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Abstract

The large number of compounds that need to be tested for developmental neurotoxicity drives the
need to establish in vitro models to evaluate specific neurotoxic endpoints. We used neural stem
cells derived from rat neuroepithelium on embryonic day 14 to evaluate the impact of diverse
toxicants on their ability to differentiate into glia and neurons: a glucocorticoid (dexamethasone),
organophosphate insecticides (chlorpyrifos, diazinon, parathion), insecticides targeting the
GABA receptor (dieldrin, fipronil), heavy metals (Ni2*, Ag®), nicotine and tobacco smoke
extract. We found three broad groupings of effects. One diverse set of compounds, dexamethasone,
the organophosphate pesticides, Ni2* and nicotine, suppressed expression of the glial phenotype
while having little or no effect on the neuronal phenotype. The second pattern was restricted to the
pesticides acting on GABAA receptors. These compounds promoted the glial phenotype and
suppressed the neuronal phenotype. Notably, the actions of compounds eliciting either of these
differentiation patterns were clearly unrelated to deficits in cell numbers: dexamethasone, dieldrin
and fipronil all reduced cell numbers, whereas organophosphates and Ni2* had no effect. The third
pattern, shared by Ag* and tobacco smoke extract, clearly delineated cytotoxicity, characterized
major cell loss with suppression of differentiation into both glial and neuronal phenotypes; but
here again, there was some selectivity in that glia were suppressed more than neurons. Our results,
from this survey with diverse compounds, point to convergence of neurotoxicant effects on a
specific “decision node” that controls the emergence of neurons and glia from neural stem cells.
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1. INTRODUCTION

The explosive rise in the incidence of neurodevelopmental disorders, termed a “silent
pandemic,” is due in large measure to the widespread increase in environmental exposures to
neurotoxic chemicals (Grandjean and Landrigan 2006, 2014). There are tens of thousands of
chemicals in common industrial use, of which up to 25% are estimated to be neurotoxic
(Boyes 2001). However, few have been sufficiently tested for developmental neurotoxicity. It
is not feasible to assess the potential of this huge number of compounds to disrupt nervous
system development using classical in vivo approaches, reinforcing the need to develop
higher-throughput in vitro systems to facilitate such evaluations. Currently, the most
common endpoints studied for in vitro models typically relate to factors leading to deficits in
the number of neurons: antimitotic activity, apoptosis and cytotoxicity (Bagchi et al., 1995;
Culbreth et al., 2012; Druwe et al., 2015; Slotkin et al., 2007; Slotkin and Seidler 2012).
These outcomes readily lend themselves to high-throughput screening (Druwe et al., 2015).
However, progress must be made to model more complex cellular processes than simple
survival and proliferation. There are more subtle effects of neurotoxicants that are likely to
be important at lower exposures that are not cytotoxic. As one prominent example,
neuronotypic PC12 cells can be used to evaluate adverse effects on neurite extension (Radio
et al., 2008; Song et al., 1998) and differentiation into specific neurotransmitter phenotypes
(Jameson et al., 2006b; Slotkin 2005; Slotkin et al., 2007). For this reason, different cell
types are needed in order to model the impact of chemicals on the various processes that
control neural cell development (Coecke et al., 2007; Costa 1998; van Thriel et al., 2012).

Our earlier work with the PC12 model showed how many of the adverse effects of
organophosphate pesticides on brain development in vivo are exerted directly on
neurodifferentiation at the cellular level, leading to impaired neurite formation and diversion
of differentiation away from the acetylcholine phenotype and toward the dopamine
phenotype (Jameson et al., 2006b; Slotkin 2005; Slotkin et al., 2007). Additionally, we
found that there are common endpoints for otherwise unrelated neurotoxicants, potentially
explaining why diverse compounds can produce similar neurodevelopmental outcomes. In
addition to the organophosphates, these included glucocorticoids (dexamethasone),
insecticides targeting the GABA, receptor (dieldrin, fipronil), heavy metals (divalent nickel,
monovalent silver), nicotine and tobacco smoke extract (TSE); all were antimitotic in
undifferentiated PC12 cells and diverted the neurotransmitter phenotype in differentiating
cells (Jameson et al., 2006a; Lassiter et al., 2009; Slotkin et al., 2007, 2014). These studies
indicated that, rather than just classifying toxicants by chemical class (e.g.
organophosphates), or by a single mechanism of systemic toxicity (e.g. acetylcholinesterase
inhibition), it may be useful to group the toxicants by their common downstream effects on
complex cellular processes (“mode of action™).

