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Abstract
Early-life organophosphate (OP) exposures elicit neurobehavioral deficits through mechanisms
other than inhibiting cholinesterase. Cell signaling cascades are postulated as critical
noncholinesterase targets that mediate both the initial alterations in neurodevelopment as well as
subsequent abnormalities of synaptic function. We exposed PC12 cells to chlorpyrifos, diazinon or
parathion in the undifferentiated state and during neurodifferentiation; we then assessed the
function of the adenylyl cyclase (AC) signaling cascade, measuring basal AC activity as well as
responses to stimulants acting at G-proteins or on the AC molecule itself. In undifferentiated cells,
a 2 day exposure to the OPs had no significant effect on AC signaling but the same treatment in
differentiating cells produced deficits in all AC measures when exposure commenced at the
initiation of differentiation. However, when exposure of the differentiating cells was continued for
6 days, AC activities then became supranormal. The same increase was obtained if cells were
exposed only for the first two days of differentiation, followed by four subsequent days without
the OPs. Further, the OP effects on cell signaling were entirely distinct from those on indices of
cell number and neurite outgrowth. These results indicate that OP exposure reprograms the AC
pathway during a discrete developmental stage at the commencement of neurodifferentiation, with
effects that continue to emerge after OP exposure is discontinued. Importantly, the same sequence
is seen with OP exposures in neonatal rats, indicating that direct effects of these agents to
reprogram cell signaling provide a major mechanism for functional effects unrelated to
cholinesterase inhibition.
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INTRODUCTION
The systemic toxicity of organophosphate pesticides (OPs) reflects their ability to inhibit
cholinesterase (Mileson et al., 1998; Pope, 1999), leading to accumulation of acetylcholine
and associated signs of excessive cholinergic stimulation. Nevertheless, it is increasingly
clear that the developmental neurotoxicity of these agents involves mechanisms unrelated to
cholinesterase inhibition (Casida and Quistad, 2004; Colborn, 2006; Gupta, 2004; Perera et
al., 2005; Slotkin, 2005). Signal transduction cascades that regulate cell replication,
differentiation and function are among the most sensitive targets for noncholinesterase
actions of OPs and in particular, these agents affect the synthesis and utilization of the
second messenger, cyclic AMP (Schuh et al., 2002; Slotkin, 2005; Wardle et al., 2008;
Yanai et al., 2002, 2004). We recently showed how early life exposures to chlorpyrifos
(CPF), diazinon (DZN) or parathion (PRT) all evoke lasting effects on components of the
adenylyl cyclase (AC) cascade, the pathway that transduces signals from the vast array of G-
protein coupled receptors to the generation of cyclic AMP (Adigun et al., 2010a; Meyer et
al., 2004a, b; Song et al., 1997). Notably, these effects extend outside the central nervous
system; indeed, neonatal OP exposures produce subsequent gain-of-function of hepatic AC
signaling that contributes to the emergence of metabolic dysregulation akin to prediabetes
(Adigun et al., 2010b; Auman et al., 2000; Lassiter et al., 2010; Meyer et al., 2004b; Slotkin
et al., 2005).

These findings raise the possibility that, during a critical developmental period, OP
exposures directly reprogram the functioning of the AC signaling pathway, an hypothesis
that would be difficult to evaluate in vivo, given the myriad systemic changes elicited when
these agents are given to animals. In the current study, we used an in vitro model to examine
the effects of different OPs on AC signaling under conditions spanning different
developmental stages from cell replication through early and later stages of differentiation.
We had three specific objectives: first, to determine if OPs affect AC signaling during a
discrete stage of cell development; second, to establish whether the effects persist so long as
OP exposure continues or rather whether effects emerge beyond the exposure period; and
third, to evaluate whether the effects on AC signaling are separable from effects on general
aspects of cell growth. We conducted our evaluations in PC12 cells, a well-characterized
neurodevelopmental model (Teng and Greene, 1994) that reproduces many of the key
mechanisms and features of the adverse effects of OPs in vivo (Bagchi et al., 1995, 1996;
Crumpton et al., 2000a, b; Das and Barone, 1999; Flaskos et al., 1994; Jameson et al.,
2006a; Li and Casida, 1998; Nagata et al., 1997; Qiao et al., 2001, 2005; Slotkin, 1999, 2004,
2005; Song et al., 1998; Tuler et al., 1989; Yanai et al., 2002). When nerve growth factor
(NGF) is introduced, PC12 cells exit the mitotic cycle and undergo neurodifferentiation
(Fujita et al., 1989; Song et al., 1998; Teng and Greene, 1994). Here, we used these features
to examine the effects of CPF, DZN and PRT on AC signaling in the undifferentiated state,
at the initiation of differentiation, and after a more prolonged period of differentiation. Our
AC assessments focused on measures that evaluate pathway function at sequential steps:
basal enzymatic activity, the response to global stimulation of G-proteins by fluoride, and
the responses to two direct AC stimulants, forskolin and Mn2+. Because the two stimulants
act at different epitopes on the AC molecule, the preferential effects for one versus the other
defines shifts in the expression and catalytic activities of different AC isoforms (Auman et
al., 2000; Zeiders et al., 1997, 1999a). We then compared the effects on AC signaling to
those on cell growth, focusing on measures of cell number and neurite formation. Each
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neural cell contains a single nucleus, so that measuring the DNA content evaluates the
number of cells (Winick and Noble, 1965), whereas the expansion of the membrane surface
area that accompanies the formation of neurites during neurodifferentiation leads to an
increase in the membrane protein/DNA ratio (Abreu-Villaça et al., 2005; Jameson et al.,
2006b; Slotkin et al., 2007b; Song et al., 1998).

