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Abstract
Unrelated developmental neurotoxicants nevertheless converge on common functional and
behavioral outcomes. We used PC12 cells, a model of neuronal development, to explore similarities
and differences for organophosphate pesticides (chlorpyrifos, diazinon), an organochlorine pesticide
(dieldrin) and a metal (Ni2+), focusing on transcriptional profiles related to their differentiation into
acetylcholine, dopamine and norepinephrine phenotypes. Agents were introduced at 30 μM for 24
or 72 hr, treatments devoid of cytotoxicity. Using microarrays, we examined the mRNAs encoding
the proteins involved in neurotransmitter biosynthesis, storage, and degradation, along with the
complete panoply of receptors for each transmitter. All three pesticides evoked concordant patterns
of effects on genes involved in neural growth and neurite extension, with a distinctly different pattern
for Ni2+. All four toxicants promoted differentiation into the dopamine phenotype at the expense of
the acetylcholine phenotype, involving separable effects of each agent on the various gene families;
however, there were major differences in the ability of each to promote or repress the norepinephrine
phenotype. Chlorpyrifos and diazinon, although displaying many similarities in their transcriptional
profiles, also showed major disparities in keeping with their known differences in synaptic and
behavioral outcomes after neonatal exposures to these agents in vivo. Surprisingly, there were closer
similarities among diazinon, dieldrin and Ni2+ than for each agent to chlorpyrifos. Our results
illustrate how cell culture systems, combined with microarray technology, can screen for
developmental neurotoxicants, serving as a model for alternative approaches to the detection and
characterization of the impact of exogenous chemicals on brain development.
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Introduction
Rather than following a preordained fate, developing neurons display plasticity of the choice
of neurotransmitter phenotypes, so that alterations of synaptic activity and expression of
neurotrophic factors can influence the “wiring” of developing neuronal circuits [5,12,13,27].
Consequently, exposure to environmental contaminants that promote or interfere with synaptic
activity or expression/function of neurotrophins can result in miswiring, leading to
neurobehavioral anomalies. In that manner, otherwise unrelated agents might converge on
common endpoints by augmenting or impairing neural activity, or by eliciting similar
alterations at the level of trophic factors. The organophosphate pesticide, chlorpyrifos, provides
a prime example of how these events take place. Chlorpyrifos exposure in the fetus or neonate
differentially activates and suppresses acetylcholine (ACh) and monoamine systems [48,49,
51], and also has profound effects on expression and function of several families of
neurotrophic factors [10,11,39,62-64]; this agent evokes inappropriate choices of
neurotransmitter phenotypes in the developing brain, producing mismatches between
presynaptic innervation and postsynaptic target receptors [1,2,4,23,31,37,51,54,57,59-61,65].

The developmental neurotoxicity of the organophosphates depends on mechanisms unrelated
to their shared property as cholinesterase inhibitors [16,20,43,48,49,51], and consequently,
there are major differences in the outcomes from exposure to agents such as diazinon or
parathion as compared to chlorpyrifos [32,44,47,52,53,55,57,58,60,62,63,66,69,70]. In several
recent studies, we examined the similarities and differences in the effects on trophic factors
among developmental neurotoxicants within the organophosphate class as well as other classes
[62-64] and found major disparities in the effects of chlorpyrifos and diazinon that could
account for dissimilar outcomes; but in addition, we found surprising concordance between
the effects of diazinon and the organochlorine pesticide, dieldrin [57,64]. In the current study,
we explore whether these underlying effects on trophic factors dictate the differences and
similarities in developmental decision-making directed toward neurodifferentiation and
neurotransmitter phenotype. We chose to study PC12 cells, a standard in vitro model for
neuronal development [68] that has already been shown to mimic the mechanisms and
outcomes underlying organophosphate-induced developmental neurotoxicity in rodent models
of neonatal exposure [7,8,21,22,24,25,31,32,38,41,44,45,56,57,63,64,67,71]. With the
introduction of nerve growth factor (NGF), PC12 cells differentiate to form neuritic projections
and the phenotypic characteristics of ACh and catecholamine (CA) neurons, the latter primarily
involving dopamine, and to a lesser extent, norepinephrine [26,67,68]. Besides the
organophosphates and dieldrin, we also evaluated the effects of a metal, Ni2+, for contrast with
the pesticides, since we previously found that chlorpyrifos, diazinon, dieldrin and Ni2+ all
promote the dopamine phenotype at the expense of the ACh phenotype, but likely through
different underlying mechanisms [31,57]. Here, we examined the transcriptional profiles of
the entire family of genes related to these phenotypes to reveal the underlying events and to
identify the mechanisms that drive the similarities and differences among developmental
neurotoxicants.

