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Abstract
Organophosphate flame retardants (OPFRs) are used as replacements for the commercial
PentaBDE mixture that was phased out in 2004. OPFRs are ubiquitous in the environment and
detected at high concentrations in residential dust, suggesting widespread human exposure. OPFRs
are structurally similar to neurotoxic organophosphate pesticides, raising concerns about exposure
and toxicity to humans. This study evaluated the neurotoxicity of tris (1,3-dichloro-2-propyl)
phosphate (TDCPP) compared to the organophosphate pesticide, chlorpyrifos (CPF), a known
developmental neurotoxicant. We also tested the neurotoxicity of three structurally similar OPFRs,
tris (2-chloroethyl) phosphate (TCEP), tris (1-chloropropyl) phosphate (TCPP), and tris (1,3-
dibromopropyl) phosphate (TDBPP), and 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), a major
component of PentaBDE. Using undifferentiated and differentiating PC12 cells, changes in DNA
synthesis, oxidative stress, differentiation into dopaminergic or cholinergic neurophenotypes, cell
number, cell growth and neurite growth were assessed. TDCPP displayed concentration-dependent
neurotoxicity, often with effects equivalent to or greater than equimolar concentrations of CPF.
TDCPP inhibited DNA synthesis, and all OPFRs decreased cell number, and altered
neurodifferentiation. Although TDCPP elevated oxidative stress, there was no adverse effect on
cell viability or growth. TDCPP and TDBPP promoted differentiation into both neuronal
phenotypes, while TCEP and TCPP promoted only the cholinergic phenotype. BDE-47 had no
effect on cell number, cell growth or neurite growth. Our results demonstrate that different OPFRs
show divergent effects on neurodifferentiation, suggesting the participation of multiple
mechanisms of toxicity. Additionally, these data suggest that OPFRs may affect
neurodevelopment with similar or greater potency compared to known and suspected
neurotoxicants.
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Introduction
For several decades, a variety of flame retardant (FR) additives have been applied to
polymers and resins found in commercial products, including electronics, furniture, and
textiles (Blum et al., 1978; IPCS, 1998; Alaee et al., 2003; Sjodin et al., 2003; Stapleton et
al., 2009b). FRs serve to slow the combustion of treated materials and are applied to meet
state and federal flammability standards. Polybrominated diphenyl ethers (PBDEs),
particularly the commercial mixture known as PentaBDE, were the primary FRs used in
polyurethane foam found in furniture manufactured in North America prior to 2004 (Hale et
al., 2003). Studies have demonstrated that, over time, PBDEs leach out of treated products,
typically accumulating in household dust and resulting in both human and environmental
exposures (Hale et al., 2003; Sjodin et al., 2003; Jones-Otazo et al., 2005; Johnson et al.,
2010). Additionally, PBDEs are both bioaccumulative and persistent in the environment (de
Wit, 2002; Sjodin et al., 2003; Stapleton et al., 2004; Stapleton et al., 2008b), increasing
concerns about human health. Elevated PentaBDE body burdens in humans are associated
with effects on circulating hormone levels, fecundability, impaired neurodevelopment, and
an increased incidence of adverse birth outcomes such as decreased weight and
cryptorchidism (Chao et al., 2007; Main et al., 2007; Turyk et al., 2008; Meeker et al.,
2009; Harley et al., 2010; Herbstman et al., 2010). In response to the growing body of
literature reporting bioaccumulation, persistence, and toxicity, U.S. production of PentaBDE
ended in 2004 and its use in commercial products was phased out (Tullo, 2003). Since that
time, manufacturers have turned increasingly to alternative FR chemicals to meet
flammability standards (Stapleton et al., 2008a; Stapleton et al., 2009b). However, there is
no legal requirement to disclose information regarding the chemical identity of FR
formulations or the types of products to which they are applied.

We recently identified tris (1,3-dichloro-2-propyl) phosphate (TDCPP), an organophosphate
(OP)-based FR (OPFR), as one of the primary FRs now found in polyurethane foam used in
furniture (Stapleton et al., 2009b). TDCPP has been detected in U.S. and Japanese dust
samples at levels that are similar to PBDEs (Stapleton et al., 2009b; Takigami et al., 2009),
suggesting that it has either been used for decades or is a primary PentaBDE replacement.
Due to its persistence in the environment (Marklund et al., 2005b; Marklund et al., 2005a;
Reemtsma et al., 2008) and abundance in residential dust samples (Stapleton et al., 2009a;
Takigami et al., 2009), TDCPP exposure is likely to mimic that of PBDEs. Furthermore,
these findings suggest that, on a daily basis, the majority of the U.S. population is exposed
to TDCPP and other OPFRs currently on the market.

