of chemicals.
Should include chemicals known to reliably elicit a response, or no
response, based on in vitro findings.

10 | Testing Set Chemicals TS, TM, E Goal is to demonstrate ability to test large number of chemicals.
Should include chemicals known to affect, and lack effects,
on in vivo developmental neurotoxicity endpoints.

11 | Specificity and Sensitivity ™, E Analysis to determine ability to correctly differentiate active and
non-active chemicals

12 | High Throughput TS, E Test system and endpoint should be amenable to automation

13 | Documentation ™ Full and published documentation of the test method

14 | Transferabilty TS, E Resources for use should be available for any laboratory

15 | Data Sharing Data Open access databases are highly desirable.

Example: Neurite outgrowth measurement in differentiat-
ing PC-12 cells. The test method models neurite outgrowth,
the test system employs differentiating PC-12 cells, and the
endpoints include measurement of neurite length, number of
neurites, number of branch points, etc.

References: Pool et al., 2008; Kim et al., 2007; Lein et al.,
2005; Coecke et al., 2007

Endpoint measurement (TM, E). All test methods must
demonstrate the ability to correctly and accurately measure
the intended endpoint (see Sections 4 and 8).

Example: Automated image analysis of GFP-tagged neuro-
filament as a biomarker for neurite outgrowth in PC12 cells
should yield similar results as camera lucida drawings of
neurite outgrowth in PC12 cells (i.e., does automated read-
out really reflect increased neurite outgrowth or increased
cell proliferation?)

References: Sette, 1987; Cocke et al., 2007

Characterization of dynamic range (E). One should deter-
mine the extent of change that can be detected for a DNT
endpoint and whether both increases and decreases from
untreated control can be measured.

Example: Both increased and decreased neurite outgrowth
can be assessed in PC12 cells.

Reference: Endo et al., 2008
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4. Parametric controls (E). Assay parameters that result in pre-

dictable changes in the endpoint should be characterized.
These experimental parameters can be used to optimize the
test method.

Examples: i) Increasing nerve growth factor (for NS-1 cells)
or retinoic acid (for SH-SY5Y cells) concentration will
increase neurite outgrowth; ii) Increasing days in culture
yields greater neurite growth; iii) Cell density influences
neurite outgrowth.

Reference: Radio and Mundy, 2008

Response characterization (E). The level of change in the
response associated with an effect should be characterized.
This is the degree of change that, if exceeded, results in a
positive response (a “hit”). Importantly, one needs to have
a fairly robust understanding of the variability in the control
response levels in order to interpret results. Generally, there
are two ways to determine the positive response level. The
first approach, commonly used in pharmaceutical screening,
defines a hit as any response greater than 3 SD from the con-
trol. This conservative statistical approach is used to ensure a
very small number of false positives: false positives would be
costly to pursue. In toxicological screening and prioritization
for further testing, it may be acceptable to have a higher rate
of false positives. Thus, a second approach defines a positive
response level based on biological significance. Professional
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judgment should be used to balance the biological and statis-
tical relevance of the response level.

References: Tierno et al., 2007; Radio and Mundy, 2008;
Breier et al., 2008

Concentration range (TM, E). Each test method should be
designed to characterize the concentration-response rela-
tionship. One recommendation is to minimally test five
concentrations ranging from the solubility limit to five logs
below the solubility limit. Concentration-response is critical
to comparison of sensitivity between test methods, or end-
points within a test method. Concentrations above the level
known to induce cytotoxicity should not be used.

Endpoint selectivity (E). The ability of the test method to
discriminate the endpoint of concern from other outcomes.
Example: The ability to determine the concentration-rela-
tionships for both cytotoxicity and the endpoint in the same
assay provides assurance that chemical-induced endpoint
changes do not primarily result from cell death (Fig. 1).
References: Schmuck et al., 2000; Cristofol et al., 2004

Endpoint-selective controls (TM, E). Endpoint-selective
control chemicals reliably and consistently alter the end-
point by known mechanisms. Both positive and negative
control chemicals should be tested. A positive control is a
chemical or stressor which is known from previous experi-
ence to reliably affect the endpoint. A negative control is a
chemical that reliably causes no effect on the endpoint of
interest. A negative control demonstrates the base-line result
obtained when a test chemical does not produce a measur-
able positive result.

10.
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Examples: i) NGF-induced neurite outgrowth in PC12
cells requires MAP kinase signaling, therefore the MAP
kinase inhibitor U0126 could be used as a positive control;
ii) NGF-induced neurite outgrowth in PC12 cells does not
involve signaling via the JAK/STAT signaling pathway,
thus a JAK/STAT inhibitor could be used as a negative
control.

Reference: Radio et al., 2008

Training set of chemicals (TS, TM, E). Once the method has
been demonstrated to exhibit the correct characteristics de-
scribed above (see sections 1-8), a “training set” of chemi-
cals should be developed and tested. This training set should
be composed of two types of chemicals: chemicals that are
known to reliably elicit a response of concern (needed to
assess sensitivity) and chemicals that are known to reliably
elicit no response of concern (needed to assess specificity).
Evidence for an effect, or lack thereof, should come from in
vitro data. However, additional evidence from in vivo stud-
ies, if available, is highly recommended. Selection of the
training set of chemicals should also consider the purpose of
the assay, as discussed above in the introduction.

The goal of the training set is to evaluate the test method,
including: 1) testing the practical ability of the method to
efficiently process moderate numbers of chemicals; 2) con-
firming positive and negative controls; and 3) generating
historical control data to characterize the inherent response
range for the endpoint.