Nevertheless, there are two distinct limitations of the PC12 model: it is a transformed cell
line, and it is already committed to a neuronal phenotype. Accordingly, the current study
addresses the issue of whether the ability of diverse neurotoxicants to redirect
neurodifferentiation extends to earlier stages of development, at the point where neural stem
cells (NSCs) have the choice to become neurons or glia, and whether such diversion occurs
in non-transformed cells. We used NSCs derived from rat neuroepithelium on embryonic
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day 14, a stage in brain development where the phenotypic derivation of neurons and glia is
first determined (Dotan et al., 2010; Rodier 1988), and focused on the ability of otherwise
unrelated neurotoxicants to alter differentiation fate. Most studies of developmental
neurotoxicity focus on neurons, but glia are also a target for toxicant effects (Aschner 2000;
Aschner et al., 1999; Garcia et al., 2005). Glia provide critical nutritional, structural and
homeostatic support that are essential to architectural modeling of the brain and to the
establishment and maintenance of synaptic function (Aschner et al., 1999); glia provide
antioxidant activity that protects neurons from toxicants (Sagara et al., 1993), a potentially
important factor in protection from organophosphates (Garcia et al., 2001; Pizzurro et al.,
2014) or glucocorticoids (Chou 1998). For neurotoxicity in the adult, effects on the glia/
neuron ratio can be used as an index of neurotoxicity (O’Callaghan 1983, 1988). Our studies
were modeled on our previous work with PC12 cells, encompassing the same diverse classes
of neurotoxicants, focusing on their ability to alter differentiation fate in embryonic NSCs,
and specifically distinguishing whether diversion of phenotype is independent of the ability
of the agents to affect cell numbers.

2. MATERIALS AND METHODS

2.1. Cell cultures and treatments

Primary neural stem cells (passage zero) were isolated from rat cortical neuroepithelium on
embryonic day 14 and were shipped frozen in DMEM/F-12 medium with N2 supplement
(see Materials, below) and 10% dimethylsulfoxide (DMSO). Cells were thawed and plated
at 35,000 cells/cm? on 12 mm coverslips pre-coated with poly-L-ornithine, contained in 24-
well culture plates. The culture medium consisted of DMEM/F-12, GlutaMAX™ with N2
Supplement, 20 ng/ml human fibroblast growth factor and 20 ng/ml epidermal growth factor.
Cultures were maintained in a humidified incubator at 37° C with 5% CO,. Twenty four
hours later, the medium was changed to initiate spontaneous differentiation by eliminating
the two growth factors, with the addition of 200 UM ascorbic acid and the test compounds.
Due to the limited water solubility of chlorpyrifos, diazinon, parathion, dieldrin, fipronil and
TSE, they were dissolved in DMSO to achieve a final vehicle concentration in the medium
of 0.05%, or in the case of the high TSE concentration (see Results), 0.2%. We performed
preliminary studies with those concentrations of DMSO and found no statistically significant
changes in any of the parameters, although the higher DMSO concentration tended (0.05 <
p< 0.1) to decrease the percentage of cells differentiating into neurons (data not shown);
likewise, although we did not use it in the ensuing studies, we evaluated 0.1% methanol as
an alternative vehicle for lipophilic substances, and found no adverse effects. For
experiments with agents dissolved in DMSO, the vehicle was also added to the controls at
the appropriate concentration. Exposures were conducted for a period of 3 or 6 days as
indicated; after 3 days, half the medium was replaced, including the indicated treatment
agents.