OPFRs have been in use since the late 1970s (Reemtsma et al., 2008) and as early as the
1980s were known to accumulate in human adipose tissue (Lebel and Williams, 1983; Lebel
et al., 1989) and seminal fluid (Hudec et al., 1981). Recently, elevated levels of OPFRs,
including TDCPP, in house dust were associated with altered hormone levels and decreased
sperm quality in men (Meeker and Stapleton, 2010). The primary route of FR exposure is
believed to be inhalation or inadvertent ingestion of contaminated dust (Jones-Otazo et al.,
2005; Lorber, 2008). Current models estimate that children ages 1–5 ingest anywhere from
2-10x the amount of dust as an adult, indicating that children are likely have the highest
exposures to FR chemicals (U.S.EPA, 2008). Given their structural similarity to OP
pesticides, such as chlorpyrifos (CPF), OPFRs may also act as developmental neurotoxicants
(Figure 1). Importantly, the OP pesticides, including CPF, exert many neurodevelopmental
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effects through mechanisms unrelated to acute toxicity via cholinesterase inhibition (Pope,
1999; Slotkin, 2005), indicating that OPFRs may exert similar neurodevelopmental actions.

There is very limited human health and toxicity data available for TDCPP (Blum et al.,
1978; Hudec et al., 1981; NRC, 2000; Honkakoski et al., 2004; Meeker and Stapleton,
2010). This study was initiated to compare the effects of TDCPP to that of CPF, a known
developmental neurotoxicant (Song et al., 1998; Qiao et al., 2001; Sledge et al., 2009),
using an in vitro model of neurodevelopment. Using the same experimental model, we then
compared the neurotoxicity of TDCPP to that of three structurally similar OPFRs: tris (2-
chloroethyl) phosphate (TCEP), tris (1-chloropropyl) phosphate (TCPP), and tris (1,3-
dibromopropyl) phosphate (TDBPP). All three of these OPFRs have been or are currently
used as flame retardant additives in consumer products. Finally, we compared the effects of
TDCPP to 2,2′,4,4′-tetrabromodiphenyl ether (BDE-47), a major component of the
commercial PentaBDE mixture that has been found to bioaccumulate most readily in human
tissues (Hale et al., 2003; Sjodin et al., 2008). Experiments were conducted in PC12 cells, a
widely used in vitro model for neurotoxicity that has been shown to reproduce key
mechanisms and features of in vivo developmental neurotoxicity of OP pesticides (Song et
al., 1998; Qiao et al., 2001; Qiao et al., 2005; Jameson et al., 2006).

Materials and methods
All of the techniques used in this study have been reported previously (Song et al., 1998;
Qiao et al., 2001; Qiao et al., 2003; Qiao et al., 2005; Jameson et al., 2006), therefore only
brief descriptions are provided here.

Cell cultures
Experiments were performed on cells that had undergone fewer than five passages. PC12
cells (American Type Culture Collection, 1721-CRL) obtained from the Duke
Comprehensive Cancer Center (Durham, NC) were grown in RPMI-1640 medium (Sigma
Chemical Co., St. Louis, MO). Medium was supplemented with 10% inactivated horse
serum (Sigma), 5% fetal bovine serum (Sigma), and 50 μg/mL penicillin/streptomycin
(Invitrogen, Carlsbad, CA). Cells were maintained at 37°C with 5% CO2.

For studies in the undifferentiated state, the culture medium was changed 24 hr after seeding
to include one of the following test agents: 50 μM CPF (98.8% purity; Chem Service, West
Chester, PA) or 10, 20, or 50 μM TDCPP (99% purity as measured by GC-ECNI-MS; Chem
Service). For studies in differentiating cells, the medium was changed 24 hr after seeding to
include 50 ng/mL of 2.5S murine nerve growth factor (NGF; Promega, Madison, WI). The
addition of NGF to the culture medium cues PC12 cells to exit the cell cycle and initiate
phenotypic differentiation. All cultures were examined under a microscope to verify the
subsequent outgrowth of neurites. In addition to the test agents used for experiments in
undifferentiated cultures, the following chemicals were used for experiments with
differentiating cell cultures: 10, 20, or 50 μM BDE-47 (100% Purity, AccuStandard, New
Haven, CT), or 50 μM TCEP (97% purity; Sigma-Aldrich, St. Louis, MO), TCPP (96%
purity; Pfaltz and Bauer, Waterbury, CT), or TDBPP (95.5% purity; Supelco Analytical,
Bellefonte, PA). Test agents were added concurrently with the start of NGF treatment and
cultures were maintained for up to 6 days. Medium renewal occurred at 48 hr intervals with
the indicated agents included with every medium change.

