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ABSTRACT

Traditional approaches (e.g., neurobehavior, neuropathology) can detect alterations in apical endpoints in-
dicative of developmental neurotoxicity (DNT). However, there is an increasing desire to understand mode-of-
action (MOA) for DNT effects; thus, this short communication describes initial work on a neuronal differentiation
assay. Basically, our laboratory used the human NT2/D1 cell line to develop an assay to evaluate toxicants for
effects on all-trans retinoic acid (RA)-induced neuronal differentiation. Based on literature reports, we selected a
neuronal protein, neuronal class III 3-tubulin (B3-tubulin), as a marker of differentiation. For this assay, cultured
RA-treated NT2 cells were trypsinized to individual cells, methanol fixed, and labeled with a 3-tubulin specific
monoclonal antibody (TUJ1). Characterization studies using 100,000 cells/sample showed that NT2 cells had
appreciable expression of 33-tubulin starting around day 7 of the differentiation process with a peak expression
noted around day 12. Methylmercury, 22(R)-hydroxycholesterol, N-(4-hydroxyphenol)retinamide (4HPR), and
9-cis retinoic acid were selected as initial test compounds. Of these, only 9-cis RA, which is known to affect the
RA pathway, was positive for specific impacts on differentiation. These results demonstrate the feasibility of
using a flow cytometry method targeting specific cellular biomarkers for evaluating effects on neuronal differ-
entiation. Additional assays are needed to detect compounds targeting other (non-RA) neuronal differentiation
pathways. Ultimately, a battery of in vitro assays would be needed to evaluate the potential MOAs involved in
altered neuronal differentiation.

1. Introduction

Historically, toxicologists have focused on characterization of che-
mical hazard with attention focused on defining no observed adverse
effect levels (NOAELs) for toxicants. While this is still critical work,
there is an increased desire to identify mode-of-action (MOA) to better
understand the relevance of a toxicant’s effects to humans and other
species.

One area in which additional MOA assays are needed is develop-
mental neurotoxicity (DNT). In an effort to facilitate development of
alternative DNT assays, the Center for Alternatives to Animal Testing
(CAAT) at Johns Hopkins University and EU regulatory bodies have
hosted DNT workshops (e.g., TestSmart conferences from 2006 to 2016:
CAAT, 2006, 2008, 2014; European Commission Joint Research Centre
- EC JRC, 2011; and Organisation for Economic Co-operation and De-
velopment/European Food Safety Authority - OECD/EFSA, 2016).
These conferences identified seven developmental processes which are
integral for normal neurodevelopment and could present targets for

developmental neurotoxicity (DNT). These processes include pro-
liferation, differentiation, migration, axon/dendrite outgrowth, sy-
naptogenesis, myelination, and apoptosis. Ultimately, the goal is to
develop a battery of assays that can evaluate toxicant effects on each of
these key developmental processes to screen for potential activity or
identify MOA.

For neuronal differentiation, assays examining spontaneous neu-
ronal differentiation are being developed (e.g., Tamm et al., 2006,
2008). This short communication describes an assay system that can be
used to investigate chemical-mediated effects on induced neuronal
differentiation. In our inducible model, the retinoic acid (RA) signaling
pathway was selected as a potential differentiation target. RA is known
to play a critical role in neurodevelopment and neuronal differentiation
(Wilson and Maden, 2005; Dhara and Stice, 2008). Early in neurode-
velopment, when the neural tube forms from the neural plate, fibroblast
growth factors (FGFs), WNT, and RA form a gradient which imparts
hindbrain character to the neural tube (i.e., antero-posterior develop-
ment of the neural tube). The dorsal and ventral patterning of the brain
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and spinal cord are determined by opposing gradients of bone mor-
phogenetic protein (BMP) from the roof plate and sonic hedgehog
(SHH) from the notochord and floor plate, respectively. RA plays a role
in motor neuron differentiation and the induction of different moto-
neuron subtypes, as well as the formation of some inter-neurons in the
hindbrain and spinal cord. It is hypothesized that RA interacts with its
nuclear receptors, stimulating phospholipase A,, C and D activities,
which leads to arachidonic acid release and redistribution as part of the
neuronal differentiation process (Farooqui et al., 2004). Thus, the RA
pathway was selected as a suitable target for altered neuronal differ-
entiation and the focus of this in vitro MOA assay.