At the end of the exposure period, the medium was removed and the coverslips washed with
Dulbecco’s phosphate-buffered saline, fixed with 4% paraformaldehyde and washed three
times with Dulbecco’s phosphate-buffered saline containing additional Ca2* and Mg2* (see
Materials, below). Cells were permeabilized for 30 min in phosphate buffered saline
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containing 0.2% Triton X-100, washed three times with phosphate buffered saline (without
Triton), followed by a 30 min incubation in BlockAid™ solution. Cells expressing a
neuronal or astroglial phenotype were identified by immunocytochemistry according to
manufacturers’ instructions, using microtubule-associated protein 2 (MAP2) for neurons and
glial fibrillary acidic protein (GFAP) for astroglia. After permeabilization, the coverslips
were incubated for 1 h at room temperature using rabbit anti-MAP2 (1:200) and rat anti-
GFAP (1:20) in BlockAid™. Coverslips were rinsed four times with phosphate-buffered
saline and then incubated for 1 h at room temperature with the appropriate fluor-conjugated
secondary antibodies (donkey anti-rabbit 1gG Alexa Fluor 647 and goat anti-rat 1gG Alexa
Fluor 555) diluted 1:400 in BlockAid™. After an additional five rinses with phosphate
buffered saline, coverslips were incubated for 5 min with 300 nM DAPI nucleic acid stain to
label individual cells. Coverslips were rinsed three times with phosphate buffered saline and
mounted onto glass slides using ProLong Diamond Antifade mountant. Images of 3 to 4
fields/slide (each field = 3.22 x 10° um?) were captured using a Zeiss Axio Imager widefield
fluorescence microscope with 200x magnification and quantified for total cells (DAPI-
positive stain for nuclei); across the multiple fields in a given culture, thousands of cells
were counted. Each cell was then examined to see if it expressed a neuronal phenotype
(MAP2-positive) or a glial phenotype (GFAP-positive). A cell was counted as positive only
when the stain for a given phenotype coincided with a DAPI-stained nucleus. Values were
averaged across the fields to render a single value for each culture. Representative images
are shown in Figure 1. We did not evaluate the third potential differentiation phenotype,
oligodendrocytes, because they represent a much smaller proportion than neurons or glia
when NSCs are derived at this early stage of embryonic brain development (Dotan et al.,
2010).

2.2 Data analysis

Each study was performed using multiple batches of cells, with several independent cultures
for each treatment in each batch; each batch of cells comprised a separately prepared, frozen
and thawed aliquot. Results are presented as mean + SE, with treatment comparisons carried
out by analysis of variance (ANOVA) followed by Fisher’s Protected Least Significant
Difference Test for post-hoc comparisons of individual treatments. The initial comparisons
included the factor of cell batch, and in each case, we found that the treatment effects for
each type of experiment were the same across the different batches of cells, although the
absolute values differed from batch to batch. Accordingly, we normalized the results across
batches prior to combining them for presentation. Significance for all tests was assumed at p
< 0.05 (two-tailed).

2.3 Materials

Primary rat embryonic neural stem cells, N2 supplement and human fibroblast growth factor
were purchased from MTI-GlobalStem (Gaithersburg, MD). DMEM/F-12, GlutaMAX™,
Dulbecco’s phosphate-buffered saline, Dulbecco’s phosphate-buffered saline with Ca2* and
Mg?2*, BlockAid™ blocking solution, rat anti-GFAP, donkey anti-rabbit IgG Alexa Fluor
647, goat anti-rat 1gG Alexa Fluor 555, DAPI nucleic acid stain and ProLong Diamond
Antifade mountant were acquired from Thermo Fisher Scientific (Waltham, MA). Rabbit
anti-MAP2 was purchased from EMD Millipore Headquarters (Billerica, MA). Chlorpyrifos,
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parathion, diazinon, dieldrin and fipronil were obtained from Chem Service Inc. (West
Chester, PA).