Due to the limited water solubility of some of the test compounds, all were dissolved in
dimethyl sulfoxide (DMSO). Controls included DMSO to match the final concentration
achieved in the culture medium (0.1%). Previous studies have shown that this concentration
of DMSO has no effect on PC12 cell replication or differentiation (Song et al., 1998; Qiao et
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al., 2001; Qiao et al., 2003). The CPF concentration that was chosen for comparison with
TDCPP is known to elicit a robust effect on cell replication and differentiation, but is below
the threshold for outright cytotoxicity or loss of cell viability (Song et al., 1998; Qiao et al.,
2001; Qiao et al., 2003; Qiao et al., 2005; Jameson et al., 2006; Slotkin et al., 2007a)

DNA and proteins
Cells were harvested, washed, and the DNA and protein fractions were isolated and
analyzed as described previously (Song et al., 1998; Slotkin et al., 2007a). Changes in cell
number, cell growth, and neurite growth were measured indirectly by calculating the total
DNA content per dish (μg/dish), total protein to DNA (tP:DNA) ratio, and membrane to
total protein (mP:tP) ratio, respectively. Neuronal cells contain a single nucleus, thus, the
total DNA content per dish provides a measure of cell number. Similarly, although cell
growth will increase the total protein per cell, the DNA per cell remains constant, so that the
tP:DNA ratio provides an index of cell growth. If cell growth entails simply an increase in
the perikaryon, then the mP:tP ratio will fall in parallel with the decline in the surface-to-
volume ratio; however, when neurites are formed as a consequence of neurodifferentiation,
this produces a specific rise in the mP:tP ratio.

Effects on DNA synthesis were assessed by measuring changes in the extent of 3H-
thymidine incorporation into the DNA fraction (Song et al., 1998; Slotkin et al., 2007a). To
initiate this measurement, the medium was changed to include 1 μCi/mL of 3H-thymidine
(specific activity, 2 Ci/mmol; PerkinElmer Life and Analytical Sciences, Boston, MA) and
the corresponding test agents. One hour later, the medium was aspirated, cells harvested, and
the DNA and protein fractions isolated and quantified for radiolabel and total DNA content.

Oxidative stress
Oxidative stress was assessed through reaction with thiobarbituric acid to measure formation
of malondialdehyde (MDA), a byproduct of lipid peroxidation (Qiao et al., 2005). The MDA
values were calculated relative to the DNA content to give the MDA concentration per cell.

Cell viability
Cell viability was assessed using a dye exclusion method where uptake of stain into the
cytoplasm is indicative of dead or dying cells. The cell culture medium was changed to
include trypan blue (Invitrogen; 1 vol per 2.5 vol medium). Cells were then examined for
staining with a Zeiss Axio Observer (Carl Zeiss MicroImaging, Thornwood, NY) at 100×
magnification. Scoring was performed independently by two blinded observers. An average
of 100 cells per field was counted in two fields per culture.

Enzyme activities
Choline acetyltransferase (ChAT) and tyrosine hydroxylase (TH) assays were conducted
according to published techniques (Lau et al., 1988) to assess differentiation into the
cholinergic or dopaminergic phenotypes, respectively. Briefly, radiolabeled enzyme
substrates specific to the cholinergic (14C-acetyl coenzyme A; specific activity, 60 mCi/
mmol; PerkinElmer) and dopaminergic (14C-λ-tyrosine; specific activity, 51.0 mCi/mmol
isotopically diluted to 3.33 mCi/mmol, Moravek Biochemicals, Brea, CA) phenotypes were
added to separate aliquots of culture homogenates. The enzyme products were then isolated
and measured for radiolabel. Enzyme activities were calculated relative to the DNA content
to give the activity per cell.
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Data analysis
For TDCPP experiments assessing changes in DNA synthesis (24 hour exposure), cell
number, cell growth, neurite growth, oxidative stress, cell viability (4 day exposure), and
phenotypic differentiation (6 day exposure), measurements were performed on 8–10 cultures
for each treatment, using one to two separate cell batches. For TDCPP experiments
assessing changes in cell number, cell growth, and neurite growth (6 day exposure),
measurements were performed on 15–23 cultures for each treatment, using three separate
cell batches. We evaluated two analysis of variance (ANOVA) factors (treatment x cell
batch) and found that the results did not vary significantly between different cell batches;
therefore, results across different batches were normalized and combined for presentation.
Comparisons between OPFRs were performed on 4–5 separate cultures from a single cell
batch. BDE-47 studies were performed on 8–10 cultures for each treatment, using a single
cell batch. The results are presented as the mean ± SEM. Comparisons between treatments
were carried out by ANOVA followed by a post hoc Fisher’s protected least significant
difference. Significance was assumed at p < 0.05 (two-tailed).

