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Abstract
Neurotrophic factors control neural cell differentiation and assembly of neural circuits. We
previously showed that organophosphate pesticides differentially regulate members of the fibroblast
growth factor (fgf) gene family. We administered chlorpyrifos and diazinon to neonatal rats on
postnatal days 1–4 at doses devoid of systemic toxicity or growth impairment, and spanning the
threshold for barely-detectable cholinesterase inhibition. We evaluated the impact on gene families
for different classes of neurotrophic factors. Using microarrays, we examined the regional expression
of mRNAs encoding the neurotrophins (ntfs), brain-derived neurotrophic factor (bdnf), nerve growth
factor (ngf), the wnt and fzd gene families and the corresponding receptors. Chlorpyrifos and diazinon
both had widespread effects on the fgf, ntf, wnt and fzd families but much less on the bdnf and ngf
groups. However, the two organophosphates showed disparate effects on a number of key
neurotrophic factors. To determine if the actions were mediated directly on differentiating neurons,
we tested chlorpyrifos in PC12 cells, an in vitro model of neural cell development. Effects in PC12
cells mirrored many of those for members of the fgf, ntf and wnt families, as well as the receptors for
the ntfs, especially during early differentiation, the stage known to be most susceptible to disruption
by organophosphates. Our results suggest that actions on neurotrophic factors provide a mechanism
for the developmental neurotoxicity of low doses of organophosphates, and, since effects on
expression of the affected genes differed with test agent, may help explain regional disparities in
effects and critical periods of vulnerability.
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INTRODUCTION
The developmental neurotoxicity of organophosphate pesticides is a major concern for
environmental health, given the nearly ubiquitous exposure of pregnant women and children
to these agents [18,22,56,73]. Although inhibition of cholinesterase provides a common
mechanism for the systemic toxicity of organophosphates in adults [56], it is increasingly
evident that the developing brain is affected by other mechanisms that operate at
nonsymptomatic exposures, extending below the threshold for anticholinesterase activity
[18,60,72,73]. At the cellular level, divers neurodevelopmental events are targeted by
organophosphates, all converging on the differentiation and assembly of neural circuits,
including neuronal and glial cell replication and differentiation, specification of
neurotransmitter phenotypes, axonogenesis and synaptogenesis, and synaptic function [11,
39,42,60,72].

This poses a conundrum: how can such widespread disruption of brain development arise, with
the vulnerability extending from the earliest stages of brain formation through late, postnatal
phases of circuit formation? Recent investigations have focused on disruption of neurotrophic
factors: given their vital roles in all these developmental events, perturbation of their expression
or function could contribute to multiple manifestations of developmental neurotoxicity [30,
31,41]. The roles of neurotrophic factors in brain development extend to cell proliferation,
migration, differentiation, survival, synaptogenesis and myelination [63], with the various
factors dictating regional, cellular as well as temporal specification during critical windows of
development [19]. Because many of the factors have overlapping functions, it is important to
note that changes in expression or function of any one neurotrophic factor may not necessarily
lead to gross morphological deficits but rather to more subtle defects, akin to those seen with
the organophosphate pesticides [7,79]. A number of recent studies have focused on three sets
of trophic factors, nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and
the superfamily of fibroblast growth factors (FGFs). Exposure of neonatal rats to doses of
chlorpyrifos sufficient to cause cholinesterase inhibition and somatic growth impairment
produced only modest reductions in NGF or BDNF [7,8]. In contrast, several key constituents
of the FGF family showed deficits at much lower chlorpyrifos or diazinon exposures,
specifically involving the members known to be involved in the proliferation, differentiation
and survival of the neuronal phenotypes and brain regions targeted by the organophosphates
[79]. These findings point to the likely involvement of a specific set of neurotrophic factors as
targets underlying organophosphate developmental neurotoxicity.

In the present work, we evaluated the effects of chlorpyrifos and diazinon exposure in newborn
rats on the expression of ngf and bdnf as compared to two other neurotrophins, ntf3 and ntf5,
as well as with their receptors and receptor modulators, ntrk1, ntrk2, ntrk3, ngfr and ngfrap1.
In addition, we assessed the expression of gene families that act in concert to control
developmental patterning in the cerebral cortex and hippocampus, regions that are highly
targeted by the organophosphates. The wnt family interacts with a set of receptors encoded by
the fzd genes [49,86], with signals transduced by the dvl group and negatively modulated by
the dkk genes [37]. Importantly for our work, the fgf and wnt families are coexpressed in
adjacent locations within the developing brain and deletion of genes from either group produces
parallel defects in forebrain development [9,38,66,69,70,100]. As in our earlier work [79], we
utilized microarrays to examine the key members of each gene family, comparing similarities
and differences in the effects of chlorpyrifos and diazinon: if the involvement of neurotrophic
mechanisms is unrelated to the inhibition of cholinesterase, then there are likely to be
significant disparities between the two agents. We utilized doses that straddle the threshold for
barely-detectable cholinesterase inhibition, too low to elicit any signs of cholinergic
hyperstimulation [81,84], and our assessments were conducted in the brainstem and forebrain,
regions that differ both in anatomical attributes as well as in maturational timetables. Finally,
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we compared the effects of the in vivo chlorpyrifos treatment with those in PC12 cells, a
standard in vitro model of mammalian neurodevelopment [89] that reproduces many of the
key mechanisms and features of the adverse effects of organophosphates on neural cell
replication and differentiation [6,26,42,61,72,73,85]. In response to NGF, PC12 cells exit the
mitotic cycle and differentiate into cholinergic and catecholaminergic phenotypes, possessing
axonal projections, electrical excitability, cholinesterase and cholinergic receptors [33,85,89].
Furthermore, the role of many of the genes examined in our study have also been confirmed
in PC12 cells [86,99]. If the effects of organophosphates on neurotrophic factors are direct,
then we would expect to find the same pattern of changes in the PC12 model, whereas if the
effects are mediated secondarily through alterations in cell-to-cell communication or other
indirect mechanisms, the effects in vivo should differ substantially from those in the in vitro
model.