The in vitro model that was selected for assay development was the
human NTera2 (NT2) cell line. NT2 cells were derived from a meta-
static testicular teratoma (Fogh and Trempe, 1975), which was sub-
cloned in nude rodents to create the D1 subline (Andrews et al., 1984).
This subclone was shown to differentiate into functional neurons in
response to all-trans retinoic acid administration (Andrews, 1984).
While this cell line displays some chromosomal abnormalities, the re-
sulting neurons are of sufficient quality that they have been used in
human clinical trials (Nelson et al., 2002).

Neuronal differentiation was evaluated using a neuron-specific
biomarker, neuronal class III B-tubulin (B3-tubulin) (Katsetos et al.,
2003; Matus, 1988; Pleasure et al., 1992). B3-tubulin is a microtubule-
associated protein that contributes to the neuronal cytoskeleton. The
expression of unphosphorylated (33-tubulin indicates a commitment by
neuroepithelial cells to a neuronal lineage (Sarnat, 2013). The selected
antibody used in these studies did not identify B-tubulin found in non-
neuronal-fate NT2 cells (Abcam, 2015), a finding that was confirmed
with fluorescence microscopy (data not shown).

The characteristics of NT2 cells cultured in our laboratory were
examined and NT2 neuronal differentiation was verified using anti-
bodies directed against 33-tubulin with detection by flow cytometry.
Factors critical to the neuronal differentiation efficiency of NT2 cells
(RA dose, RA exposure period, cell density, etc.) were determined in
hydrophobic-plate cultures. Once optimal assay conditions were iden-
tified, NT2 cellular differentiation and cytotoxicity were examined for
four test compounds intended as 1) a positive control (9-cis retinoic
acid) to alter RA signaling; 2) a negative control (an apoptotic com-
pound, N-(4-hydroxyphenyl)retinamide) to examine non-specific ef-
fects on differentiation; 3) a compound reported to stimulate NT2 cel-
lular differentiation (22(R)-hydroxycholesterol); and 4) a non-specific
developmental neurotoxicant (methylmercury) reported by some to
inhibit neuronal differentiation (Tamm et al., 2006, 2008; Ceccatelli
et al., 2010).

2. Materials and methods
2.1. Cell culture

NT2/D1 cells were obtained from American Type Culture Collection
(ATCGC; cat# CRL-1973, Manassas, VA) and grown in standard tissue
culture flasks using Dulbecco’s modified eagle medium (DMEM; ATCC
cat # 30-2002) supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, NY, cat# 16000) and 1% penicillin/streptomycin
solution (Gibco, cat# 15140). Cells were maintained in a humidified
incubator at 37 °C and 5% CO,. For differentiation experiments, cells
were used between passages 6 and 50 as NT2 cell cultures have been
shown to be stable in chromosome count and behavior over this passage
range (Fogh and Trempe, 1975). Initial investigation of the NT2 cells
was performed in adherent culture, progressing to suspension culture,
then ‘hydrophobic well’ cultures to address logistical challenges with
assay development. The final hydrophobic culture conditions are re-
ported below. Stability of the cells under all three culture conditions
was confirmed in our laboratory as differentiation efficiency and
growth rates were consistent across the 6-50 passage range within each
culture paradigm. Following RA differentiation (described below),
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neuronal character of adherent NT2 cell cultures was confirmed by co-
localization of differentiated neuronal morphology and B3-tubulin ex-
pression using fluorescence microscopy with an anti-33-tubulin pri-
mary antibody and fluorescent secondary antibody. Concurrently, un-
differentiated cells were examined for the absence of P3-tubulin
labeling.

2.2. Hydrophobic plate cultures used for differentiation and 33-tubulin
labeling

Differentiation conditions for NT2 cells were adapted from methods
described by Hill et al. (2008). Hydrophobic 6-well plates (Ultra-low
attachment plates; Corning Inc., Lowell, Massachusetts) seeded with
NT2 cells (450k) were maintained under standard culture conditions
(described above). After two days in the hydropobic plates, medium
was replaced with retinoic acid (+RA)-containing medium (designated
“RA day 0”). RA-containing medium (+RA) was base medium sup-
plemented with 1pl/ml of 10 mM all-trans retinoic acid solution in
dimethyl sulfoxide (DMSO; 0.1% final concentration). Two days later
(RA day 2), medium was refreshed 100% with + RA medium. There-
after, + RA medium was refreshed daily. The differentiation assay was
based on labeling with a monoclonal antibody from the clone line TUJ-
1 directed at $3-tubulin to label differentiated neurons in RA-treated
NT2 cells. Cells were harvested for 33-tubulin labeling on RA day 9-10
based on a time course study examining maximum (B3-tubulin expres-
sion after RA exposure on Days 7-10.