Aside from their importance in testing our hypothesis, all four agents studied here appear on
the registry of Superfund Chemicals [74] and thus represent significant environmental
concerns. For diazinon, exposures of inner-city women during pregnancy are comparable to
those seen with chlorpyrifos [76]. Organochlorines such as dieldrin produce fetal neural
damage [75], in part through their interaction with GABAA receptors [14] but also through
other mechanisms such as oxidative stress [34,35]. Because PC12 cells do not express
GABAA receptors [28,72], any similarities in effects between dieldrin and other agents will
perforce reflect these additional mechanisms which are more likely to represent convergent
targets for otherwise unrelated chemicals. Nickel compounds readily cross the placenta and
accumulate in fetal tissues, including the brain, at concentrations (up to 2 μg/g) comparable to
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that of lead [15], greatly exceeding maternal levels [30]. Although there is little information
about the developmental neurotoxicity of Ni2+, it shares similar properties with lead and
cadmium for blockade of calcium channels [9], specifically involving events in
neurodifferentiation [42]. We recently showed similarities between the effects of Ni2+ on
neurotransmitter choice in PC12 cells and those elicited by the organophosphates in the same
model [57].

Materials and Methods
Cell cultures

Because of the clonal instability of the PC12 cell line [26], the experiments were performed
on cells that had undergone fewer than five passages. As described previously [46,67], 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% inactivated fetal bovine serum (Sigma), and 50 μg/ml
penicillin streptomycin (Invitrogen). Incubations were carried out with 7.5% CO2 at 37°C,
standard conditions for PC12 cells. To initiate neurodifferentiation [31,57,68] twenty-four
hours after seeding, the medium was changed to include 50 ng/ml of 2.5 S murine NGF
(Invitrogen). Along with the NGF, we added 30 μM of each of the test agents: chlorpyrifos
(Chem Service, West Chester, PA), diazinon (Chem Service), dieldrin (Chem Service) or
NiCl2 (Sigma). The concentration was chosen from earlier studies that demonstrated adverse
effects on differentiation of PC12 cells without outright cytotoxicity [32,44,57,63]. Because
of the limited water solubility of the three insecticides, these agents were dissolved in
dimethylsulfoxide (final concentration 0.1%), which was also added to the control cultures and
to cultures containing NiCl2; this concentration of dimethylsulfoxide has no effect on PC12
cell growth or differentiation [44,46,67]. Cultures were examined 24 and 72 hr after
commencing exposure, with 5-8 independent cultures evaluated for each treatment at each time
point. We used two time points so as to be able to evaluate changes in gene expression
regardless of whether the mRNA for a given gene has a rapid turnover (and hence can rise
rapidly) or a slower turnover that would require a longer period to show corresponding
increases or decreases. For chlorpyrifos, we evaluated the effects both on undifferentiated cells
and during NGF-induced differentiation, whereas for the other agents, we studied only the
effects during differentiation.

Microarray determinations
Our earlier studies detailed all the techniques for mRNA isolation, preparation of cDNA,
conversion to cRNA incorporating cyanine-3 (reference RNA) or cyanine-5 (sample RNA),
verification of RNA purity and quality, hybridization to the microarrays, washing and scanning
[60,62,63]. These all involve commercial kits and standardized procedures, and since the
current studies were done identically, the techniques will not be described here. The mRNA
used for the reference standard was created by pooling aliquots from each of the samples in
the study so as to ensure measurable levels of all genes expressed over the background.
Similarly, array normalizations and error detection were carried out by standard procedures
described previously [60,62,63]. We used Agilent Whole Rat Genome Arrays (Agilent
Technologies, Palo Alto, CA), type G4131A for the studies of chlorpyrifos in undifferentiated
and differentiating cells, and type G4131F for the studies of diazinon, dieldrin and nickel in
differentiating cells. The two chips contain exactly the same sequences but the latter has a
lower detection threshold; however, all the genes reported here passed the quality control filters
with both arrays.
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For many 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 [60,62].

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
treatments can be compared. Accordingly, results are presented as means and standard errors
of the percentage change from control values to allow for visual comparison of the effects
across families of genes. 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 multiple planned comparisons of four agents at two time points, as well
as the effects on one agent (chlorpyrifos) in undifferentiated vs. differentiating states. It was
therefore important to consider the false positive rate and to protect against the increased
probability of type 1 errors engendered by 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: treatment, 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 at
a single time point were evaluated with Fisher's Protected Least Significant Difference.
However, for a given gene where there was no interaction of treatment with other variables
(time, differentiation state), only the main treatment effect was reported without subtesting of
effects at a single time point. Treatment effects were considered significant at p < 0.05 (two-
tailed, since we were interested in both increases and decreases in gene expression). 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; at the criterion of p < 0.05, one gene out of
every 20 tested can be expected to show a difference at random. Finding a significant decrease
in the incidence of detected differences relative to the false positive rate would be biologically
implausible and statistically meaningless. Finally, concordance of patterns of effects between
different agents was evaluated by linear regression analysis.