MATERIALS AND METHODS
Animal treatments

All experiments were carried out in accordance with federal and state guidelines and with prior
approval of the Duke University Institutional Animal Care and Use Committee. All animals
were treated humanely and with due care for alleviation of distress. Timed-pregnant Sprague–
Dawley rats (Charles River, Raleigh, NC) were housed in breeding cages, with a 12 h light–
dark cycle and free access to food and water. On the day after birth, all pups were randomized
and redistributed to the dams with a litter size of 10 to maintain a standard nutritional status.
Chlorpyrifos and diazinon (both from Chem Service, West Chester, PA) were dissolved in
dimethylsulfoxide to provide consistent absorption [97] and were injected subcutaneously in
a volume of 1 ml/kg once daily on postnatal days 1–4. Control animals received equivalent
injections of the dimethylsulfoxide vehicle. For both agents, we utilized doses below the
threshold for growth retardation and systemic toxicity [75,97]: 1 mg/kg of chlorpyrifos and
either 1 or 2 mg/kg of diazinon. This chlorpyrifos treatment and the higher dose of diazinon
produce neurotoxicity in developing rat brain while eliciting less than 20% cholinesterase
inhibition, whereas the lower dose of diazinon does not produce any detectable inhibition
[72,81,84,97], nor any of the symptoms of cholinergic hyperstimulation known to be
characteristic of anticholinesterase activity [17]. These treatments thus resemble the
nonsymptomatic exposures reported in pregnant women [28] and are pharmacodynamically
comparable to expected fetal and childhood exposures after routine home application or in
agricultural communities [40,58]. On postnatal day 5 (24 hr after the last dose), one male pup
was selected from each of five litters in each treatment group. Animals were decapitated, the
cerebellum was removed and the brainstem and forebrain were separated by a cut made rostral
to the thalamus. Tissues were weighed and flash-frozen in liquid nitrogen and maintained at
−45° C until analyzed. Our study design involved the analysis of 40 separate tissues: one animal
from each of five litters for each of the four treatment groups, with two tissues (brainstem,
forebrain) from each animal.

Cell cultures
Because of the clonal instability of the PC12 cell line [33], the experiments were performed
on cells that had undergone fewer than five passages. As described previously [62,85], PC12
cells (American Type Culture Collection, 1721-CRL, obtained from the Duke Comprehensive
Cancer Center, Durham, NC) were seeded onto poly-D-lysine-coated plates in RPMI-1640
medium (Invitrogen, Carlsbad, CA) supplemented with 10% inactivated horse serum (Sigma
Chemical Co., St. Louis, MO), 5% fetal bovine serum (Sigma Chemical Co.), and 50 μg/ml
penicillin streptomycin (Invitrogen). Incubations were carried out with 7.5% CO2 at 37 C,
standard conditions for PC12 cells. For studies in the undifferentiated state, the medium was
changed 24 hr after seeding to include 30 μM chlorpyrifos dissolved in dimethylsulfoxide (final
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concentration 0.1%), whereas control cultures received the dimethylsulfoxide only, which had
no effect on the PC12 cells [61,62,85]. For studies in differentiating cells, 24 hr after seeding,
the medium was changed to include 50 ng/ml of 2.5 S murine NGF (Invitrogen) and
dimethylsulfoxide with or without chlorpyrifos. Cultures were examined 24 and 72 hr after
commencing chlorpyrifos exposure. The 30 μM concentration was chosen because of its ability
to evoke the multiple events thought to underlie the in vivo developmental neurotoxicity of
chlorpyrifos without causing outright cytotoxicity [6,26,42,61,62,76,85]. Five cultures were
evaluated for each treatment condition.

Microarray determinations
Total RNA was isolated from tissues or cell extracts using the Aurum total RNA Fatty and
Fibrous Tissue Kit (Bio-Rad Laboratories, Hercules, CA), with RNA quality verified using the
RNA 6000 LabChip Kit and the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA). An aliquot of each sample used in each respective study (in vivo or in vitro) was
withdrawn and combined to make the reference RNA preparation required to be included on
each array to permit standardization. RNA amplification was carried out using a commercial
kit (Low RNA Input Fluorescent Linear Amplification Kit, Agilent). Each RNA sample was
annealed with a primer containing a polydT and a T7 polymerase promoter. Reverse
transcriptase produced a first and second strand cDNA. T7 RNA polymerase then created
cRNA from the double stranded cDNA by incorporating cyanine-3 (for the reference RNA) or
cyanine-5 (for the sample RNA) labeled cytidine 5-triphosphate, and the quality of the labeled
cRNA was again verified and the absolute concentration was measured spectrophotometrically.
For each pair of reference cRNA and experimental cRNA hybridized to an array, equal amounts
of cRNA (0.75 μg) were hybridized using a commercial kit (In situ Hybridization Kit-Plus,
Agilent). Hybridization was performed at 60°C for 17 hr with Agilent Whole Rat Genome
Arrays (G4131A). The arrays were washed with Agilent’s SSPE Wash Protocol using a
solution of 6× SSPE, 0.005% N-lauroylsarcosine, a solution of 0.06× SSPE, 0.005% N-
lauroylsarcosine, and Agilent’s Stabilization and Drying Solution. The arrays were scanned
on an Agilent G2565BA Microarray Scanner and data from the scans were compiled with
Agilent Feature Extraction Software 8.1. The steps from RNA amplification through extraction
of the scanner output data were performed by a private contractor (Cogenics, Research Triangle
Park, NC).

Array normalizations and error detection were carried out using Silicon Genetics’ GeneSpring
GX Version 7.2 (Agilent), via the Enhanced Agilent Feature Extraction Import Preprocessor.
First, values of poor quality intensity and low dependability were removed using a “filter on
flags” feature, where standardized software algorithms determined which spots were “present”,
“marginal”, or “absent.” Spots were considered “present” only where the output was uniform,
not saturated and significant above background, whereas spots that satisfied the main
requirements but were outliers relative to the typical values for the other genes were considered
“marginal.” Filters were set to retain only the values that were found to be present or marginal
for further analysis. However, it turned out that, of the genes that passed the filter, none was
marginal.