A series of experiments (data not shown) were conducted to opti-
mize neuronal differentiation efficiency (8-12%). Experiments in-
dicated that cell density impacted differentiation (i.e., seeding 300k to
500k cells in 6-well hydrophobic plates was optimum). Daily media
refreshes starting on RA Day 2 also were important. The most sensitive
period for RA differentiation was determined using a series of temporal
experiments in which RA was removed from the medium for different
periods to identify the critical window for maximum differentiation
efficiency, which was identified as RA Days 2-3. Thus, to ensure
maximum assay sensitivity to toxicant effects, a 48-h dosing period was
selected in which cells would be exposed to toxicants on RA Days 2-3
with subsequent evaluation of the proportion of differentiated neurons
on RA Days 9-10. The concentration of RA during the critical window
of neuronal differentiation was maintained at 10 uM RA as reported in
the literature (Serra et al., 2007).

2.3. Toxicant selection and dosing of hydrophobic plate NT2 cultures

Four test compounds (Table 1) were chosen for initial testing based
on literature reports of effects on neuronal differentiation or due to
interaction with the retinoic acid pathway by which NT2 cells differ-
entiate. Concentrations were designed to extend from non-cytotoxic to
cytotoxic levels, 100 uM, or to the limit of solubility. 9-cis RA was in-
cluded as a positive control to demonstrate inhibitory effects on neu-
ronal differentiation, which is dependent on all-trans-RA (Redfern
et al., 1994; Zeller and Strauss, 1995; Lovat et al., 1997). N-(4-hydro-
xyphenyl)retinamide (4HPR) was included as a negative control as this
compound was reported to induce apoptosis without specific effects on
differentiation (Kitareewan et al., 1999). Methylmercury (II) chloride
was included as a nonspecific neurotoxicant that purportedly alters
neuronal differentiation via an unknown MOA (Tamm et al., 2006,
2008; Ceccatelli et al., 2010). 22(R)-hydroxycholesterol has been re-
ported to increase neuronal differentiation in NT2 cells (Yao et al.,
2007).

Toxicants were applied with each media refresh on RA day 2 and RA
day 3 (48h total exposure), the critical period for RA-induced differ-
entiation. Cells were cultured in fresh + RA media without test sub-
stance beginning on RA day 4 with daily media replacement until cells
were evaluated on RA day 9-10. Toxicants were prepared as a DMSO
stock at 1000x the highest final concentration and tested across the
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Table 1

Test Compounds Used to Characterize NT2 Neuronal Differentiation Assay.

Notes

Concentrations in NT2 Cultures (uM)

Reference Test System and Concentrations

Reference

Compound (CAS no.)

Planned maximum concentration (100 pM)

Maximum based on cytotoxicity

0, 1, 3, 10, 30, 100
0,0.1,0.3,1, 3,10

Human neuroblastoma SH SY 5Y cells; 0.1-100 nM

NT2 cells; 0.5-5 uyM

Redfern et al., 1994

9-cis RA (5300-03-8)
4HPR (65646-68-6)

Kitareewan et al., 1999

Maximum based on cytotoxicity
Maximum based on solubility

0, 0.01,0.1,1, 25,5

Neural stem cells (line C17.2 and embryonic cortical cells); 2.5-10 nM

NT2 cells; 1-50 uM

Tamm et al. (2006, 2008)

Yao et al., 2007

Methylmercury (115-09-3)

0,0.3, 1, 3,10, 25

22(R)-hydroxycholesterol (17954-98-2)

260
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concentrations shown in Table 1. Lower doses were prepared by serial
dilution in media with additional DMSO added to control wells to en-
sure a constant 0.2% DMSO concentration (0.1% from all-trans RA,
0.1% from toxicant) during toxicant dosing. Inclusion of the same
DMSO percentage in each well removed DMSO concentration as a
variable impacting differentiation efficiency. Each exposure was con-
ducted in triplicate wells and the proportion of differentiated cells
within these samples was averaged (n = 1). Each exposure scenario was
repeated at least three times in three different passages of NT2 cells to
verify that findings were reproducible.