References: Radio et al., 2008; Breier et al., 2008

Testing set of chemicals (TS, TM, E). The testing set of
chemicals should include a large number of substances
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Fig. 1: The toxicological specificity of neurite outgrowth.
Methyl mercury decreased neurite outgrowth specifically, relative to cell viability. Cadmium chloride decreased neurite outgrowth in a non-
specific manner, i.e., only at concentrations that also induced cell death (redrawn from Parran et al., 2001; Radio et al., 2008).
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known to affect endpoints of developmental neurotoxic-
ity in vivo, as well as chemicals that reliably do not af-
fect developmental neurotoxic endpoints. For in vitro
screening assays (as opposed to replacement assays), it
is important at this stage to demonstrate the ability of the
method to rapidly and efficiently screen large numbers of
chemicals with an adequate degree of sensitivity and spe-
cificity, and to provide data that can be used in determin-
ing future steps in the process of method development,
validation, and regulatory acceptance of the endpoint (E)
and test method.

An example of a list of chemicals with demonstrated effects
on neurotoxicity endpoints in vivo is provided in Table 2.
Reference: Padilla et al. (unpublished)

Specificity and Sensitivity (TM, E). Sensitivity is defined
as the proportion of active substances that are correctly
identified by the new test, and specificity is defined as the
proportion of inactive substances that are correctly identi-
fied. Positive and negative predictivity are the frequencies

13.

of correct predictions obtained from the new test.
References: Cooper et al., 1979; ICCVAM, 1997

. High throughput (TS, E). In the case of in vitro screening

assays, it is highly desirable for the test method to have the
potential for automation. For any new, revised, or replace-
ment assay, it is critical that the method be more efficient
than the current testing scheme (OECD Test Guideline 426,
2007). Testing one chemical with this guideline can take up
to 6 months, require hundreds of animals, and cost hundreds
of thousands of dollars. Automation of the method could
lead to testing of hundreds or even thousands of chemicals
for one endpoint in one day.

Documentation (TM). For any test method published with
the intent to demonstrate feasibility for screening large num-
bers of chemicals, the test method needs to be fully docu-
mented and readily available to allow for implementation
across laboratories. Experimental details critical to replica-
tion of methods must be included. This kind of information

Tab. 2: Draft list of a table of chemicals to consider when developing new test methods for developmental neurotoxicity.
Chemicals on this list were derived from published reports or regulatory data from humans, non-human primates, or laboratory
mammals. Findings were deemed to be suggestive of adverse neurological outcomes following developmental exposure. To be included
on the list there must be positive results from more than one laboratory (Mundy et al., 2009).

Acrylamide

Aldicarb

Allethrin

Aluminum
Aminonicotinamide, 6-
Amphetamine, d-
Aspartame
Azocytidine

Benomyl

Benzene

Bioallethrin
Bis(tri-n-butyltin)oxide
Butylated hydroxyanisol
Butylated hydroxytoluene
Carbamazepine
Carbon monoxide
Chlordecone
Chlordiazepoxide
Chlorine dioxide
Chlorpromazine
Colcemid

Colchicine

Cytosine arabinoside
DEET

Diamorphine hydrochloride Naloxone
Diazepam Naltrexone
Diazinon Nicotine
Dieldrin Parathion
Diethylene glycol diethyl ether PCBs
Diethylstilbestrol Permethrin

Epidermal Growth Factor
Ethylenethiourea

Fluourouracil, 5-

Phenylacetate
Phenylalanine
Phthalates

Haloperiodol Propylthiouracil
Halothane Salicylate
Heptachlor Tellurium
Hexachlorobenzene Thalidomide
Hydroxyurea Toluene

Iminodiproprionitrile

Triamcinolone

Lindane Tributyltin chloride
LSD Trichlorfon

Maneb Trichloroethylene
Methadone Triethyllead
Methanol Triethyltin
Methimazole Trimethyltin
Methoxyethanol, 2- Trypan blue
Methylazoxymethanol Monosodium Urethane
glutamate Vincristine
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can be within published reports or as supplementary files
available from the publisher’s website.

14. Transferability (TS, E). The required resources need to be
accessible and widely available to allow for implementa-
tion across laboratories. For example, proprietary cell lines
not available to other researchers would not be acceptable.
Equipment should be commercially available or well docu-
mented (see #13).

Example: Commercially available ArrayScan™ technology
and a specialized PC12 cell line (ThermoScientific) for use
in neurite outgrowth assays.

Reference: Radio et al., 2008

15. Data sharing through open access databases is highly desir-
able. It is extremely important for data from testing methods
to be openly reported in publicly accessible databases (Gru-
ber and Hartung, 2004). This will allow inter-laboratory and
intra-laboratory comparisons of test methods.

Examples include:

1) PubChem website: http://pubchem.ncbi.nlm.nih.gov

ii) AltTox website: http://www.alttox.org/ttrc/way-forward
iii) ToxCast™ website: http://www.epa.gov/ncct/toxcast

4 Conclusion

Alternative test methods with potential for developmental neu-
rotoxicity screening will require demonstration of their predic-
tive capacity and this will entail development and acceptance
of a strategy for data interpretation. These two issues, predic-
tion and interpretation, cannot be determined without the gen-
eration of data. This document provides guidance for methods
development and data collection. Consideration of the recom-
mendations herein are important for all new testing methods
and should assist in the transition of methods from the early
development stages to use in screening and validation efforts.
Hopefully, this document will also stimulate the generation of
data needed to begin devising strategies to prioritize chemicals
for further testing.
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