Results
Because the comparison between effects on undifferentiated and differentiating cells were
conducted with only one agent (chlorpyrifos), we performed two sets of global statistical tests.
For the evaluations of chlorpyrifos, ANOVA incorporating all factors (treatment,
differentiation state, time, gene) identified interactions of treatment × time (p < 0.02), treatment
× gene (p < 0.0001), treatment × state × gene (p < 0.0001), treatment × time × gene (p < 0.05)
and treatment × state × time × gene (p < 0.0001). For the entire set of 57 genes, we found 37
showing significant differences, as compared to a predicted false positive rate of <3 genes (p
< 10-11). The significant relationships held up for the two major subdivisions as well. For ACh-
related genes, there were 17 showing significant differences out of a total of 26 (p < 0.00001),
and for CA-related genes, there were 18 out of 27 (p < 10-6). For the study of diazinon, dieldrin
and Ni2+ conducted in differentiating cells, global ANOVA (factors of treatment, gene, time)
identified a main effect of treatment (p < 0.0001) and interactions of treatment × time (p <
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0.05), treatment × gene (p < 0.0001) and treatment × time × gene (p < 0.0001). Out of 57 total
genes, we found significant differences for 43 (p < 10-14 vs. the predicted false positive rate);
for ACh-related genes, 19 showed significant differences out of 26 (p < 10-6), and for CA-
related genes, there were differences for 20 out of 27 (p < 10-7). In light of the interactions of
treatment with the other variables, we divided the data into the separate treatments for
presentation, with genes grouped by functional relationships to growth processes or
neurotransmitter phenotypes.

Growth-related genes
We evaluated four genes directly related to neuronal growth and to the development of neuritic
projections that accompanies differentiation: growth-associated protein 43 (gap43) and the
light (nfl), medium (nef3) and heavy (nefh) neurofilament polypeptides. Exposure of either
undifferentiated or differentiating cells to chlorpyrifos evoked upregulation of both nfl and
nef3, while leaving gap43 and nefh unaffected (Figure 1A). There were distinct similarities to
the effects of diazinon, which also increased nef3 (Figure 1B) and dieldrin, which enhanced
both nfl and nef3 (Figure 1C), although the latter also evoked a small but significant reduction
in nefh expression. In contrast, exposure to Ni2+ suppressed both gap43 and nef3 (Figure 1D),
effects that were not seen with any of the other agents.

ACh-related genes
For genes involved in ACh synthesis, storage and degradation, we evaluated choline
acetyltransferase (chat), the high-affinity presynaptic choline transporter (slc5a7), the low-
affinity choline transporter that also transports creatine (slc6a8), the vesicular ACh transporter
(slc18a3), and three cholinesterases, acetylcholinesterase (ache), the glycolipid-anchored form
of acetylcholinesterase (hache) and butyrylcholinesterase (bche). Chlorpyrifos exposure
strongly suppressed expression of chat and sl5a7, regardless of whether cells were in the
undifferentiated or differentiating state (Figure 2A). There were small, but significant
increments in slc6a8, slc18a3 and ache, whereas bche showed robust downregulation limited
to undifferentiated cells. Like chlorpyrifos, diazinon evoked significant suppression of chat
and smaller increases in slc6a8 and slc18a3 (Figure 2B); however, this organophosphate did
not cause significant changes in any of the cholinesterase genes. Unlike the organophosphates,
dieldrin failed to alter chat but did evoke upregulation of slc6a8 and slc18a3 (Figure 2C). On
the other hand, the response to Ni2+ was completely unique, with strong downregulation of
slc18a3 and a small, significant decrease in ache (Figure 2D).