2.4. Flow cytometry to assess 33-tubulin expression as a marker of neuronal
differentiation

On RA day 9-10, suspensions of NT2 cells were trypsinized to break
up clusters, fixed, and labeled with conjugated primary antibody to 33-
tubulin. Cells were centrifuged, resuspended, and analyzed with a
Coulter Epics XL-MCL (Beckman Coulter, Brea, CA) flow cytometer
controlled by Expo32 ADC v1.1 software to examine the proportion of
3-tubulin-labeled cells. Approximately 100,000 cells were counted for
each of the triplicate wells per dose group. The resulting data was gated
based on size and granularity to eliminate the majority of debris and
multicellular aggregates. Identical size/granularity gating was used on
all samples to aid in the identification of individual neuronal cells. Flow
cytometry spectra were gated at the visually identified low point be-
tween baseline and signal peaks to distinguish the proportion of un-
labeled (undifferentiated) cells from those labeled for p3-tubulin (dif-
ferentiated cells).

2.5. Cytotoxicity

In an effort to distinguish selective effects on cell differentiation
from indirect effects from cytotoxicity, two different cytotoxicity assays
were employed with the understanding that the best indicator of cy-
totoxicity may vary by test compound. In neuronal differentiation ex-
periments, cytotoxicity was measured at 24h and/or 48h after test
compound exposure using a separate population of cells handled
identically to those which were labeled for 3-tubulin detection. First, a
lactate dehydrogenase (LDH) release assay was utilized to test for
membrane leakage. Media samples were collected at 24 and 48h to
determine LDH content. LDH assays were performed according to
manufacturer instructions (LDH-Cytotoxicity Colorimetric Assay Kit;
Cat# K311-400; BioVision Inc.; Milpitas, CA). After data analysis, all
significant cytoxicity effects on the first day of toxicant dosing (24 h)
were reproduced on the second day (48 h), so only the 48 h LDH results
were used for statistical analysis.

In addition to the LDH release assay, a mitochondrial function assay
(MTS  reduction, 3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) was employed
48 h after test compound exposure. This assay was performed according
to manufacturer instructions (CellTiter 96 Aqueous One Solution Cell
Proliferation Assay kit; Promega, Madison Wisconsin, Cat# G3580)
with volumes adjusted to account for the larger well size in 6-well
plates vs. the 96-well format used in the manufacturer’s protocol. The
quantity of formazan product, as measured by the amount of 490 nm
absorbance, is directly proportional to the mitochondrial activity rate of
viable cells in culture. Compound-induced differentiation effects in the
absence of significant cytotoxicity were deemed to be selective effects.

2.6. Statistics

Data were tested for equality of variance using Bartlett's test at
alpha = 0.01. Data were analyzed using a one-way ANOVA. If sig-
nificant dose effects were determined in the one-way ANOVA at
alpha = 0.05, then individual dose groups were compared to controls
using Dunnett's test at alpha = 0.05 (Winer, 1971).
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Fig. 1. Undifferentiated NT2 cells exhibit a flattened morphology (A), whereas neuronally differentiated NT2 cells (representative image on adherent plate) have a
characteristic ovoid or triangular cell body with axons and dendrites present (B).

3. Results

3.1. Hydrophobic plate cultures used for differentiation (33-tubulin
labeling)

Cell populations were evaluated to optimize P3-tubulin-labeling
conditions, verify labeling sensitivity and confirm that labeling was
specific for differentiated cells. All cells with a neuronal morphology
(ovoid or triangular cell body with axons and dendrites present) dis-
played pronounced (3-tubulin labeling; cells lacking neuronal mor-
phology were negative for 33-tubulin labeling (Fig. 1A and B shows cell
morphology without fluorescent staining). Thus, $3-tubulin was con-
firmed as a specific marker of neuronal differentiation and an appro-
priate target for assay development as previously reported in the lit-
erature (Pleasure et al., 1992).