TSE was prepared by Arista Laboratories (Richmond, VA); Kentucky Reference cigarettes
(KY3R4F) were smoked on a Rotary Smoke Machine under 1SO conditions (International
Organization for Standardization, Geneva, Switzerland). The smoke condensate was
collected on 92 mm filter pads, which were then extracted by shaking for 20 min with
DMSO, to obtain a solution of approximately 20 mg of condensate per ml. Condensate
aliquots were stored in amber vials at —80°C until used. Two cigarettes were smoked to
produce each ml of extract and the final product contained 0.8 mg/ml (5 mM) nicotine.

All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

3. RESULTS

Over the course from the first day in culture to 3 days in culture, NSCs showed an increase
in cell numbers of approximately three-fold (data not shown), and them from 3 to 6 days,
there was a smaller increase (Figure 2A); across multiple batches of cells, the overall
increase between days 1 and 6 ranged from 7-9-fold. Likewise, there was an increase in the
degree of differentiation with time (Figure 2B). The latter change was associated with
increases in both the glial (Figure 2C) and neuronal (Figure 2D) phenotype, although the
percentage of neurons was much higher than that of glia (note different y-axis scales for
Figures 2C and 2D). Treatment with dexamethasone elicited a concentration-dependent
reduction in cell numbers (Figure 2A) but no change in the percentage of cells that were
differentiated (Figure 2B). However, dexamethasone specifically impaired emergence of the
glial phenotype (Figure 2C) whereas the neuronal phenotype was entirely spared (Figure
2D); the fact that overall differentiation was not significantly reduced reflected the small
proportion of differentiated cells expressing the glial phenotype, so that the impact on total
differentiation of even a 40% reduction in glia was offset by small (nonsignificant) increases
in the neuronal phenotype. Thus, the glia/neuron ratio was robustly decreased by
dexamethasone (Figure 2E). For the ensuing experiments, we included a group exposed to
10 uM dexamethasone to serve as a positive control, although for concision, this group is not
included in the subsequent figures.

We next performed a more extensive concentration profile for chlorpyrifos. In contrast to
dexamethasone, chlorpyrifos had only minor effects on cell numbers, with no clear
concentration-response relationship (Figure 3A). Chlorpyrifos enhanced the percentage of
differentiated cells at one of the concentrations (20 uM), but even then, the effect was quite
small (Figure 3B). However, like dexamethasone, chlorpyrifos produced a large decrement
in differentiation into the glial phenotype (Figure 3C). Its effects on the neuronal phenotype
were more complex (Figure 3D): chlorpyrifos evoked a concentration-dependent
enhancement up to 20 uM, but the effect receded at a higher concentration. The combination
of reduced glial phenotype and enhanced neuronal phenotype resulted in a large decline in
the glia/neuron ratio (Figure 3E).
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In light of the results with dexamethasone and chlorpyrifos, the subsequent studies were
conducted with 6 days of exposure at a final concentration of 30 uM for each agent, except
where otherwise indicated.

We next compared effects of three organophosphate pesticides, chlorpyrifos, diazinon and
parathion. None of the three had a significant impact on cell number (Figure 4A) or on the
overall percentage of cells showing differentiation (Figure 4B). However, all three had a
major impact on differentiation into the glial phenotype, (Figure 4C) without affecting
emergence of the neuronal phenotype (Figure 4D). Consequently, there was a significant
decline in the glia/neuron ratio (Figure 4E). The effects on the glial phenotype were
equivalent among the three different organophosphates.

In contrast to the organophosphates, insecticides targeting the GABA receptor had a large
impact on cell number (Figure 5A), with a significantly greater effect of dieldrin as
compared to fipronil (p < 0.04). The impact of the two compounds on overall differentiation
was quite different: dieldrin suppressed differentiation, whereas fipronil did not (Figure 5B).
Both dieldrin and fipronil shifted the differentiation phenotype in a direction opposite to that
of the organophosphates, promoting emergence of glia (Figure 5C) at the expense of neurons
(Figure 5D), and consequently, there was a robust increase in the glia/neuron ratio (Figure
5E). Notwithstanding the similar directions of change for dieldrin and fipronil, they differed
in their relative effects toward each phenotype, with fipronil showing greater promotion of
the glial phenotype (Figure 5C; p < 0.0001) and dieldrin showing greater suppression of the
neuronal phenotype (Figure 5D; p < 0.0001). Indeed, for fipronil, the enhanced emergence
of the glial phenotype was so large that the absolute numbers of glial cells were increased
80% over control, despite the overall decline in total cell numbers: control, 103 + 4 GFAP-
positive cells per field; fipronil, 182 + 19, p < 0.0001.