For muscarinic ACh receptor genes, we obtained measurements for subtypes 1 through 5:
chrm1, chrm2, chrm3, chrm4 and chrm5. Chlorpyrifos exposure affected expression of four
out of the five subtypes (Figure 3A). In undifferentiated cells, there was strong suppression of
chrm1, but the same subtype was upregulated when chlorpyrifos exposure occurred during
differentiation. Regardless of differentiation state, chlorpyrifos evoked upregulation of
chrm2 expression and downregulation of chrm3. For chrm5, chlorpyrifos likewise evoked
major reductions but only when exposure occurred during differentiation. The effects of
diazinon on muscarinic ACh receptor gene expression in differentiating cells showed both
similarities to, and differences from those of chlorpyrifos (Figure 3B). Diazinon evoked
downregulation of both chrm1 and chrm2 but failed to affect chrm5. Further, diazinon evoked
a small, but significant increase in chrm4 that was not obtained with chlorpyrifos. Even though
it belongs to an unrelated chemical class, dieldrin exposure actually elicited some changes that
were similar to those of diazinon, notably decreases in chrm1 and chrm2 (Figure 3C); however,
dieldrin downregulated chrm4 and strongly upregulated chrm5, effects in the opposite direction
from those obtained with diazinon (chrm4) or chlorpyrifos (chrm5). For this set of genes,
Ni2+ exposure elicited some of the very same changes as seen with diazinon or dieldrin (Figure
3D): marked suppression of both chrm1 and chrm2, as well as downregulation of chrm4.
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Results were obtained for eight of the nicotinic ACh receptor α-subunits: chrna2, chrna3,
chrna4, chrna5, chrna6, chrna7, chrna9 and chrna10. Chlorpyrifos evoked major changes in
gene expression that were highly dependent on differentiation state and restricted to specific
subtypes (Figure 4A); some of these effects were substantially larger than those seen with other
agents, so the reader should note that the scale in the graph for chlorpyrifos encompasses twice
the range as for the others. In general, changes were much larger in undifferentiated cells, where
chlorpyrifos downregulated chrna2 and upregulated chrna4 and chrna10 (Figure 4A);
chrna9 showed a highly time-dependent change, with a large increase after 24h of exposure
and an equally large decrease after 72h. In differentiating cells, chlorpyrifos evoked a small
downregulation of chrna5, a large increase in chrna10, and a time-dependent change (decrease,
then increase) in chrna9. The pattern obtained with exposure of differentiating cells to diazinon
was completely different (Figure 4B). Three of the subtypes unaffected by chlorpyrifos showed
significant decrements with diazinon (chrna2, chrna3, chrna7) and one other (chrna4) showed
a time-dependent change (increased at 24h, decreased at 72h). Unlike chlorpyrifos, diazinon
failed to evoke any change in expression of either chrna9 or chrna10, but did share a similar
suppression of chrna5. The response to dieldrin exposure was quite similar to that of diazinon
(Figure 4C): decreased expression of chrna2, chrna3 and chrna5 and a time-dependent change
in chrna4, (initial increase disappearing by 72h). However, dieldrin evoked a small, significant
upregulation of chrna7, the opposite effect to that seen with diazinon. Exposure to Ni2+ also
produced decrements in chrna2 and chrna3 expression akin to those obtained with diazinon
or dieldrin, and elicited decreases in two other subtypes (chrna4, chrna7) that were similarly
affected by diazinon but not dieldrin, (Figure 4D). Uniquely, Ni2+ also produced a decrease in
chrna10.

Of the remaining nicotinic ACh receptor components, we obtained measurements for three β-
subunits (chrnb2, chrnb3, chrnb4) as well as the δ, ε and γ subunits (chrnd, chrne, chrng,
respectively). Chlorpyrifos exposure (Figure 5A) produced robust upregulation of chrnb3 and
had effects on chrne that depended highly on whether cells were undifferentiated (decreased
expression) or undergoing differentiation (increased expression at 24h). The effects of diazinon
were dissimilar, with significant decrements in chrnb4 and chrng, and a time-dependent
increase (24h) in chrnd (Figure 5B); like chlorpyrifos, diazinon evoked an initial rise in
chrne expression, but the effect was much smaller and then showed a significant decrease after
72h of exposure. Exposure of differentiating cells to dieldrin evoked two changes that were
similar to those of diazinon, decreases in chrnb4 and chrng, but it failed to affect chrne (Figure
5C). The effect of dieldrin on chrnd bore some resemblance to that of diazinon, namely a drop
between 24h and 72h; however, for diazinon, the value at 24h was significantly elevated, so
the subsequent decrease reduced the 72h value nonsignificantly, whereas there was no initial
increase with dieldrin and a significant decrement at 72h. Exposure to Ni2+ also evoked a deficit
in chrnb4 and chrng expression similar to those seen with diazinon or dieldrin (Figure 5D);
Ni2+ significantly reduced chrnb3, an effect that was not significant for the other two agents,
but it should be noted that the nonsignificant effects were in the same direction and were not
themselves statistically distinguishable from the significant decrement obtained with Ni2+.
However, the reduction in chrnb3 was clearly different from the effect of chlorpyrifos, which
instead elicited a significant increase.