Data were normalized in three steps, using the algorithms supplied with the Feature Extraction
software. The first step divided the signal in the Cy5 channel (sample RNA) by that in the Cy3
channel (reference RNA), to give the measured ratio for each gene in the array. The second
normalization adjusted the total signal of each chip to a standard value (“normalize to 50th

percentile”) determined by the median of the all the reliable values on the chip. This rendered
the output of each chip comparable to that of every other chip in the study. The third
normalization step was applied to each gene across all the arrays in the study (“normalize to
median”): the median of all the values obtained for a given gene was calculated and used as
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the normalization standard for that gene, so that, regardless of absolute differences in the
expression of the various genes, they were placed on the same scale for comparison. After
normalization, one final quality-control filter was applied, where genes showing excessive
biologic variability were discarded. The criterion for retention was that more than half of the
eight groupings in each study (4 treatments × 2 regions for the in vivo studies, 2 treatments ×
2 states × 2 time points for the in vitro studies) had to have coefficients of variation <30%.

For some of the genes, the arrays contain multiple probes and/or replicates of the same probe
in different locations on the chip, and these were used to verify the reliability of values and the
validity of the measures on the chip. In these cases, to avoid artificially inflating the number
of positive findings, we limited each gene to a single set of values, selecting those obtained for
the probe showing the smallest intragroup variance. The other values for that gene were used
only to corroborate direction and magnitude of change. We also validated the readings on the
arrays through the use of duplicate arrays for selected samples, as described previously [77,
79].

Statistical procedures
Because of the requirement to normalize the data across arrays and within each gene, the
absolute values for a given gene are meaningless, so only the relative differences between
regions and treatments can be compared. Accordingly, results for the regional differences in
gene expression in control rats or cell cultures are presented as means and standard errors of
the normalized ratios for each gene, but the effects of the treatments are given as the percentage
change from control to allow for visual comparison of the relative changes evoked for each
gene, regardless of its control ratio. However, statistical comparisons were based on the actual
ratios (log-transformed, since the data are in the form of ratios) rather than the percent change.

Our design involved planned comparisons of the organophosphate-exposed groups to the
controls as well as between the two different organophosphates (in vivo studies) or between
undifferentiated and differentiating PC12 cells at two time points (in vitro studies), so it was
important to consider the false positive rate and to protect against type 1 errors from repeated
testing of the same data base. Accordingly, before looking at effects on individual genes, we
performed a global ANOVA incorporating all the variables in a single comparison: for in vivo
studies, all treatments, both regions and all genes. For in vitro studies, treatment, differentiation
state, time, and all genes. Lower-order ANOVAs on subdivisions of the data set were then
carried out as permitted by the interactions of treatment with the other variables. Finally,
differences for individual treatments for a specified gene in a single brain region (in vivo
studies), or differentiation state or time point (in vitro studies) were evaluated with Fisher’s
Protected Least Significant Difference. However, for a given gene where there was no
treatment interaction with other variables, only the main treatment effect was reported without
subtesting of effects in lower-order subdivisions. For ANOVA results, main effects were
considered significant at p < 0.05 (two-tailed, since we were interested in both increases and
decreases in gene expression). For interaction terms at p < 0.1, we also examined whether
lower-order main effects were detectable after subdivision of the interactive variables [82]. In
addition to these parametric tests of the direction and magnitude of changes in gene expression,
we evaluated the incidence of significant differences as compared to the predicted false positive
rate, using Fisher’s Exact Test, applying a one-tailed criterion of p < 0.05, since only an increase
above the false positive rate would be predicted. Finding a significant decrease in the incidence
of detected differences relative to the false positive rate would be biologically implausible and
statistically meaningless.
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RESULTS
For the neurotrophic factors and their receptors, 29 genes present on the microarray passed the
quality control filters, encoding two of the neurotrophins (ntf3, ntf5), all three of the
neurotrophic tyrosine kinase receptors (ntrk1, ntrk2, ntrk3), two of the NGF subunits (ngfb,
ngfg), the low-affinity NGF receptor (ngfr) and the NGF receptor associated protein 1
(ngfrap1), brain-derived neurotrophic factor (bdnf), 15 of the FGFs and all four FGF receptors.
In the entire study, 11 of these genes showed significant treatment-related changes, as opposed
to a predicted false positive rate of only 1–2 genes (p < 0.005). Similarly, for wnt and fzd and
their associated signaling pathways, we obtained data for 22 genes, 12 from the wnt family, 6
from the fzd family, and 2 subtypes from each of the dkk and dvl families. Of these, 20 showed
treatment-related changes, as opposed to a false-positive rate of only 1 gene (p < 0.0001).
Furthermore, as described below for each study (in vivo or in vitro), multivariate ANOVA
combining all the variables in a single test confirmed the significant treatment differences and
interactions of treatment with other variables, thus permitting appropriate subdivisions of the
data for analysis of the treatment effects.

In vivo
The effects of chlorpyrifos or diazinon exposure on expression of the genes encoding the FGFs
and their receptors in neonatal rat brain regions have been presented previously [79], so the
present study focused on the other neurotrophic factors and their receptors, along with the
wnt and fzd families and their associated signaling pathways. In control rats, values for the
genes encoding the neurotrophic factors and their receptors were significantly higher overall
in the brainstem than in the forebrain (main effect of region, p < 0.0001), representing 5 out
of 10 genes showing preferential expression in that region, as opposed to only 1 gene more
highly expressed in the forebrain (Table 1, first 10 genes). Multivariate ANOVA across all
treatments, both regions and all genes indicated a significant main treatment effect (p < 0.05)
and an interaction of treatment × gene (p < 0.0002) and treatment × region × gene (p< 0.05).
In light of the significant interactions, the data were subdivided into the individual treatments
and genes and the results were reexamined for treatment effects and treatment × region
interactions.