Results
TDCPP studies

Undifferentiated PC12 cells exposed to TDCPP for 24 hrs showed a significant
concentration-dependent reduction in DNA synthesis, as indicated by decreased
incorporation of 3H-thymidine into the DNA fraction. The highest concentration of TDCPP
produced an inhibitory effect on DNA synthesis equivalent to that seen with an equimolar
concentration of CPF (Figure 2A). Following both 4 and 6 day exposures, differentiating
cultures showed a progressive and significant reduction in DNA content, a measure of cell
number, with increasing TDCPP concentrations (Figure 2B–C). Interestingly, the magnitude
of the effect on cell number was increased significantly with exposure duration: cultures
treated with 50 μM TDCPP showed a 22% decrease in DNA on day 4, whereas by day 6 this
effect nearly doubled, with cultures showing a 39% decrease (ANOVA: treatment × time, p
= 0.001). At both time points, TDCPP elicited a notably greater decrement in cell number
when compared with an equal concentration of CPF (4 day: p = 0.0016; 6 day: p < 0.0001).
Although exposure to TDCPP resulted in substantial reductions in cell number, it did not
adversely affect the tP:DNA ratio, an index of cell growth. In fact, the tP:DNA ratio was
significantly elevated in cultures treated with 50 μM TDCPP, suggesting an increase in cell
growth (Figure 2D–E; 4 day: p < 0.0001; 6 day: p = 0.021).

To determine mechanisms underlying cell loss, we assessed the effects on oxidative stress
and cell viability in differentiating cells following 4 day exposures. MDA, a byproduct of
lipid peroxidation, was used as a measure of oxidative stress. Although there was no effect
at the 10 or 20 μM concentrations, cultures treated with 50 μM TDCPP showed a 22%
increase in lipid peroxidation (p < 0.0001; Figure 2F). Cells exposed to CPF also showed
increased levels of MDA, however, they were significantly lower than that seen with the
highest concentration of TDCPP (p = 0.0162). Interestingly, although lipid peroxidation was
increased by CPF and 50 μM TDCPP we did not observe any significant decrements in cell
viability, as measured by trypan blue exclusion, over the same exposure period (data not
shown).

All concentrations of TDCPP promoted neurodifferentiation into both the dopaminergic and
cholinergic phenotypes, as indicated by significant increases in TH (p < 0.005) and ChAT (p
< 0.01) activity, respectively (Figure 3A–B). While the effect on the cholinergic phenotype
was equivalent for all TDCPP exposure doses, when compared to the moderate and low
concentrations, cultures treated with 50 μM TDCPP displayed significantly greater
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elevations in TH activity (p < 0.0001). Consequently, for the high TDCPP concentration
only, there was a net shift in cell fate favoring differentiation into the dopaminergic
phenotype. In addition to expression of phenotype specific enzymes, the process of
neurodifferentiation also entails neurite formation which is measured by the mP:tP ratio.
Although TDCPP promoted phenotypic expression, there was no effect on the mP:tP ratio
(data not shown).

OPFR comparison
The effects of 50 μM TDCPP, TCEP, TCPP and TDBPP on cell number, cell growth, and
phenotypic expression were compared in differentiating PC12 cells after a 6 day exposure.
Across all measures, the effects of TDBPP were indistinguishable from TDCPP (Fig 4A–C).
All test chemicals elicited significant deficits in cell number (p < 0.005); however, the
greatest effects were observed for TDCPP and TDBPP (p < 0.0001; Figure 4A). As with the
TDCPP studies, OPFR treatments did not impair cell growth (data not shown) despite the
profound effects on cell number. All four of the OPFRs tested promoted emergence of the
cholinergic phenotype (Figure 4B; p < 0.008). Although TDCPP and TDBPP also robustly
promoted emergence of the dopaminergic phenotype (p < 0.0001), TH activity was not
affected by treatment with TCEP or TCPP (Figure 4C). Accordingly, TCEP and TCPP
shifted differentiation in favor of the cholinergic phenotype.