Catecholamine-related genes
We evaluated 11 genes related to CA synthesis and storage: tyrosine hydroxylase (th),
dopamine β-hydroxylase (dbh), the presynaptic high-affinity norepinephrine transporter
(slc6a2), the presynaptic high-affinity dopamine transporter (slc6a3), the vesicular monoamine
transporter (slc18a1, slc18a2), chromogranins A and B (chga, chgb), monoamine oxidase A
and B (maoa, maob) and catechol-O-methyltransferase (comt). Chlorpyrifos exposure evoked
significant upregulation of both of the genes directly involved in CA biosynthesis (th, dbh) as
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well as the presynaptic norepinephrine transporter (slc6a2), whereas for the dopamine
transporter (slc6a3), the effects were highly dependent on differentiation state and time (Figure
6A); chlorpyrifos evoked initial upregulation of slc6a3 in differentiating cells, followed by
suppression at 72h. For the genes encoding the vesicular monoamine transporter, chlorpyrifos
evoked a small reduction in slc18a1 in differentiating cells, a strong suppression of slc18a2 in
undifferentiated cells, and a robust initial upregulation of the latter during differentiation. There
were small increases in the chromogranins (significant for chga, nonsignificant for chgb
because of slightly higher variability) and comt. With diazinon, there was a similar upregulation
of th, but dbh expression was reduced instead of being increased (Figure 6B). The same
dichotomy was evident in the effects of diazinon on the presynaptic transporters: diazinon
failed to upregulate slc6a2 but markedly increased slc6a3. Also unlike chlorpyrifos, diazinon
reduced expression of both of the vesicular transporter genes (slc18a1, slc18a2), as well as
chgb, maob and comt. The pattern obtained with dieldrin was similar to that of diazinon in
many respects: upregulation of th and slc6a3, and decreases in dbh, slc18a1 and chgb (Figure
6C). However, dieldrin evoked a reduction in slc6a2 and an increase in comt instead of a
decrease, and failed to alter maob. Like the other three agents, Ni2+ evoked a significant
increase in th expression but dbh was neither up- nor downregulated (Figure 6D). This agent
also elicited significant elevations in slc18a1 and both of the chromogranins (chga, chgb), as
well as reductions in slc6a2 and comt.

Next, we evaluated the genes encoding five of the dopamine receptor subtypes: drd1a, drd2,
drd3, drd4 and drd5. Chlorpyrifos exposure evoked upregulation of drd1a expression in both
undifferentiated and differentiating cells, with a stronger effect in the former (Figure 7A).
Similarly, the drd3 subtype showed small, but significant increases in response to chlorpyrifos
in undifferentiated PC12 cells but not when cells were differentiating. In contrast, exposure of
differentiating cells to any of the other agents produced dissimilar responses: diazinon's effect
was limited to transient downregulation of drd2 (Figure 7B), whereas dieldrin upregulated
drd3 (Figure 7C) and Ni2+ suppressed drd4 and drd5 (Figure 7D).

We assessed multiple subforms of the α- and β-adrenergic receptors, along with two of the β-
receptor kinases that modulate the coupling of these receptors to G-proteins: adra1a, adra1b,
adra2a, adra2b, adra2c, adrb1, adrb2, adrb3, adrbk1 and adrbk2. The effects of chlorpyrifos
were highly dependent on differentiation state (Figure 8A). In undifferentiated cells,
chlorpyrifos evoked strong upregulation of adra1a, adra1d and adrb2, with lesser effects on
adra2a (increase), adrb3 (decrease) and adrbk2 (decrease). However, in differentiating cells,
the same agent decreased the expression of adra1a and adra1d, and induced adrb2, an effect
not seen in the undifferentiated state. For three of the genes, adra2a, adrb3 and adrbk2,
chlorpyrifos evoked the same changes regardless of whether the cells were undifferentiated or
differentiating. With dieldrin exposure, the changes were far less notable, limited to a transient
decrease in adrb3 expression (Figure 8B), one of the genes that was also decreased by
chlorpyrifos. Dieldrin showed yet another pattern, with a small but significant decrease in
adra2b, a transient increase in adrb1, a decrement in adrb2, and a minor rise in adrbk1 (Figure
8C). With Ni2+ exposure, we saw much more widespread changes: a transient decrease in
adra1b, elevations in adra2a and adra2c, strong suppression of adrb2, and a small rise in
adrbk1 (Figure 8D).