We next compared the effects of two neurotoxic metals, divalent nickel and monovalent
silver. Based on our earlier work with PC12 cells, we expected that Ag* would be cytotoxic
but Ni2* would not (Powers et al., 2010; Slotkin et al., 2007), thus providing a clear contrast
between cytotoxicity and the specific targeting of differentiation. Exposure to Ni2* had no
effect on the number of cells, whereas Ag* elicited a profound decrease (Figure 6A).
Nevertheless, Ni2* had an impact on differentiation, reducing the overall percentage of
differentiated cells (Figure 6B), especially so for glia (Figure 6C); neurons were less
affected, just at the margin of statistical significance (p < 0.06, Figure 6D), but the reduction
in neurons clearly contributed to the significant overall decline in differentiated cells (Figure
6B). The greater effect of Ni2* on the glial phenotype resulted in a sharp decline in the glia/
neuron ratio (Figure 6E). Given its cytotoxicity, it was not surprising that Ag* exposure
reduced almost to zero the overall percentage of cells undergoing differentiation (Figure
6B), as well as differentiation into the glial phenotype (Figure 6C) and neuronal phenotype
(Figure 6D), although again, the glia/neuron ratio declined, indicative of greater
susceptibility of glia compared to neurons (Figure 6E).

Finally, we compared the effects of nicotine to TSE. By itself, nicotine had little effect on
cell numbers, even up to a concentration of 100 uM (Figure 7A). In contrast, TSE at an
equivalent nicotine concentration of 1 uM evoked a significant reduction, and a ten-fold
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higher concentration produced massive cell loss. Likewise, nicotine had no discernible effect
on the overall percentage of differentiated cells, whereas TSE elicited a concentration-
dependent reduction (Figure 7B). However, nicotine was not totally devoid of effect, as it
impaired emergence of the glial phenotype at the two highest concentrations (Figure 7C);
again, TSE produced a greater effect, with total suppression of the glial phenotype at a
concentration equivalent to 10 pM nicotine. For the neuronal phenotype, nicotine was
without effect but TSE elicited significant reductions; at the higher TSE concentration, the
effect was smaller than for the glial phenotype. As a consequence, the glia/neuron ratio was
reduced by nicotine at 30 and 100 pM, and by TSE at a concentration equivalent to 10 pM
nicotine (Figure 7E).

4. DISCUSSION

Our results point to a common mechanism by which otherwise unrelated developmental
neurotoxicants converge on a specific “decision node” in neurodifferentiation, diverting the
formation of neurons vs. glia in embryonic NSCs. Notably, these effects display a diversity
of outcomes dependent on the neurotoxicant class, thus standing in contradistinction from
common endpoints such as cytotoxicity or apoptosis that fail to distinguish among the
classes (Culbreth et al., 2012; Druwe et al., 2015). The effects reported here also show major
differences from those at a later decision node, the point at which neurotransmitter choice is
selected; as modeled in PC12 cells, the various compounds all produce similar patterns,
namely a switch from the cholinergic to the dopaminergic phenotype (Jameson et al., 2006a,
b; Lassiter et al., 2009; Powers et al., 2010; Slotkin et al., 2007). Furthermore, the effects on
NSC differentiation occurred independently of the ability of the compounds to elicit a
reduction in cell number or cytotoxicity. Although some agents evoked reductions in cell
numbers, there were effects on neuronal vs. glial phenotypes regardless of whether such
reductions were present or absent. Indeed, a reduction in the number of cells alone does not
necessarily connote cytotoxicity: the compounds are also antimitotic (Jameson et al., 20063,
b; Lassiter et al., 2009; Powers et al., 2010; Slotkin et al., 2007), and as shown by our time
course studies, the NSC cultures are acquiring cells through active cell replication even
while differentiation proceeds. Since the cell numbers increased 7-9-fold in the control
samples over the 6 day treatment period, antimitotic effects could readily account for most
of the reductions in cell numbers. In contrast, cytotoxicity can be demonstrated by a specific
pattern, which consists of reduced cell numbers and impaired differentiation into both
phenotypes, as would be expected from generalized toxic effects. With these criteria, the
only agents showing clear cytotoxicity were Ag* and the higher dose of TSE.