Exposure of neonatal rats to 1 mg/kg of chlorpyrifos altered the balance of neurotrophins in
the developing brain, suppressing ntf3 expression while elevating ntf5 in the forebrain (Figure
1). Although ntrk1 expression was unaffected, the two other tyrosine kinase receptors (ntrk2
and ntrk3) showed significant deficits, with a pronounced preferential targeting of the forebrain
(treatment × region, p < 0.04). In contrast, there were no significant effects on the other
neurotrophic factors (bdnf, ngfb, ngfg) nor on the low-affinity NGF receptor (ngfr) or its adaptor
protein (ngfrap1). Administration of diazinon at the same dose produced a slightly different
pattern, suppressing ntf5 expression in the brainstem, while still suppressing ntrk2 and ntrk3
in the forebrain and leaving bdnf, ngfb, ngfg, ngfr and ngfrap1 unaffected (Figure 2A). At the
higher dose of 2 mg/kg diazinon, we saw essentially the same pattern (Figure 2B).

For the wnt and fzd families and their signaling pathways, control brain regions again showed
preferentially higher overall expression in the brainstem (main effect of region, p < 0.0001,
Table 1, wnt, dkk, fzd and dvl genes). Multivariate ANOVA (all treatments, both regions and
all genes) indicated a significant main treatment effect (p < 0.0009) and an interaction of
treatment × gene (p < 0.0001) and treatment × region × gene (p< 0.04). Accordingly, the data
were again subdivided into the individual treatments and genes.

Treatment of neonatal rats with chlorpyrifos evoked robust changes in expression of genes
encoding proteins in the wnt family, with suppression of wnt5a, snt9a, wnt9b and wnt10a, but
stimulation of wnt2b and wnt10b (Figure 3). Smaller changes were evident for signaling
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molecules linked to the wnt genes, evidenced by slight but significant increases in the
expression of dkk1 and dkk3. Similarly, the fzd family exhibited large reductions in two
members (fzd3, fzd5), a robust increase in one (fzd7), and minor but significant alterations in
one other subtype (fzd9) as well as in both downstream signaling molecules (dvl1, dvl2). Across
all the genes in both families, the net effect of chlorpyrifos was a reduction in expression (main
treatment effect, p < 0.04). At the lower dose, diazinon evoked an even more statistically robust
overall suppression of gene expression (main treatment effect, p < 0.0006), sharing the effects
of chlorpyrifos on wnt5a, wnt9a, wnt9b, wnt10a, fzd3, fzd5 and fzd9, while showing additional
suppression of wnt2 and wnt8a. Stimulation of wnt2b, dkk1, dvl1 and dvl2 were seen just as
for chlorpyrifos but diazinon failed to increase wnt10b, dkk3, or most notably fzd7, which had
shown stimulation with chlorpyrifos treatment (figure 4A). Raising the dose of diazinon to 2
mg/kg produced a similar pattern, except that induction of fzd7 emerged in the forebrain (Figure
4B).

In vitro
In control PC12 cell cultures, there was a significant overall difference in expression of the
neurotrophic factor genes that depended on differentiation state as well as time in culture (p <
0.05 for the main effect of state, p < 0.0001 for the interaction of state × gene, p < 0.0001 for
the interaction of time × gene, p < 0.03 for the interaction of state × time × gene). The main
effect of differentiation state represented higher overall values in differentiating cells than in
undifferentiated cells. However, superimposed on this effect, there was a distinct dichotomy
between the neurotrophic factors and their receptors (p < 0.003): of the 5 genes showing state-
related differences for the factors, all of them were more highly expressed in undifferentiated
cells, whereas for the 6 receptor-related genes showing such differences, every one was more
highly expressed in differentiating cells (Table 2). Multivariate ANOVA across treatment,
differentiation state, time and all genes indicated a strong main treatment effect (p < 0.0001)
and interactions of treatment × gene (p < 0.0001) and treatment × differentiation state × gene
× time (p < 0.03). Accordingly, the data were subdivided for each gene within the two states
(undifferentiated and differentiating cells) and reexamined for treatment effects and treatment
× time interactions.

Many of the same genes related to neurotrophic factors for which we found significant effects
of chlorpyrifos in vivo also showed changes in the PC12 cell model but there were also some
notable disparities. In undifferentiated cells, ntrk1 was slightly but significantly increased,
whereas ntrk3 showed robust suppression (Figure 5A). When chlorpyrifos exposure occurred
during NGF-induced differentiation, ntf3 and ntrk3 were suppressed whereas ntf5 and ntrk1
were augmented. Examination of the other neurotrophic factors and receptors showed some
major differences from the effects of chlorpyrifos in vivo (Figure 5B). Expression of bdnf was
reduced in undifferentiated cells but enhanced during differentiation, whereas ngfg was
suppressed under either condition.

For the FGF superfamily of neurotrophic factors and their receptors, we found striking
similarities of the in vitro model to the effects of chlorpyrifos in vivo as reported earlier [79].
In general, chlorpyrifos exposure evoked an overall suppression of gene expression (main
effect of treatment). Superimposed on this general pattern, significant reductions were found
for fgf11, fgf18, fgf20 and fgf23 in undifferentiated cells, whereas only fgfr4 showed an increase
(Figure 6A). The predominant effect in differentiating cells was also to suppress gene
expression, with significant decrements noted for fgf1, fgf11, fgf12, fgf14, fgf20 and fgfr2, while
increases were seen only for fgf9 and fgf17 (Figure 6B).