Discussion
Our results indicate a number of key findings about the underlying mechanisms and
interrelationships among diverse developmental neurotoxicants. First, all four agents affected
differentiation into neuronal phenotypes in a manner distinct from their effect on general cell
differentiation and neuritic outgrowth. Second, although they each elicited different
transcriptional patterns, the effects were all consistent with a switch from the ACh to one or
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both of the CA phenotypes, the same conclusion reached from comparisons of their effects on
enzymatic activity of tyrosine hydroxylase and choline acetyltransferase [31,57]. Third, and
perhaps most interestingly, the transcriptional profiles readily explain many of the observed
differences in outcomes from exposure to chlorpyrifos vs. diazinon in vivo [32,44,47,52,53,
55,57,58,60,62,63,66,69,70], and at the same time predict that neonatal exposure to dieldrin
will have effects quite similar to those of diazinon, even though the two compounds are
otherwise unrelated. For the latter conclusion, correlation analysis provides a convenient way
of summarizing these types of relationships (Table 1). Using the values for all of the genes and
time points, we identified a small, but significant correlation between the effects of chlorpyrifos
and diazinon, and essentially no relationship between chlorpyrifos and the other two agents.
In contrast, the best correlation was between the effects of diazinon and dieldrin; the worst
correlations, not surprisingly, were for any of the agents in relation to Ni2+. In discussing each
of the sets of data, we will further utilize correlation analysis to emphasize similarities and
differences involving separate families of genes.

For chlorpyrifos, there was relatively little relationship (r = 0.08, not significant) between
responses in the undifferentiated state vs. cells undergoing differentiation when considering
all of the genes we evaluated. This is consistent with previous observations of a peak of
vulnerability to chlorpyrifos during the initial stages of differentiation [31,44,45,57,67], which
corresponds to the critical window for targeting of brain development in vivo [3,4,40,48,49,
51]. On the other hand, there was a highly consistent effect for undifferentiated vs.
differentiating cells on the values for the genes that specifically define the emergence of the
ACh phenotype, chat, sl5a7 and slc18a3: r = 0.93, p < 0.008. This relationship represented
primarily a suppression of the ability to synthesize ACh, since there were overall reductions
in the genes for chat, the enzyme required for ACh biosynthesis, and for sl5a7, the high-affinity
presynaptic choline transporter that represents the rate-limiting factor in ACh biosynthesis
[18,36]. The other ACh-related genes, although representative of the emergence of neuronal
characteristics, are not selective for the ACh phenotype, since the low-affinity choline/creatine
cotransporter, the cholinesterases and cholinergic receptors are all associated with ACh target
cells as well as ACh neurons themselves. In contrast to the positive results for the ACh
phenotypic genes, we did not observe a significant overall correlation for effects of chlorpyrifos
in the undifferentiated state vs. differentiating cells for the corresponding set of genes related
to CA synthesis and storage (th, dbh, slc6a2, alc6a3, slc18a1, slc18a2). That is not to say that
there were not significant effects, but only that there is no overall coordination of the effects
among the entire set of phenotype-specific genes. Chlorpyrifos did cause a parallel
upregulation of four of the genes defining the CA phenotype in both undifferentiated and
differentiating cells (th, dbh, slc6a2, comt), but those relationships did not hold for the
remaining key genes (slc6a3, slc18a1, slc18a2). As for ACh, we evaluated many other CA-
related genes that are not expressed solely in CA neurons: monoamine oxidase is a ubiquitous
mitochondrial protein; the chromogranins, although directly involved in CA storage, are found
in many other secretory granules and are actually prohormones [77]; and the dopamine and
adrenergic receptors, like the ACh receptors, are also expressed on the target cells for CA
neurons. Our findings for the key genes for ACh and CA phenotypes thus provide important
clues as to one of the important outcomes of chlorpyrifos exposure in vivo: a net switch from
the ACh to the CA phenotype that will, perforce, produce miswiring of neuronal circuits.

During neurodifferentiation, chlorpyrifos exposure disrupts the patterns of neuritic outgrowth,
promoting dendrite formation at the expense of axonogenesis [29,78]. Here, we found
upregulation of the genes commonly associated with the lower molecular weight neurofilament
proteins that concentrate in the shorter projections (nfl, nef3), with essentially no change in the
heavy neurofilament protein (nefh) or in gap43, which is associated with growth in general.
Diazinon, too, is known to reduce axonogenesis both in vitro [6] and in vivo [55]. Here, we
found a significant correlation between the effects of chlorpyrifos and diazinon on growth-
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related genes (Table 1), but the effects of diazinon were distinctly less, with no upregulation
of nfl and a smaller increase in nef3. We therefore predict that diazinon will ultimately prove
to have less of a promotional effect on dendrite formation than chlorpyrifos. By the same
measures, dieldrin should have even greater effects; the correlation between dieldrin and
chlorpyrifos was not only higher than that for diazinon, but also represented greater net effects
of dieldrin on nfl and nef3, combined with a significant reduction in nefh, the protein most
associated with axonal projections. In contrast, the growth-associated effects of Ni2+ did not
correlate with those of any other agent; Ni2+ reduced the expression of both gap43 and nef3,
indicating the likelihood of impaired general growth as well as reduced neurite formation.