BDE-47 studies
Changes in cell number, cell growth, and neurite growth were assessed in differentiating
cultures following a 6 day exposure to 10, 20, or 50 μM BDE-47. 50 μM TDCPP was used
as a positive control. Across all measures, no significant effect was observed regardless of
the BDE-47 concentration (Figure 4D–F). Importantly, the lack of effect on DNA content
and mP:tP ratio was statistically distinguishable from concurrently-run TDCPP samples (p <
0.05). Although there was no effect on cell growth, cultures treated with 50 μM BDE-47
showed an increase in the mP:tP ratio that approached significance (p = 0.0501).

Discussion
Our studies show that OPFRs have the potential to elicit developmental neurotoxicity in a
manner similar to OP pesticides, a class of chemicals that are widely recognized to damage
the developing brain (Song et al., 1998; Qiao et al., 2001; Sledge et al., 2009). Importantly,
we observed adverse effects in both the undifferentiated state and during
neurodifferentiation, implying that the developing nervous system is likely to be vulnerable
to disruption by OPFRs beginning in the earliest events of neural cell division and extending
through later events of phenotype selection and formation of neural circuits. Notably, in the
TDCPP studies, adverse effects were generally observed at concentrations less than or
equivalent to those required to elicit the same effects with CPF.

Treatment with TDCPP resulted in rapid mitotic inhibition in undifferentiated cultures and
profoundly reduced cell numbers during neurodifferentiation. Although TDCPP induced
oxidative stress in PC12 cells, we did not observe any impairment of cell growth or loss of
cell viability that would be expected if cell losses were being driven by cytotoxicity.
Consequently, the present findings do not indicate that nonspecific cytotoxicity is the
underlying mechanism for these effects. Rather, our results suggest that promotion of
neurodifferentiation in the absence of NGF, the appropriate biochemical signal, is the
critical mechanism for TDCPP toxicity and, potentially, all OPFRs tested here. Exposure to
TDCPP enhanced TH and ChAT activity, hallmarks of phenotypic differentiation in PC12
cells. Since neurodifferentiation entails the loss of mitotic activity, this alone could explain
the observed declines in DNA synthesis and resultant reductions in the number of cells
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without compromising overall cell growth. Indeed, the increases in cell growth observed in
the TDCPP studies are consistent with a promotional effect on neurodifferentiation, a
process that also involves cell enlargement and neurite formation. There was no change in
the mP:tP ratio despite the fact that TDCPP elicited an increase in cell growth, implying that
there was an increase in neurite formation relative to controls. Had cell enlargement
involved only the perikaryon, the mP:tP ratio would have fallen due to a decrease in the
surface to volume ratio of the cell. This conclusion is further supported by the effects of
TDCPP on cell and neurite growth in the BDE-47 studies; although the tP:DNA ratio was
not increased significantly, the mP:tP ratio was significantly elevated, again indicating
increased neurite extension.

It is possible that the small degree of oxidative stress observed in the TDCPP studies may
play a role in the observed outcomes. In PC12 cells, levels of oxidative stress that are
insufficient to compromise cell viability are known to initiate neurodifferentiation in the
absence of NGF (Katoh et al., 1997). A number of recent studies have identified
associations between elevations in biomarkers of oxidative stress and neurodevelopmental
disorders (Ross et al., 2003; Carter, 2006; James et al., 2006; Wood et al., 2009; Taurines et
al., 2010). Sajedl-Sulkowska et al. (2009) reported increased levels of oxidative stress and
neurotrophin-3, a regulator of replication and differentiation during neurodevelopment, in
autistic brains. Similarly, children diagnosed with attention deficit hyperactivity disorder
were found to have elevated biomarkers of oxidative stress (Ross et al., 2003)

It is important to note that differences were observed between the OP compounds,
particularly with regard to the effects on neurodifferentiation. The greatest similarities were
observed between compounds with similar halogenation substitution patterns, suggesting the
presence of a structure activity relationship. Across all tested measures, the effects of
TDCPP and TDBPP, which differ only by the type of halogen substituent, were nearly
identical, with each promoting differentiation into both the cholinergic and dopaminergic
phenotypes. TCEP and TCPP, however, which differ from TDCPP and TDBPP most
notably by the number halogen substituents, showed distinct effects on neurodifferentiation;
these OPFRs promoted emergence of the cholinergic phenotype without affecting
dopaminergic expression. Thus, the results of these studies suggest that the difference in
molecular size due to the presence of two different halogen atoms (i.e. bromine and
chlorine) had little effect. Rather, differences in the halogen substitution patterns appear to
be an important factor in determining the effect of OPFRs on phenotypic fate.