For the wnt and fzd families, control cultures again showed significant effects of differentiation
state on gene expression (p < 0.0001 for the interaction of state × gene, p < 0.002 for state ×
gene × time), although for these families there was no main effect of state, so that both increases
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and decreases were seen upon differentiation (Table 3). Multivariate ANOVA (treatment, state,
time, gene) indicated interactions of treatment × gene (p < 0.0001), state × gene (p < 0.0001),
time × gene (p < 0.0001) and state × time × gene (p < 0.0001), necessitating subdivision of the
data into the two differentiation states and lower-order examination of treatment effects and
treatment × time interactions. Here, too, the PC12 cell cultures recapitulated many (but not all)
of the effects seen when chlorpyrifos was given to neonatal rats. In either undifferentiated cells
(Figure 7A) or differentiating cells (Figure 7B), wnt2b was augmented, and increases were
seen in the differentiating cells for wnt10b, dkk1 and dkk3, all of which mirrored the in vivo
effects. Similarly, differentiating PC12 cells displayed suppression of wnt5a and wnt9a, just
as was true for neonatal rats given chlorpyrifos. However, the cultures also showed three
changes in gene expression that were not seen in the intact rat brain, suppression of wnt1,
wnt2 and wnt4.

The most substantial differences between the in vitro and in vivo models were seen for the
fzd family and the associated dvl genes. Whereas chlorpyrifos administration to developing
rats evoked widespread alterations in expression of these genes, the PC12 cultures showed only
sporadic effects, limited to an increase in fzd9 at one time point in undifferentiated cells (Figure
7A) and a decrease in fzd5 at one time point in differentiating cells (Figure 7B).

DISCUSSION
The results presented here reinforce the hypothesis that organophosphate exposures below the
threshold for any symptoms of systemic toxicity or growth impairment, and just at or below
the threshold for any discernible anticholinesterase actions, nevertheless target neurotrophic
factors and their signaling pathways, effects that are highly likely to mediate many of the
neurodevelopmental anomalies evoked by these agents. In our earlier work with the FGF
family, we found that neonatal exposure to chlorpyrifos or diazinon both produced suppression
of one particular gene, fgf20, whereas diazinon elicited much larger effects on fgf2 than did
chlorpyrifos [79]. Here, in the PC12 model, we found significant decrements in fgf20
expression in both undifferentiated and differentiating cells, indicating that the actions seen in
vivo are indeed a direct effect of chlorpyrifos, rather than secondary actions mediated through
cell-to-cell communication in the developing brain, systemic toxicity or adverse physiological
or hormonal effects on the maternal-neonatal unit. Similarly, two other members of the FGF
family that were affected significantly (albeit to a lesser extent) by chlorpyrifos treatment in
vivo in our earlier study [79] showed parallel changes in PC12 cells, including fgf11 and
fgfr4. However, this relationship was not true for every fgf gene: fgf2 and fgf22 were
significantly reduced in vivo but not in vitro, whereas the PC12 model displayed effects on
fgf9, fgf12, fgf14, fgf17, fgf18, fgf23 and fgfr2 that were not observed with in vivo treatment.
It is thus obvious that there are direct effects of chlorpyrifos on the expression of a few, key
fgf family members, whereas other components are affected secondarily. Also, it is not
surprising that the PC12 model detects changes in gene expression beyond those seen with in
vivo organophosphate exposure. Within a given brain region, there are multiple types of
neurons and glia, each developing with a different maturational timetable, whereas PC12 cells
represent a uniform population undergoing coordinated differentiation into two specific
neurotransmitter phenotypes. Thus, in the intact brain, even marked effects on a specified cell
grouping may be rendered artifactually undetectable by inclusion of larger, unaffected
populations. Furthermore, the concentrations used for the in vitro exposures are higher than
those likely to occur in vivo. The results from PC12 cells thus provide additional information
about potential changes in gene expression that may be detected with microdissection of the
brain areas studied here, or alternatively may be applicable to effects seen at higher doses in
vivo. In any case, these findings strengthen our suggestion that interventions aimed at restoring
neurotrophic factor expression could ameliorate at least some aspects of the developmental
neurotoxicity of organophosphates [79], especially those targeting factors like fgf20 that are
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affected directly by chlorpyrifos or diazinon. As discussed in our earlier paper on the FGF
family [79], the deficits in fgf20 elicited by developmental exposure to organophosphates are
likely to play a key role in the subsequent deficits that emerge in catecholaminergic systems,
particularly for dopamine projections in the striatum. That paper discusses each of the affected
fgf genes and their implications for mechanistic contributions to organophosphate effects, so
the information will not be repeated here.

In contrast to our findings for the fgf family, earlier in vivo studies that utilized higher
chlorpyrifos exposures showed only modest effects on gene expression or protein
concentrations for BDNF and NGF [7,8,59], emphasizing that the effects of organophosphates
on neurotrophic factors are selective for certain families and members. In the present study,
we similarly found no significant effect on bdnf, ngfb, ngfg, ngfr or ngfrap1 after neonatal
exposure to low doses of chlorpyrifos or diazinon. However, we cannot rule out the possibility
of posttranscriptional alterations in BDNF and NGF protein, since they are secreted as
precursors and processed extracellularly to the active products [57]. Notably, though, we did
find changes in both bdnf and ngfg expression in the PC12 model, again suggestive of effects
that may be exerted on selective cell populations or at higher exposures in vivo [7,8]. This
interpretation is in keeping with a recent report of bdnf upregulation in the adult hippocampus
in response to frankly neurotoxic doses of a diethyldithiocarbamate [55], especially given that
these pesticides share many of the developmental neurotoxic profiles as the organophosphates
[18,53,76,94]. In our study, whereas chlorpyrifos decreased bdnf expression in undifferentiated
cells, it caused an increase during differentiation. In control cells, bdnf expression was
inherently higher in the undifferentiated state, so that the chlorpyrifos-induced alterations
tended to eliminate the normal developmental decrement in gene expression. This finding is
consistent with the peak sensitivity of neural cells to chlorpyrifos at the initiation of cell
differentiation [26,42,76], and may actually provide one of the seminal mechanisms by which
impaired differentiation occurs. Second, there was impairment of ngfg expression in both
undifferentiated and differentiating cells, again consistent with the decrements in ngf reported
after in vivo exposures to higher doses of chlorpyrifos [7,8]. The selective suppression of only
one out of the three ngf genes may have an important impact, since the γ subunit regulates the
binding of NGFβ to its receptors [99]. Given the vital role of NGF in neuronal differentiation
into the cholinergic phenotype [5,19,36], adverse effects on ngfg expression may contribute to
the particular sensitivity of these neurons to organophosphates [4,42,72,73]. Similarly, BDNF
plays critical roles in neuronal cell differentiation, brain development and synaptic plasticity
[51], and alterations in this trophic factor have been implicated in psychiatric diseases,
neurodegenerative disorders and epilepsy [34,35,44,67,68,83].