In our earlier work delineating the effects of these four agents on neurodifferentiation, we found
that all of them elicited a switch away from the ACh and toward the dopamine phenotype, as
defined by the corresponding activities of neurotransmitter-specific enzymes [31,55]. Here,
we observed significant correlations between the actions of chlorpyrifos and diazinon on
expression of the genes defining these two phenotypes, and even more so between diazinon
and dieldrin, but not for any other combinations (Table 1). Diazinon, like chlorpyrifos,
suppressed chat expression while enhancing th, effects that clearly underlie the corresponding
and parallel changes seen at the enzyme level for both agents [31,55]; both agents also evoked
robust but transient stimulation of the gene encoding the presynaptic dopamine transporter,
slc6a3. These are all consistent with promotion of the dopamine phenotype at the expense of
the ACh phenotype. However, when we examined the genes selective for the norepinephrine
phenotype, we found substantial differences between the two organophosphates. Chlorpyrifos
increased expression of dbh, which is responsible for the conversion of dopamine to
norepinephrine, as well as slc6a2, the presynaptic norepinephrine transporter, whereas
diazinon reduced dbh and had no effect on slc6a2. We therefore anticipate that the effects of
diazinon will diverge from those of chlorpyrifos specifically as they relate to the impact on
noradrenergic neurons. Dieldrin had actions on the emergence of neurotransmitter phenotypes
quite similar to those of diazinon, as indicated by the stronger correlation between these two
agents (Table 1). Dieldrin, like diazinon, elevated th and slc6a3 expression but failed to reduce
chat. Thus, although dieldrin, like the organophosphates, promotes a switch to the dopamine
phenotype at the expense of the ACh phenotype, it does so solely by promoting the dopamine-
related genes, rather than by a combination of enhanced dopaminergic character and suppressed
ACh character. Also like diazinon, dieldrin suppressed dbh expression, and in addition, reduced
expression of the norepinephrine transporter (slc6a2), so we would again anticipate that the
CA-promotional effect would be limited to the dopamine subtype, with opposite effects for
differentiation into norepinephrine neurons. Ni2+ enhanced th expression without affecting
chat, but also showed some unique features, with strong induction of one of the vesicular
monoamine transporter genes (slc18a1) and suppression of the vesicular ACh transporter gene
(slc128a3). Ni2+ also significantly reduced expression of the norepinephrine transporter
(slc6a2), so that taken together, this agent again appears to enhance the dopamine phenotype
but not the norepinephrine phenotype, while suppressing different aspects of the ACh
phenotype from the other agents. Thus, we have four different agents that ultimately all promote
a switch in neurotransmitter “choice,” but by a variety of originating mechanisms, each
represented by transcriptional events that show some similarities, but also major differences.

Although the neurotransmitter degradative enzymes and receptors can not be used to define
whether cells are differentiating into specific neurotransmitter phenotypes, they all
nevertheless represent important aspects of neuronal development that definitively influence
cellular responses to neurotransmitter input. For degradative enzymes, although there were
differences among the four neurotoxicants, there were only minor changes overall. However,
genes encoding the receptors showed robust effects that were substantially dissimilar among
the various agents. For muscarinic ACh receptors, chlorpyrifos stood out as unique, enhancing
expression of chrm1 and chrm2 while suppressing chrm3 and chrm5; the other three agents all
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suppressed chrm1 and chrm2, while differing in their effects on the other muscarinic subtypes.
We saw the same dichotomy for nicotinic ACh receptor α, β, γ, δ and ε subunits, with diazinon
and dieldrin showing quite similar patterns, Ni2+ showing lesser similarities to diazinon and
dieldrin, but chlorpyrifos displaying a pattern unique from those of the other agents (Table 1).
The relationships were least strong for CA receptors, where the only significant correlation
was between dieldrin and Ni2+ (Table 1); this means that each agent basically produces a unique
pattern of changes in expression of the genes encoding dopamine and norepinephrine receptors.
The main conclusion of the receptor evaluations, then, is that exposure of differentiating
neuronotypic cells to each of the four agents alters the expression of these key neuronal features,
effects that can be expected to contribute to disruption of synaptic function over and above
changes in the neurotransmitter phenotype; and again, we would predict critical differences in
the outcomes of exposure to agents of the same class (chlorpyrifos, diazinon) and surprising
similarities among agents of different classes (diazinon, dieldrin, Ni2+).