CPF, on the other hand, contains a phosphorus-sulfur bond with chlorine atoms attached to
an ester-linked pyridine ring rather than an alkane chain, resulting in a distinct pattern of
differentiation. In agreement with previous findings, CPF produced a shift in phenotypic
expression in favor of the dopaminergic phenotype through promotion of TH combined with
impairment of ChAT (Slotkin, 2005; Jameson et al., 2006). CPF and other OP pesticides
containing a phosphorus-sulfur bond undergo bioactivation by desulfuration via cytochrome
P450 enzymes to form an oxon metabolite; these metabolites irreversibly bind to
cholinesterase and, thus, are much more potent cholinesterase inhibitors (Poet et al., 2003;
Eaton et al., 2008). Interestingly, however, when the developmental neurotoxicity of
chlorpyrifos and its oxon-metabolite were compared, the parent compound was found to
have a significantly greater effect, indicating that OPs are able to elicit effects through
mechanisms independent of cholinesterase inhibition (Pope, 1999; Qiao et al., 2001; Slotkin,
2005).

Some of the molecular mechanisms that drive differences in cell fate for OP pesticides are
known. These include targeted activation and suppression of genes known to regulate
critical neurotrophic factors involved in neurodevelopment, including the fibroblast growth

Dishaw et al. Page 7

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



factor family, wingless, and frizzled (Slotkin et al., 2007b; Slotkin et al., 2008). It is
possible that, like OP pesticides, exposure to OPFRs alters gene expression with certain
targets being unique to specific compounds and structures (Slotkin et al., 2007b; Slotkin et
al., 2008). Due to the similarities observed between the effects of TDCPP and CPF, the
present findings suggest that neurotrophic factors are likely to be targeted by OPFRs as well.
Changes in gene expression may dictate the observed effects on neurophenotypic fate, which
in turn, could translate to disparities in behavioral or functional outcomes in vivo.

Regardless of the underlying mechanism, premature loss of neuronal cell replication,
dysregulation of pathways involved in neurodifferentiation, and changes in phenotypic
outcome that favor one neurotransmitter at the expense of another are likely to produce
extensive miswiring of neuronal circuitry in the developing organism. Thus, if TDCPP
elicits effects in the developing brain similar to those observed in the present studies, in vivo
exposures will likely result in persistent cognitive and behavioral deficits akin to those seen
with CPF. Importantly, all of the OPFRs tested in the present study elicited similar
decrements in cell number and altered the phenotypic fate of differentiating cells. These data
indicate that, as a whole, this class of compounds may be developmentally neurotoxic. Early
brain development is characterized by periods of proliferation, migration, and
differentiation, the timing of which are critical (Bondy and Campbell, 2005; Mueller and
Wullimann, 2005). Disruption of these developmental stages, as seen here with OPFRs, may
lead to irrevocable changes in brain function due to deficiencies in the number of neurons
and altered neurodifferentiation.

Young children who are still undergoing brain maturation are expected to have the highest
exposures to FR chemicals because of specific behaviors (crawling, hand-to-mouth contact)
that elevate their intake of household dust (Bondy and Campbell, 2005; Jones-Otazo et al.,
2005; Lorber, 2008). A recent report by the EPA estimates that children ages 1–5 years
ingest approximately 100–200 mg dust/day, whereas adults are predicted to ingest only 20–
50 mg dust/day (U.S.EPA, 2008). Indeed, studies report that children living in California
exhibit 2- to 10-fold higher concentrations of PBDEs when compared to the average
American adult (Fischer et al., 2006; Rose et al., 2010). Both adolescent and adult rodent
offspring that are perinatally exposed to PBDEs show slowed motor skill development
(Branchi et al., 2002) and changes in synaptic plasticity and long term potentiation in the
hippocampus, a brain region involved in learning and memory (Dingemans et al., 2007;
Xing et al., 2009). Correspondingly, neonatal administration of PBDEs in mice impaired
adult performance on a Morris water maze, which assesses the ability to learn and recall the
location of a hidden underwater platform (Viberg et al., 2003; Viberg et al., 2006). These
effects were attributed to inhibition of the cholinergic system, which plays an important role
in learning and memory, following developmental exposure to PBDEs (Viberg et al., 2003).
Although the exposure levels of the different PBDE congeners used in these studies varied,
ranging from 0.45– 68 mg/kg, adverse neurological effects were often observed at doses >10
mg/kg. Recently, Herbstman et al. (2010) found similar relationships between PBDE
exposure and neurodevelopmental deficits in humans; high concentrations of PBDEs in cord
blood, an estimate of prenatal exposure, were associated with delayed motor development
and lower IQ scores at several time points over a 72 month period.