Cultures were dosed daily with RA and samples were collected to
evaluate the efficacy of RA treatment to increase the number of TUJ1-
labeled cells. TUJ1-positive cells were detected as a right shift in the
flow cytometry pattern (Fig. 1C, D, and E), which was interpreted as an
increase in the proportion of differentiated neuronal cells. With
100,000 cells counted per sample, these results were reproducible
across experiments (mean differentiation in controls 9%, CV 13% across
15 experiments, average CV 10% within experiments) which falls
within the differentiation efficiency previously reported for adherent
and suspension cultures (Serra et al., 2007).

3.2. Toxicant effects on differentiation

To confirm that differentiation of NT2 cells was mediated via acti-
vation of the trans-RA receptor pathway and that differences in dif-
ferentiation efficiency could be measured with the current experimental
design, experiments were conducted with 9-cis RA, which altered signal
transduction via the RA pathway (Redfern et al., 1994; Zeller and
Strauss, 1995; Lovat et al., 1997). 9-cis RA caused a 30 and 60% de-
crease in cell differentiation at both the 30 uM and 100 uM doses, re-
spectively (Fig. 3A). Cell cytotoxicity was not increased at 30 uM using
either the LDH or MTS assays; however, a slight increase in cytotoxicity
(+10%) was discernable at 100 pM 9-cis RA using LDH, whereas the
MTS assay did not detect an increase in cytotoxicity. Thus, 9-cis RA was
effective as a positive control compound to confirm that the disruption
of RA signaling results in inhibitory effects on NT2 neuronal differ-
entiation.

As overt cytotoxicity may be expected to impair cellular processes
such as differentiation, a negative control compound, 4HPR, was used
to examine the effects of cell cytotoxicity on NT2 differentiation. 4HPR-
treated cells displayed significant cytotoxicity by both LDH and MTS
assays at 3 and 10 uM doses (Fig. 3B). The highest dose of 4HPR left
only a minimal cell population alive for labeling at RA Day 9. A minor
increase in cytotoxicity was observed at the 1 uM dose, which was

significant using the MTS assay, but not the LDH assay. Relying upon
the work of Kitareewan, these data were used to establish a relationship
between cytotoxicity and impaired differentiation to distinguish spe-
cific anti-differentiation effects from indirect effects due to general
cytotoxicity.

Methylmercury, a known developmental neurotoxicant (tested as
the chloride salt), significantly decreased 33-tubulin labeling by 52% at
2.5 uM and 63% at 5 uM (Fig. 3C). The fluorescence curve was more
difficult to quantify due to a shift from a secondary signal peak to an
extended baseline curve (Fig. 2D). NT2 cells displayed significant cy-
totoxicity at the 5 uM concentration, which was detected as significant
decreases ("30%) in viability as measured by both LDH and MTS assays.
Visually, cell populations were decreased in wells treated with 5 uM
methylmercury, further confirming significant cytotoxicity. The LDH
assay also detected significant cell cytotoxicity (8%) at the 2.5 uM dose,
whereas there was no change in cell viability using the MTS assay.
These results may reflect the non-discriminant nature of methylmercury
effects through interaction with sulfhydryl groups. However, the
markedly higher reduction in differentiation efficiency with a minor
increase in cytotoxicity compared to the other test compounds is sug-
gestive of a potential anti-differentiation effect.

22(R)-hydroxycholesterol, which was reported to induce neuronal
differentiation in NT2 cells (Yao et al., 2007), did not alter differ-
entiation at any tested concentration, though cytotoxicity was observed
at 10 uM in the LDH assay and at 25 pM in both the LDH and MTS
assays. (Fig. 3D). Thus, while 22(R)-hydroxycholesterol did not show
increased neuronal differentiation, it was able to maintain differentia-
tion efficiency even at doses that caused “30-40% cytotoxicity. The
highest 22(R)-hydroxycholesterol concentration (25 uM) represented
the maximum soluble concentration in DMSO that remained within the
vehicle limit for NT2 cultures; thus, testing at higher concentrations of
22(R)-hydroxycholesterol was not feasible.

4. Discussion

This paper describes the characterization and development of an
NT2 cell flow cytometry assay that can examine DNT MOA for toxicants
that may affect RA-mediated neuronal differentiation. Identification of
early molecular initiating events (MIEs), like interference with neuronal
differentiation, will enable the development of more complete adverse
outcome pathways (AOPs). These AOPs can then be evaluated using
integrated approaches to testing and assessment (IATAs) to link early
events with downstream outcomes. This approach will aid interpreta-
tion of in vivo neurobehavioral/neuropathological results and enable
better cross-species extrapolation.