All other treatments fostered differentiation into specific phenotypes regardless of whether
cell numbers were reduced. In that regard, the present results reinforce earlier findings with
the PC12 model, that likewise showed diversion of differentiation phenotypes at
concentrations below the threshold for cytotoxicity (Jameson et al., 20064, b; Lassiter et al.,
2009; Powers et al., 2010; Slotkin et al., 2007).

We found three broad groupings of effects on NSC differentiation. One diverse set of
compounds included dexamethasone, the organophosphate pesticides, Ni2* and nicotine, all
of which suppressed expression of the glial phenotype with little or no impairment of the
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neuronal phenotype; consequently, these all showed a fall in the glia/neuron ratio. The
second pattern was restricted to dieldrin and fipronil, the pesticides acting on GABAA
receptors. These greatly increased the glia/neuron ratio via selective promotion of the glial
phenotype and suppression of the neuronal phenotype. Notably, the actions of compounds
eliciting either of these differentiation patterns were clearly unrelated to deficits in cell
numbers: dexamethasone, dieldrin and fipronil all reduced the number of cells, whereas the
organophosphates and Ni2* did not. The third pattern, shared by Ag* and the high
concentration of TSE, was one that clearly delineated cytotoxicity: major cell loss with
suppression of differentiation into both phenotypes, but here again, there was some
selectivity in that glia were suppressed more than neurons, dropping the glia/neuron ratio.

The outcomes for toxicant effects on NSCs vs. PC12 cells (Jameson et al., 2006a, b; Lassiter
et al., 2009; Powers et al., 2010; Slotkin et al., 2007) indicate that there are at least two
distinct decision nodes in neurodifferentiation, the decision to become neurons or glia, and
the choice of neurotransmitter, and that neurotoxicants act differently at the two nodes. But
to what extent do the effects on NSCs reflect actions seen in vivo or in other in vitro models
of neural cell development? Dexamethasone in vivo inhibits NSC proliferation in the
developing brain without producing apoptosis (Ichinohashi et al., 2013), whereas the
predominant effect in the adult is cell death (Bhatt et al., 2013); this reinforces the stage-
specific nature of toxicant effects. For the organophosphates, our finding of selective
suppression of the glial phenotype matches the effects seen in vivo for chlorpyrifos
administration to developing rats (Garcia et al., 2005; Roy et al., 2004, 2005), and for
gliotypic cells in vitro (Garcia et al., 2001). The near equivalence of all three
organophosphate pesticides seen here also holds true for the second decision node
(neurotransmitter phenotype) seen in PC12 cells (Slotkin et al., 2007). In embryonic stem
cell models that are not yet committed to a neural phenotype, chlorpyrifos and metabolites
impair expression of genes involved in general differentiation (Estevan et al., 2013, 2014) as
well as subsequent differentiation into neurons (Visan et al. 2012). This does not match what
we saw here for organophosphate effects on embryonic NSCs, since we did not find general
inhibition of differentiation, but rather saw only a selective suppression of the glial
phenotype. The variant findings with stem cells that are not inherently neural thus points out
the importance of selecting a cell model that is appropriate to the decision node of interest;
in this case, NSCs are clearly closer to the events for neuronal and glial formation in the
developing brain than are stem cells that are not specifically neural precursors.