Interestingly, despite the large body of literature showing adverse outcomes following
developmental exposure to PBDEs, no significant effects were observed on measures of cell
number, cell growth, or neurite growth following exposure to BDE-47. These findings
suggest either that OPFRs are more potent neurotoxicants than PBDEs on these measures or
their developmental neurotoxicity is elicited through mechanisms that were not evaluated in
these studies. The pathways and products of metabolism are a critical aspect of toxicology.
In rodent models, PBDEs are generally metabolized through cytochrome P450-mediated
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oxidative reactions to form hydroxylated metabolites (Marsh et al., 2006; Qiu et al., 2007).
Several studies by Dingemans et al. (2008; 2010a; 2010b) directly exposed PC12 cells to
hydroxylated PBDE metabolites and found alterations in calcium homeostasis and
neurotransmitter release at much lower concentrations than the parent compound, suggesting
that these chemicals are bioactivated via oxidative metabolism. Importantly, cytochrome
P450 enzymes are not normally expressed by PC12 cells (Mapoles et al., 1993), which may
explain the lack of effect observed in the present studies. Although metabolism of OPFRs
have yet to be evaluated in humans, OP compounds are believed to be metabolized most
readily by esterases (Costa et al., 2005). Lynn et al. (1981) evaluated TDCPP metabolism in
rats and identified bis (1,3-dichloro-2-propyl) phosphate (BDCPP) as the primary metabolite
in urine. Aliquots of culture media from dishes treated with 50 μM TDCPP were taken
immediately prior to media changes and analyzed with LC/MS-MS for the presence of
BDCPP. We found significant formation of this compound (data not shown) therefore it is
possible that the observed effects in the TDCPP studies were mediated by the BDCPP
metabolite rather than the parent compound.

Our studies raise concerns that OPFRs, which are now being used increasingly as PentaBDE
replacements, may be neurotoxicants. TDBPP was commonly used to treat children’s
sleepwear prior to 1977; its use was discontinued following findings that it was mutagenic,
carcinogenic, and mutagenic metabolites were detected in children’s urine (Blum and Ames,
1977; Blum et al., 1978; Gold et al., 1978). TDCPP became the primary replacement for
TDBPP in children’s pajamas, despite data indicating that it too acted as a weak mutagen
(Gold et al., 1978). The use of TDCPP in children’s sleepwear was eventually discontinued
(Lynn et al., 1981), yet the levels measured in U.S. house dust (Stapleton et al., 2009b)
indicate that exposure in children continues. With respect to decrements in cell number and
altered phenotypic differentiation, however, the effects of TDCPP and TDBPP are identical.
Similarly, TCEP is recognized as a carcinogen by both the World Health Organization and
the State of California and its use has been largely replaced by TDCPP and TCPP (IPCS,
1998; Stapleton et al., 2009a). The results of this study point to the importance of endpoints
other than mutagenesis and carcinogenesis in evaluating the toxicity of OPFRs, especially in
light of evidence showing that children have the highest exposures. Furthermore, the
possibility of in utero developmental effects as a result of maternal exposure has yet to be
fully explored. Although it is unclear to what extent the chemicals tested here cross the
placental barrier, Ahmed et al. (1993) reported accumulation of low levels of the OPFR, tri-
o-cresyl phosphate, in mouse fetal brain and spinal cord following a single maternal
exposure. Clearly, the potential for prenatal OPFR exposure should not be dismissed.
Indeed, we observed profound effects on neural cell replication and neurodifferentiation,
processes that are critical to early neurodevelopment.