Our results thus provide the mechanistic underpinnings that explain how exposure to two
different organophosphates, chlorpyrifos and diazinon, given at the same time in brain
development, at comparable doses that produce similar systemic effects, nevertheless can elicit
substantially divergent outcomes in terms of neurochemistry, synaptic function and behavior
[32,44,47,52,53,55,57,58,60,62,63,66,69,70]. The dissimilarities clearly reside in mechanisms
other than their shared property as cholinesterase inhibitors, and as shown here, are likely to
involve direct effects on developing neurons during the critical stage in which cells begin to
differentiate into specific neurotransmitter phenotypes. Equally important, our results explain
how diverse agents can nevertheless converge on a common set of outcomes, albeit through
disparate originating mechanisms or through differential effects on members of key gene
families that produce the same net outcome. We found surprising similarities in the effects of
diazinon, dieldrin and Ni2+, agents whose developmental neurotoxicant actions are far less
studied than are those of chlorpyrifos; the present results thus provide guidelines for the types
of outcomes that are the best candidates for future evaluations of each of these toxicants with
in vivo animal models. Finally, our results illustrate how cell culture systems combined with
microarray technology, can provide screening techniques for developmental neurotoxicants,
serving as a model for further design of alternative approaches to the detection and
characterization of the impact of exogenous chemicals on brain development [17,19,33,50,
73].
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Figure 1.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on
expression of growth-associated genes. For chlorpyrifos, results are shown for both
undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced differentiation (D
24h, D 72h), whereas results for the other agents involve only differentiating cells. Asterisks
shown below each gene denote a significant main treatment effect. Daggers denote genes for
which treatment interacted with the other variables (differentiation state, time) and show the
individual values for which treatment effects were present.
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Figure 2.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on
expression of genes involved in the synthesis, storage and degradation of ACh. For
chlorpyrifos, results are shown for both undifferentiated cells (U 24h, U 72h) and cells
undergoing NGF-induced differentiation (D 24h, D 72h), whereas results for the other agents
involve only differentiating cells. Asterisks shown below each gene denote a significant main
treatment effect. Daggers denote genes for which treatment interacted with the other variables
(differentiation state, time) and show the individual values for which treatment effects were
present.
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Figure 3.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on
expression of genes encoding the muscarinic ACh receptors. For chlorpyrifos, results are
shown for both undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced
differentiation (D 24h, D 72h), whereas results for the other agents involve only differentiating
cells. Asterisks shown below each gene denote a significant main treatment effect. Daggers
denote genes for which treatment interacted with the other variables (differentiation state, time)
and show the individual values for which treatment effects were present.
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Figure 4.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on genes
encoding the nicotinic ACh receptor α subunits. For chlorpyrifos, results are shown for both
undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced differentiation (D
24h, D 72h), whereas results for the other agents involve only differentiating cells. Asterisks
shown below each gene denote a significant main treatment effect. Daggers denote genes for
which treatment interacted with the other variables (differentiation state, time) and show the
individual values for which treatment effects were present. Note the different scale for (A),
which covers a two-fold larger range of changes than the other panels.
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Figure 5.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on genes
encoding the nicotinic ACh receptor β, δ, ε and γ subunits. For chlorpyrifos, results are shown
for both undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced
differentiation (D 24h, D 72h), whereas results for the other agents involve only differentiating
cells. Asterisks shown below each gene denote a significant main treatment effect. Daggers
denote genes for which treatment interacted with the other variables (differentiation state, time)
and show the individual values for which treatment effects were present.
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Figure 6.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on genes
involved in the synthesis, storage and degradation of catecholamines. For chlorpyrifos, results
are shown for both undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced
differentiation (D 24h, D 72h), whereas results for the other agents involve only differentiating
cells. Asterisks shown below each gene denote a significant main treatment effect. Daggers
denote genes for which treatment interacted with the other variables (differentiation state, time)
and show the individual values for which treatment effects were present.
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Figure 7.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on genes
encoding the dopamine receptors. For chlorpyrifos, results are shown for both undifferentiated
cells (U 24h, U 72h) and cells undergoing NGF-induced differentiation (D 24h, D 72h),
whereas results for the other agents involve only differentiating cells. Asterisks shown below
each gene denote a significant main treatment effect. Daggers denote genes for which treatment
interacted with the other variables (differentiation state, time) and show the individual values
for which treatment effects were present.
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Figure 8.
Effects of 30 μM chlorpyrifos (A), diazinon (B), dieldrin (C) or Ni2+ (D) exposure on genes
encoding the adrenergic receptors and their modulators. For chlorpyrifos, results are shown
for both undifferentiated cells (U 24h, U 72h) and cells undergoing NGF-induced
differentiation (D 24h, D 72h), whereas results for the other agents involve only differentiating
cells. Asterisks shown below each gene denote a significant main treatment effect. Daggers
denote genes for which treatment interacted with the other variables (differentiation state, time)
and show the individual values for which treatment effects were present.
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