Our results for the ntf genes results clearly indicate that the direct impact of organophosphates
on neurotrophic factor expression extends beyond the fgf family. Chlorpyrifos evoked parallel
downregulation of ntf3 and its receptor, ntrk3, effects that were also observed in PC12 cells,
particularly after the start of differentiation. Diazinon exposure in vivo also downregulated
ntrk3 but failed to alter ntf3, indicating both a similarity and an important difference between
the two organophosphates. Even greater disparities were evident from the other neurotrophins
and related receptors: chlorpyrifos upregulated ntf5 expression both in vivo and in vitro,
whereas diazinon strongly downregulated the same gene. Although both agents suppressed
ntrk2, the receptor for both NTF5 and BDNF, this did not represent a direct effect of the
organophosphates, since we did not observe a corresponding effect with the PC12 model. The
results point to key divergences between chlorpyrifos and diazinon: just as we concluded earlier
for the FGF family [79] the two organophosphates elicit differing alterations in neurotrophic
factors that may ultimately contribute to disparities in the impact on neural pathways and
behavior. Indeed, we already have substantial evidence for differing susceptibilities and
damage to cholinergic and serotonergic pathways from neonatal chlorpyrifos exposure as
compared to diazinon [75–77,81]. In turn, the fact that the two agents diverge in important
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ways reinforces the fact that the developmental neurotoxicity does not depend solely on the
shared property of cholinesterase inhibition but rather reflects critical contributions of other
mechanisms such as effects on neurotrophic factors [77,79]. Indeed, recent studies reinforce
the separation of the effects observed here from those that depend on anticholinesterase effects:
chronic, intermittent chlorpyrifos exposures in adults that are nonsymptomatic but well above
the threshold for cholinesterase inhibition produce cognitive impairment in association with
deficits in ntrk1, a subtype that was unaffected in our studies with lower exposures in the
developing rat brain [90].

The targeting of ntrk2 and ntrk3 by both chlorpyrifos and diazinon, superimposed on the
deficiencies in ntf3 (diazinon) or ntf5 (chlorpyrifos) is particularly noteworthy. The two
tyrosine kinase receptors transduce neurotrophic signals from multiple inputs [21], and knock-
downs of ntrk2 and ntrk3 produce late-emerging impairments of catecholaminergic function
[95], precisely what is found with prenatal or neonatal chlorpyrifos exposure [3,80]. Other
results also point to a critical role for the deficits in ntrk expression as distinct from effects on
the neurotrophic factors that bind to receptors [20]. For ntf3, a deficit is likely to have
devastating consequences: knockouts of this gene produce death within a few weeks of birth,
whereas deletion of the ntf5 gene produces more subtle defects of neuronal structure and
function [21,50]. Here, too, knockdowns of ntf3 expression gives outcomes similar to those
seen with neonatal chlorpyrifos exposure, specifically involving shared effects on N-methyl-
D-aspartate receptors that mediate excitatory neurotoxicity [39,77,92]. Because the
organophosphates simultaneously target the neurotrophins as well as their receptors, their
ultimate effects are likely to be more widespread than with knock-downs of any single gene
[14,93].

Of the pathways we evaluated, the greatest changes were seen for the wnt and fzd families:
chlorpyrifos or diazinon treatment in vivo elicited statistically significant changes in expression
of 60–70% of the genes. For the wnt group, most of the effects in vivo were mirrored by parallel
effects on PC12 cells, implying a direct effect on developing neural cells, whereas the
homology was less evident for the fzd genes, indicating reactive or secondary effects for these
effectors downstream from wnt. Again, the main conclusion is that organophosphates directly
affect the expression of neurotrophic factors known to regulate brain development, involving
direct mechanisms separate from the secondary toxicity related to cholinergic hyperstimulation
consequent to cholinesterase inhibition. In contrast to the fgf and ntf families, however,
chlorpyrifos and diazinon had quite similar patterns of effects on wnt and fzd gene expression,
making it unlikely that these particular trophic factors contribute to disparate actions of the
two agents, and rather, they would be expected to participate in those outcomes that are
convergent.

The major changes in the wnt and fzd families elicited by organophosphate exposure may be
particularly important. Indeed, although they are not classical neurotrophic factors, both sets
of genes are critical for normal brain development [16,98] and specifically control the
architectural development of the hippocampus and neocortex [32,52,54,70,100], two areas that
are known to be targeted for disruption by organophosphates [1,65,72,73,91]. There is limited
information linking altered expression of specific members of the wnt and fzd families to
adverse neurobehavioral outcomes, but it is notable that wnt5a and fzd3, which we found to be
reduced by both chlorpyrifos and diazinon, are key determinants in establishing the
dopaminergic phenotype [12] and development of dopamine projections [96]. Here again, our
results provide strong evidence for parallel or interactive participation of the wnt and fzd
pathways with the fgf family, since we previously identified suppression of fgf members
associated with the ontogeny of dopamine systems [79], which are especially sensitive to
chlorpyrifos [3,25,76,78,80], and which likely underlie the association of organophosphate
exposure with the subsequent development of Parkinson’s Disease [43,47]. However, the
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potential impact of combined or overlapping disruption of fgf, wnt and fzd pathways during
critical developmental periods extends further, to include other neurodegenerative syndromes
or psychiatric disorders [10,13,15,71], such as schizophrenia [23,29,45,46,96]. The same
developmental mechanisms have been proposed to operate in the etiology of autism [27], a
disorder in which organophosphate exposure has been implicated [24,88]. Our results thus
provide some of the first mechanistic evidence to connect exposure to a specific set of
environmental neurotoxicants to the subsequent emergence of major neurodevelopmental
disorders [87,88].