The in vitro PC12 cell model chosen for these experiments provides a number of advantages
and disadvantages in evaluating the neurotoxicity of potential toxicants. We were able to
assess the direct effects of toxicants on neuronal cell replication, growth, and differentiation
in the absence of many of the confounding variables found in vivo, such as stress, nutrition
or confounds involving maternal factors. Also, in PC12 cells, differentiation is triggered by
the addition of NGF to the culture media, allowing examination of effects at specific stages
of neurodevelopment, beginning at cell replication and extending though differentiation;
these types of determinations require coordinated and uniform differentiation of the cell
population, a situation that cannot be modeled in vivo. In vitro models, however, are limited
in that they do not to account for many factors that can affect exposure and toxicity in vivo.
PC12 cultures do not reproduce the complex three dimensional architecture of the
mammalian brain and, thus, cannot detect toxicity that is mediated by cell-to-cell
interactions. Also, in vitro exposures are relatively short, lasting for hours to days, while in
vivo exposures may extend throughout the course of neurodevelopment. Furthermore, as a
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transformed cell line, PC12 cells are resistant to the effects of chemicals, generally requiring
a higher concentrations to elicit an effect than would be needed in vivo. Notably, these
limitations are likely to result in an underestimation of neurotoxicity, reinforcing the
importance of the present results.

Due to the ubiquitous nature of OPFRs in both indoor and outdoor environments (Marklund
et al., 2003; Reemtsma et al., 2008; Stapleton et al., 2009b), it is likely that the general
population and, particularly, children are subject to chronic exposure. Although the present
work represents a significant step forward in our understanding of the potential toxicity of
TDCPP and other OPFRs, more work is necessary to further characterize the effects this
class of chemicals will have on development. Additional studies are needed to identify
potential OPFR gene targets and determine whether these mechanisms can predict
similarities and differences between the effects of different OPFRs. Furthermore, since the
present data suggest that there may be an even greater sensitivity to OPFRs in utero, an
examination of the extent of placental transfer and bioaccumulation in fetal tissues is
warranted.
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Abbreviations

ANOVA Analysis of variance

BDE-47 2,2′,4,4′-tetrabromodiphenyl ether

BDCPP Bis (1,3-dichloropropyl) phosphate

ChAT Choline acetyltransferase

CPF Chlorpyrifos

DMSO Dimethyl sulfoxide

FR Flame retardant

MDA Malondialdehyde

mP tP, Membrane to total protein ratio

NGF Nerve growth factor

OP Organophosphate

OPFR Organophosphate flame retardant

PBDE Polybrominated diphenyl ether

PentaBDE Pentabrominated diphenyl ether

TCEP Tris (1-chloro-2-propyl) phosphate

TCPP Tris (2-chloroethyl) phosphate

TDBPP Tris (1,3-dibromo-2-propyl) phosphate

TDCPP Tris (1,3-dichloro-2-propyl) phosphate

TH Tyrosine hydroxylase

TPP Triphenyl phosphate
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tP DNA, Total protein to DNA ratio
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Figure 1.
Structures of chemicals tested in this study.
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Figure 2.
Effects of TDCPP in undifferentiated and differentiating PC12 cells. (A) DNA synthesis in
undifferentiated cells after a 24 hr exposure; (B–F), evaluations in differentiating cells of
cell number (B–C) and cell growth (D–E) after 4 and 6 day exposures, and oxidative stress
(F) after a 4 day exposure. Data represent means ± SEM (24 hour and 4 day exposures: n =
8–10; 6 day exposure: n = 15–23). ANOVA shows a significant main effect of treatment for
all panels (p < 0.001 for A–D, F; p < 0.05 for E). Letters indicate significant difference from
control. Bars with different letters indicate a significant difference from each other.
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Figure 3.
Effects of TDCPP on phenotypic differentiation. (A) Dopaminergic phenotype and (B)
cholinergic phenotype after a 6 day exposure. Data represent means ± SEM (n = 8–10). For
both measures, ANOVA indicates a main effect of treatment (p < 0.0001). Letters indicate
significant difference from control. Bars with different letters indicate a significant
difference from each other.

Dishaw et al. Page 18

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Effects of OPFRs and BDE-47 on differentiating PC12 cells. (A) Cell number, (B)
dopaminergic phenotype, and (C) cholinergic phenotype after a 6 day exposure to TCEP,
TCPP, and TDBPP. (D) Cell number, (E) cell growth, and (F) neurite growth after a 6 day
exposure to BDE-47. Data represent means ± SEM (OPFR comparison: n = 4–5; BDE-47
Studies: n = 8–10). For all measures, ANOVA indicates a main effect of treatment (p <
0.001). Letters indicate significant difference from control. Bars with different letters
indicate a significant difference from each other.
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