For this assay, NT2 cells were treated with 10 uM RA-containing
medium on days 2-10 in vitro with test material treatment for 48 h on
days 2-3. Differentiated NT2 cells were fluorescently labeled with the
TUJ1 antibody, which was detected by a right shift in the flow
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Fig. 2. Flow cytometry pattern showing data from individual wells of undifferentiated NT2 cells (A), differentiating NT2 cells on Day 7 after retinoic acid ad-
ministration (B) and differentiated NT2 cell cultures on Day 10 after retinoic acid administration (C). Note the shift to the right and secondary peak of (33-tubulin-
labeled, differentiated NT2 cells in the 10-day control. Flow cytometry pattern with 5 pM methylmercury exposure showing a less distinct differentiation signal (D)

compared with (C).

cytometry pattern. Approximately 100,000 cells were counted per
sample and treatment groups were run in triplicate during each ex-
periment along with concurrent controls. Generally, approximately 9%
of control cells have differentiated to neurons; with an inter-assay CV of
about 13% and an average within-experiment CV of about 10%. The use
of flow cytometry allows the counting of large numbers of cells per
well, improving the precision of generated data compared to well-based
fluorescence assays. The use of hydrophobic plates to encourage three-
dimensional aggregates improves differentiation efficiency in NT2 cells,
but poses additional challenges to high content image analysis.

The retinoic acid pathway is a key signaling pathway for neuronal
differentiation; therefore, assays that examine this pathway have utility
to identify a potential DNT MOA. Given its direct inhibition of trans-RA
signaling, 9-cis RA gave a specific response for altered neuronal dif-
ferentiation in the absence of cell cytotoxicity. Experiments with both
the addition of 9-cis RA and the removal of all-trans RA (single ex-
periment during assay development, data not shown) served as me-
chanistic positive controls for disruptions in neuronal differentiation. In
both cases, impairment of differentiation could be detected as reduc-
tions of 19% (RA removal) or 29-62% (9-cis) in 3-tubulin expression.
These experiments show that it is possible to interrupt the process of
neuronal differentiation of NT2 cells in the absence of cell cytotoxicity
and that changes of “20% can be reliably detected using the current
processes. This assay was designed for mechanistic exploration, and the
biological significance of specific percent changes in differentiation is
uncertain.

The effect of 9-cis RA on neuronal differentiation was expected
based on previous studies. Kitareewan et al. (1999) have reported that
all-trans RA is effective at inducing NT2 differentiation as selective RA
receptor (RAR) vy agonists are preferred for differentiation in NT2/D1
cells, while RARa/b, RARD, retinoid X receptor (RXR) agonists and an
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RAR pan-antagonist do not trigger differentiation, even when used at
10 mM dosages. Terminal differentiation of NT2 cells is induced by
over-expression of RARy (Moasser et al., 1995) with cooperation by
RXRp (Spinella et al., 1998). In NT2 cells, RA treatment has been shown
to increase transcripts for a number of developmentally related path-
ways, including transforming growth factor (TGF) 3, homeobox D1
(HoxD1), insulin-like growth factor (IGF), Hedgehog, Notch, and Wnt
signaling (Freemantle et al., 2002), which have been associated with
neuronal differentiation.

To facilitate use as an MOA assay, the specificity of NT2 cell dif-
ferentiation for the RA pathway was examined. 4HPR, an apoptotic
agent, was included as a negative control to demonstrate that decreases
in differentiation efficiency would not occur prior to cytotoxicity with
nonspecific toxicants. Increased cell cytotoxicity was initially detected
at 1 uM 4HPR via the MTS assay, but was subsequently detected by
both cytotoxicity assays at 3 and 10 uM 4HPR. Differentiation of NT2
cells was decreased at 3 and 10 uM 4HPR, concentrations within the
cytotoxic range. In a previous report (Kitareewan et al., 1999), 4HPR
was shown to increase apoptosis in NT2 cells at concentrations = 1 uM
through a RARy-independent pathway.