Many of our findings also provide a mechanistic foundation for the regional selectivity seen
for the effects of organophosphates on the developing brain [72,73]. In fact, both the in vivo
and in vitro studies indicate important disparities that are likely to reflect the differing
maturational profiles of the various brain regions. Here, we compared the brainstem, which
develops earlier, and later-maturing forebrain, as well as undifferentiated vs. differentiating
PC12 cells. Both chlorpyrifos and diazinon suppressed the ntrk genes specifically in the
forebrain but not the brainstem, and whereas chlorpyrifos increased ntf5 in the forebrain,
diazinon instead decreased the same gene in the brainstem. Again, this points to expected
regional differences in the targeting of brain development by chlorpyrifos as compared to
diazinon. Similarly, the PC12 model showed opposite effects on bdnf expression in
undifferentiated vs. differentiating cells, implying that the maturational timetable for cells
within a given brain region will determine the net outcome of organophosphate exposure.
Similar examples are readily apparent from comparisons of each of the gene families between
the two brain regions or differentiation states for PC12 cells, e.g. wnt10b and fzd5 for the in
vivo studies, and fgf9, wnt10b and fzd9 for the in vitro studies.

There are a number of limitations to the current work. First, for the in vivo studies, we restricted
our analysis to males, primarily because of limited technical and financial considerations.
Certainly, the developmental neurotoxicity or organophosphates is known to have important
sex-selective components [2,48,64,73,74,78,80], and it is likely that transcriptional profiles
will similarly exhibit major sex disparities, a subject for future study. Similarly, the PC12
model does not permit distinction of effects that interact with sex, a clear limitation of
comparing in vitro to in vivo findings. Further, we evaluated only one of the two agents with
the in vitro approach, focusing on chlorpyrifos because much more is known about its
developmental neurotoxicity than diazinon [60,72,73]. Nevertheless, the basic similarities
between effects in neonatal rats and in the cell culture system point to mechanistic conclusions
that can be garnered despite these restrictions. As a second limitation, we did not evaluate do
parallel RT-PCR evaluations of the gene changes identified on the microarrays. Verification
is typically required for array studies in which all the genes on the array are evaluated, a small
number found to be positive, and there are a large number of false positives (e.g. the >2000
genes that would be false positives if we had considered all 42,000 probes on the array). The
PCR technique is then required to ensure that the gene changes identified on the arrays are not
among the false positives. For our study, we did a planned comparison of only a handful genes
that would generate only 2–3 false positives, and we found alterations in over 60% of these
genes, and for interpretation, relied primarily on multiple gene changes in a given pathway, as
well as effects that were repeated across different treatments and/or different regions, rather
than changes in any one gene. The odds of all those genes being false positives is astronomically
small. However, even for individual genes, there were multiple probes and multiple spots on
a given array (see Methods), so the changes cannot be “chance.” Unlike typical array studies,
where a single sample derived from multiple animals might be evaluated, we evaluated
individual animals and tissues, so again it is inconceivable that one could statistically produce
these outcomes by accident.
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In conclusion, our results suggest that organophosphate pesticides disrupt brain development
through contributory actions on the expression of critical neurotrophic factors and their
receptors and signaling pathways that govern neuronal cell differentiation. The impact of these
agents on neurotrophic regulation provides an underlying mechanism for effects independent
of cholinesterase inhibition, thus providing explanations for the targeting of brain development
at otherwise subtoxic exposures, for disparate effects of the different organophosphates, for
regional selectivity of the effects, and for the varied outcomes that depend upon the specific
developmental period in which exposure occurs. In the long run, identification of the specific
mechanisms underlying the developmental neurotoxicity of organophosphates or of related
and unrelated toxicants can point toward the design of interventions that modulate neurotrophic
factors so as to ameliorate or reverse damage to the developing brain.
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Figure 1.
Effects of chlorpyrifos exposure in vivo (postnatal days 1–4, 1 mg/kg/day) on expression of
genes encoding the neurotrophins and their receptors, shown as the percentage change from
control values (Table 1). Asterisks shown below each gene denote a significant main treatment
effect. Daggers denote genes for which a treatment × region interaction was detected and show
the individual regions for which treatment effects were present. Multivariate ANOVA
(treatment, all genes, both regions) indicates a main effect of treatment (p < 0.04) and
interactions of treatment × gene (p < 0.03) and treatment × region × gene (p < 0.1).
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Figure 2.
Effects of diazinon exposure in vivo (postnatal days 1–4) at 1 mg/kg/day (A) or 2 mg/kg/day
(B) on expression of genes encoding the neurotrophins and their receptors, shown as the
percentage change from control values (Table 1). Asterisks shown below each gene denote a
significant main treatment effect. Daggers denote genes for which a treatment × region
interaction was detected and show the individual regions for which treatment effects were
present. Multivariate ANOVA (treatment, all genes, both regions) indicates a significant
interaction of treatment × region × gene (p < 0.05).
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Figure 3.
Effects of chlorpyrifos exposure in vivo (postnatal days 1–4, 1 mg/kg/day) on expression of
wnt and fzd genes and genes associated with their signaling pathways (dkk and dvl,
respectively), shown as the percentage change from control values (Table 1). Asterisks shown
below each gene denote a significant main treatment effect. Daggers denote genes for which
a treatment × region interaction was detected and show the individual regions for which
treatment effects were present. Multivariate ANOVA (treatment, all genes, both regions)
indicates a main effect of treatment (p < 0.04) and interactions of treatment × gene (p < 0.0001)
and treatment × region × gene (p < 0.03).
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Figure 4.
Effects of diazinon exposure in vivo (postnatal days 1–4) at 1 mg/kg/day (A) or 2 mg/kg/day
(B) on expression of wnt and fzd genes and genes associated with their signaling pathways
(dkk and dvl, respectively), shown as the percentage change from control values (Table 1).
Asterisks shown below each gene denote a significant main treatment effect. Daggers denote
genes for which a treatment × region interaction was detected and show the individual regions
for which treatment effects were present. Multivariate ANOVA (treatment, all genes, both
regions) indicates a main effect of treatment (p < 0.0002) and interactions of treatment × gene
(p < 0.0001) and treatment × region × gene (p < 0.1).
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Figure 5.
Effects of chlorpyrifos exposure in PC12 cells in vitro (30 μM) on expression of genes encoding
the neurotrophins and their receptors, shown as the percentage change from control values
(Table 2): (A) ntf and ntrk genes, (B) bdnf and ngf genes. Studies were conducted at two time
points (24h, 72h) in undifferentiated cells and in cells undergoing NGF-induced differentiation.
Asterisks shown below each gene denote a significant main treatment effect. Daggers denote
genes for which a treatment × time interaction was detected and show the individual times for
which treatment effects were present. Multivariate ANOVA (treatment, all genes,
differentiation state, time) indicates a significant main effect of treatment (p < 0.002) and
interactions of treatment × state (p < 0.05), treatment × gene (p < 0.0001) and treatment × state
× gene × time (p < 0.07).
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Figure 6.
Effects of chlorpyrifos exposure in PC12 cells in vitro (30 μM) on expression of genes encoding
the FGFs and their receptors, shown as the percentage change from control values (Table 2):
(A) undifferentiated cells, (B) cells undergoing NGF-induced differentiation. Asterisks shown
below each gene denote a significant main treatment effect. Daggers denote genes for which
a treatment × time interaction was detected and show the individual times for which treatment
effects were present. Multivariate ANOVA (treatment, all genes, differentiation state, time)
indicates a significant main effect of treatment (p < 0.002) and interactions of treatment × gene
(p < 0.02), treatment × gene × time (p < 0.1) and treatment × state × gene × time (p < 0.008).
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Figure 7.
Effects of chlorpyrifos exposure in PC12 cells in vitro (30 μM) on expression of genes encoding
the wnt and fzd families and their signaling partners, shown as the percentage change from
control values (Table 3): (A) undifferentiated cells, (B) cells undergoing NGF-induced
differentiation. Asterisks shown below each gene denote a significant main treatment effect.
Daggers denote genes for which a treatment × time interaction was detected and show the
individual times for which treatment effects were present. Multivariate ANOVA (treatment,
all genes, differentiation state, time) indicates a significant × treatment interaction (p < 0.0001).
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TABLE 1
GENE EXPRESSION IN BRAIN REGIONS OF CONTROL RATS