Our findings with TSE and nicotine gave outcomes resembling those seen earlier with the
PC12 model in that there was a much greater effect of TSE when compared to an equivalent
concentration of nicotine (Slotkin et al. 2014), a relationship also found for their
comparative effects with in vivo administration to developing rats (Slotkin et al. 2015).
Nevertheless, PC12 cells were far more resistant to cell loss caused by TSE than were the
NSCs studied here. Although nicotine effects have been evaluated in a number of stem cell
models, studies of other tobacco smoke components are sparse. In human embryonic stem
cells (i.e. not specifically a neural precursor), either nicotine or TSE can delay differentiation
at exposures that do not cause cytotoxicity or apoptosis, but they differ in their effects on the
expression of differentiation-related genes (Liszewski et al. 2012); higher concentrations of
nicotine block adhesion and induce apoptosis leading to cell loss (Zdravkovic et al. 2008),
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effects which were not notable at the concentrations used in our study. Embryonic neural
progenitors have nicotinic cholinergic receptors (Atluri et al. 2001; Schneider et al. 2002)
but nicotine does not show any marked antiproliferative or apoptotic effects even at
concentrations up to 100 pM (Culbreth et al. 2012). In contrast, nicotine does elicit apoptosis
in undifferentiated stem cells (Berger et al. 1998), and impairs neurogenesis in the
adolescent or adult hippocampus (Bruijnzeel et al. 2011; Cho and Kim 2010). Contrarily,
nicotine /ncreases proliferation in induced pluripotent stem cells (Ishizuka et al. 2012)! What
are we to make of these diverse, sometimes contradictory outcomes? The key to the type of
toxic effect is the nature of the target cell: the neurotoxicant actions depend critically on the
type of stem cell and on its differentiation state. If the intent, as in the present study, is to
model developmental neurotoxicity at the decision node corresponding to the emergence of
neurons and glia, then the definitive choice is embryonic neural stem cells derived directly
from the cortical epithelium at the stage where these decisions are being made in vivo. A
major difference between the NSC model and a standardized, archival cell line, such as
PC12 cells, is that the NSCs are derived from specific embryos with each preparation, and
thus are potentially subject to greater batch-to-batch variability. Specifically, as development
proceeds, the proportion of NSCs differentiating in neurons falls, whereas the glial
component increases (Dotan et al. 2010). Thus, an error of a day or two in the dating of
insemination can change the quantitative result of toxicant exposure, as can factors such as
embryonic sex or position in the uterine horn. Here, we ensured consistency by including a
positive control (dexamethasone) with each batch of cells; a small proportion of batches
(<5%) gave outcomes that differed quantitatively (albeit not qualitatively) from the others,
and were thus excluded. This would seem to be an important methodologic feature for any
future studies of embryonic NSCs.

5. CONCLUSIONS

In conclusion, embryonic NSCs provide a valuable model to evaluate the ability of diverse
neurotoxicants to affect a basic and critical event in neurodifferentiation, namely the
formation of neurons and glia. Given the wide variety of neurotoxicants that produce
imbalances in neurons vs. glia (O’Callaghan 1988, 1993), this is likely to represent a major
underlying mechanism common to many neurotoxicants. Effects on the emergence of
specific neural phenotypes are distinct from endpoints such as cytotoxicity or apoptosis,
outcomes which do not distinguish among different toxicant classes, and that are not specific
to neural cells. In future work, it would be useful to design and employ a high-throughput
screen to evaluate differentiation into neuronal vs. glial phenotypes. However, as a final
caution, the embryonic NSC model, as with almost all cell culture models, evaluates a single
decision node, and is inherently incapable of evaluating toxicant effects on higher-order
processes involved in brain assembly. As such, this model cannot replace the evaluation of
developmental neurotoxicity with intact animals; the field very much remains, “In Vivo
Veritas.”
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Abbreviations

ANOVA analysis of variance
DAPI 4’ 6-diamidino-2-phenylindole

DMSO dimethylsulfoxide

GFAP glial fibrillary acidic protein
MAP2 microtubule-associated protein 2
NSCs neural stem cells