The 4HPR example also establishes the need to include parallel
cytotoxicity testing of test compounds, because significant cytotoxicity
will cause a decrease in neuronal differentiation. Given that “general
cytotoxicity” may occur through many pathways, we utilized assays to
detect both disruption of cell membranes (LDH) and impairment of
cellular metabolism (MTS). As shown in our examples, certain classes of
toxicants may have a disproportionate effect on one of these two gen-
eral cytotoxicity mechanisms, and utilizing both will aid in interpreting
specific effects with this assay system.

With methylmercury and 22(R)-hydroxycholesterol, the NT2 assay
failed to detect a specific change in neuronal differentiation (i.e.,
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Fig. 3. Effects of 9-Cis Retinoic Acid (A), N-(4-hydroxyphenolretinamide (B), Methylmercury Chloride (C) and 22(R)Hydroxycholesterol (D) on NT2 Differentiation
and Cytotoxicity. Concentrations in pM. Error bars are standard deviations with each individual experiment of 3 wells considered an N of 1. Points indicate means.

differentiation was only affected in the presence of cytotoxicity);
however, it is unclear whether these compounds should have been
detected with this assay. Methylmercury chloride (2.5 and 5 puM)
showed a significant decrease in NT2 differentiation; however, there
was increased cytotoxicity at these dose levels. In a previous report
(Tamm et al., 2006), methylmercury (2.5-5nM) was shown to alter
neuronal differentiation in spontaneously differentiating cortical neural
stem cells at lower concentrations than those inducing apoptosis (25 nM
methylmercury; the lowest concentration examined for apoptosis). Al-
ternatively, these differences may be related to differences in the dif-
ferentiation pathway being assessed, sensitivity of spontaneous vs. in-
duced differentiation, or possibly due to neuronal differentiation not
being the primary target for methylmercury DNT; instead, differentia-
tion may be one of several simultaneous targets of methylmercury
toxicity (Ho et al., 2013; Castoldi et al., 2001, 2008).

In the case of 22(R)-hydroxycholesterol, there was no effect on NT2
cell differentiation at doses up to 25 pM, although some increases in
cytotoxicity were seen at the 10-25puM doses. 22(R)-
Hydroxycholesterol (5-25 uM) has been shown to induce differentiation
in undifferentiated (unstimulated) NT2 cells and is associated with in-
creased expression of neurofilament protein NF200, microtubule asso-
ciated proteins type II (MAP2) a and MAP2b, glial fibrillary acidic
protein (GFAP) and glial cell line-derived neurotrophic factor receptor-
alpha 2 (GFRa2) (Yao et al., 2007). It seems likely that B3-tubulin
would be similarly increased during this differentiation process. How-
ever, the 2-day dosing period in the current study was less than the
minimum 3 days of dosing used in the Yao et al. (2007) study, which
may have impacted the ability to detect an increase in neuronal dif-
ferentiation. Alternatively, despite up to 40% cytotoxicity at the high
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dose (25 uM), there was no decrease in neuronal differentiation; thus,
22(R)-hydroxycholesterol may have had a positive effect on main-
tenance of neuronal differentiation efficiency.

This paper describes an NT2 neuronal differentiation assay that can
be used to examine toxicant interference with the RA signaling
pathway. Testing of additional chemicals is needed to further char-
acterize the specificity and sensitivity of this assay; however, the gen-
eral approach (immunostaining and flow cytometry) can be adapted to
other assays where cell surface markers of differentiation have been
identified. This may be useful as multiple signaling pathways are in-
volved in neuronal differentiation (e.g., IGF - Vogel, 2013; Duenas
et al., 1996; Tumor necrosis factor (TNF) a/Nuclear factor (NF) kB -
Zhang and Hu, 2013; Wnt/B-catenin — Hirabayashi et al., 2004, etc.);
therefore, a battery of in vitro DNT assays or a multi-pathway assay are
needed to evaluate the spectrum of MOAs that can alter neuronal dif-
ferentiation. While this assay was conducted in 6-well plates, there is no
fundamental barrier to utilization of plates more suitable to high
throughput screening and robotic manipulation. With the time avail-
able for this project, no work on further miniaturization was possible.
With this additional optimization, the assay may be suitable to HT
screening. Otherwise, it, and similar assays relying on markers sensitive
to other differentiation pathways, may be suitable for mechanistic ex-
plorations where overt neurodevelopmental effects are found in animal
assays.
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