Name Gene Genbank Brainstem Forebrain
neurotrophic factor 3* ntf3 NM031073 0.86 ± 0.06 1.44 ± 0.13
neurotrophic factor 5* ntf5 NM013184 1.28 ± 0.08 0.90 ± 0.03

neurotrophic tyrosine kinase receptor 1 (trkA) ntrk1 NM021589 1.04 ± 0.03 0.98 ± 0.01
neurotrophic tyrosine kinase receptor 2 (trkB)* ntrk2 BG669126 1.13 ± 0.03 0.80 ± 0.05
neurotrophic tyrosine kinase receptor 3 (trkC) ntrk3 BF398.408 1.07 ± 0.10 1.07 ± 0.16

brain-derived neurotrophic factor* bdnf NM012513 1.56 ± 0.09 0.78 ± 0.04
nerve growth factor β ngfb XM227525 1.07 ± 0.07 0.97 ± 0.03
nerve growth factor γ* ngfg NM031523 1.15 ± 0.09 0.84 ± 0.05

nerve growth factor receptor* ngfr NM012610 1.15 ± 0.06 0.88 ± 0.05
nerve growth factor receptor associated protein 1 ngfrap1 NM053401 1.03 ± 0.02 0.96 ± 0.05

wingless-type 1 wnt1 XM235639 1.02 ± 0.11 1.04 ± 0.03
wingless-type 2 wnt2 XM575397 1.03 ± 0.03 1.06 ± 0.04

wingless-type 2B* wnt2b AF204873 1.76 ± 0.09 0.58 ± 0.01
wingless-type 4 wnt4 NM053402 1.27 ± 0.02 0.79 ± 0.03

wingless-type 5A wnt5a NM022631 1.10 ± 0.09 0.76 ± 0.08
wingless-type 7A wnt7a XM342723 0.95 ± 0.04 1.03 ± 0.02
wingless-type 7B wnt7b NM001009695 1.01 ± 0.04 1.03 ± 0.08
wingless-type 8A wnt8a XM226051 1.00 ± 0.07 1.25 ± 0.13
wingless-type 9A wnt9a XM220556 1.16 ± 0.05 1.16 ± 0.11
wingless-type 9B wnt9b XM221015 1.30 ± 0.14 1.25 ± 0.15

wingless-type 10A wnt10a XM237296 1.20 ± 0.09 1.03 ± 0.05
wingless-type 10B wnt10b XM235636 1.03 ± 0.06 0.90 ± 0.06

dickkopf homolog 1* dkk1 XM219804 1.02 ± 0.01 0.73 ± 0.08
dickkopf homolog 3* dkk3 NM138519 0.92 ± 0.02 1.05 ± 0.03
frizzled homolog 1* fzd1 NM021266 1.44 ± 0.04 0.79 ± 0.01
frizzled homolog 2 fzd2 NM172035 1.00 ± 0.02 0.99 ± 0.04
frizzled homolog 3 fzd3 NM153474 1.09 ± 0.09 1.14 ± 0.18
frizzled homolog 5* fzd5 NM173838 1.33 ± 0.13 0.91 ± 0.05
frizzled homolog 7 fzd7 XM237191 0.92 ± 0.11 0.79 ± 0.06
frizzled homolog 9 fzd9 NM153305 1.18 ± 0.07 1.08 ± 0.07

dishevelled 1 dvl1 NM031820 1.00 ± 0.03 0.90 ± 0.04
dishevelled 2* dvl2 XM239254 0.89 ± 0.02 1.07 ± 0.01

Values are given as mean±S.E. of normalized gene expression ratios to the standard mRNA (see Materials and Methods).

*
Significant difference between brainstem and forebrain.
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