TSE tobacco smoke extract
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100 pm

Figure 1.
Representative 200x photomicrographs of NSCs after 6 days of differentiation, false-

colored: DAPI=blue, GFAP=red, MAP2=green. (A) DAPI stain for nuclei; (B) GFAP stain
for astroglia; (C) MAP2 stain for neurons. (D) Superimposition of all three images. (E)
Astrocytes at greater magnification; (F) neuron at greater magnification.
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Figure 2.
Effects of dexamethasone on NSC differentiation: (A) numbers of cells, (B) percentage of

cells showing differentiation into neurons or glia, (C) percentage of glia, (D) percentage of
neurons, (E) glia/neuron ratio. Data represent means and standard errors of the number of
determinations shown in parentheses. ANOVA appears at the top of each panel. Where there
was a treatment x time interaction, lower order tests for each time point are shown at the
bottom, and asterisks denote individual values that differ from the corresponding control; in
the absence of a significant interaction, only the main treatment effects are indicated, within
the legend box.
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Figure 3.
Effects of chlorpyrifos (CPF) on NSC differentiation: (A) numbers of cells, (B) percentage

of cells showing differentiation into neurons or glia, (C) percentage of glia, (D) percentage
of neurons, (E) glia/neuron ratio. Data represent means and standard errors of the number of
determinations shown in parentheses. ANOVA appears at the top of each panel. Where there
was a treatment x time interaction, lower order tests for each time point are shown at the
bottom, and asterisks denote individual values that differ from the corresponding control; in
the absence of a significant interaction, only the main treatment effects are indicated within
the legend box.
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Organophosphate Insecticides
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Figure 4.
Comparative effects of organophosphate insecticides, chlorpyrifos, diazinon and parathion:

(A) numbers of cells, (B) percentage of cells showing differentiation into neurons or glia,
(C) percentage of glia, (D) percentage of neurons, (E) glia/neuron ratio. Studies were done
with 6 days of exposure to a 30 UM concentration of each agent. Data represent means and
standard errors of the number of determinations shown in parentheses. ANOVA appears at
the top of each panel and asterisks denote individual values that differ from the
corresponding control. Abbreviation: NS, not significant.

Toxicology. Author manuscript; available in PMC 2017 November 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slotkin et al. Page 17

percant

25

GABA, Receptor-Targeting Insecticides
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Figure 5.
Comparative effects of insecticides targeting the GABAA receptor, dieldrin and fipronil: (A)

numbers of cells, (B) percentage of cells showing differentiation into neurons or glia, (C)
percentage of glia (note different y-axis scale vs. Panel C of other figures), (D) percentage of
neurons, (E) glia/neuron ratio (note different y-axis scale vs. Panel E of other figures).
Studies were done with 6 days of exposure to a 30 UM concentration of each agent. Data
represent means and standard errors of the number of determinations shown in parentheses.
ANOVA appears at the top of each panel and asterisks denote individual values that differ
from the corresponding control.
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Metals
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Figure 6.
Comparative effects of Ni2* and Ag*: (A) numbers of cells, (B) percentage of cells showing

differentiation into neurons or glia, (C) percentage of glia (note different y-axis scale), (D)
percentage of neurons, (E) glia/neuron ratio. Studies were done with 6 days of exposure to a
30 UM concentration of each agent. Data represent means and standard errors of the number
of determinations shown in parentheses. ANOVA appears at the top of each panel and
asterisks denote individual values that differ from the corresponding control.
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Nicotine and Tobacco Smoke Extract
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Figure 7.

Comparative effects of nicotine and tobacco smoke extract (TSE): (A) numbers of cells, (B)
percentage of cells showing differentiation into neurons or glia, (C) percentage of glia, (D)
percentage of neurons, (E) glia/neuron ratio. Studies were done with 6 days of exposure to
the indicated concentration of each agent. Data represent means and standard errors of the
number of determinations shown in parentheses. ANOVA appears at the top of each panel
and asterisks denote individual values that differ from the corresponding control.
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