RESULTS
In control cells, NGF treatment elicited the expected switch from cell replication to
neurodifferentiation, as evidenced by significantly lower numbers of cells (Fig. 1A) and
greater membrane surface area (Fig. 1B) as compared to undifferentiated cells cultured for
the same amount of time. NGF also elicited a significant overall reduction in AC activities
relative to membrane protein (p < 0.0001 for the main effect of NGF), with selective effects
on the responses to the various AC stimulants (p < 0.0001 for the interaction of NGF ×
stimulant measure). For basal activity (Fig. 1C), the net reduction was completed within 2
days of NGF treatment and showed no further reduction by the 6 day time point. In contrast,
the response to fluoride showed a progressive loss over time (Fig. 1D). The decline in
responses to forskolin (Fig. 1E) and Mn2+ (Fig. 1F) resembled that of basal activity, with a
complete effect evident after 2 days of NGF; further, with the onset of differentiation, there
was a small but significant decline in the Mn2+/forskolin response ratio (Fig. 1G). The
patterns for basal AC and the forskolin and Mn2+-mediated responses were thus entirely
distinct from the changes in cell number and membrane protein/DNA ratio, which showed
distinct progression between 2 and 6 days of NGF exposure. Differentiation also altered the
relative response to each of the stimulants. For fluoride, the increase over basal activity was
8-fold in undifferentiated cells, rising to 13-fold after NGF treatment; for forskolin the
increase was from 25-fold to nearly 40-fold, and for Mn2+ the values were 12-fold and 18-
fold, respectively.

In undifferentiated cells, a 2 day exposure to CPF or PRT had little or no effect on DNA
content but DZN produced a significant, albeit small, decrement (Fig. 2A). In differentiating
cells, the 2 day OP treatment had no discernible effect on DNA but extending the exposure
to 6 days produced a significant decline with all three agents. In contrast, when OP exposure
was limited to the first 2 days of differentiation, followed by a 4 day recovery period, there
were no DNA deficits. For the membrane protein/DNA ratio, undifferentiated cells showed
no significant effects after a 2 day OP exposure (Fig. 2B). Differentiating cells showed a
trend toward increases at 2 days that became statistically significant for CPF and PRT after 6
days. Again, limiting the exposure of differentiating cells to the first 2 days, followed by a 4
day recovery period, completely obtunded the increases and instead, there was a slight but
significant decline seen for DZN.

Exposure of undifferentiated cells to the three OPs for a period of 2 days did not have any
statistically significant overall effects on AC signaling parameters (Fig. 3A) but in
differentiating cells there was a robust suppression of activity regardless of stimulant
condition, an effect that was statistically significant overall as well as individually for CPF,
DZN and PRT (Fig. 3B). With continued exposure of differentiating cells for 6 days, there
was a complete reversal of the inhibitory effect of the OPs on AC signaling parameters (Fig.
3C). Indeed, the response to forskolin became significantly elevated for all three agents, and
similar but nonsignificant trends were present for fluoride and Mn2+; the nonsignificant
increases for the latter two were statistically indistinguishable from the significant increase
in the forskolin response. Importantly, the same effect was noted in cells that had been
exposed for only the first 2 days of differentiation and that were then carried out for an
additional 4 days in the absence of the OPs. The OP exposure in differentiating cells also
reduced the Mn2+/forskolin response ratio. The effect on the ratio was statistically
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significant for either of the 6 day regimens but not for the 2 day exposure; however, the
effect at 2 days was in the same direction as at 6 days and was not statistically
distinguishable from the significant reduction at the later time points, and in fact, a
comparison of all three regimens for differentiating cells identified only a main treatment
effect (p < 0.04) without a treatment × regimen interaction.

To reinforce the similarities in the patterns of OP effects on AC stimulant responses seen
with 6 days of continuous exposure and with 2 days of exposure + 4 days of recovery, we
replotted the data to examine the correlation between the two regimens and found high
concordance (Fig. 3D); thus, the similar outcomes did not depend solely on the significant
difference in the forskolin response but rather was reflected in the overall pattern for all the
AC stimulants.

DISCUSSION
The results obtained in this study indicate that OP exposure reprograms the AC signaling
pathway during a discrete developmental stage at the commencement of
neurodifferentiation, with effects that continue to emerge after OP exposure is discontinued,
actions that are distinct from the impact on cell growth. In control cells, we noted that the
first two days after the start of NGF-induced neurodifferentiation had a critical effect on AC
activity profiles. Although there was a drop in total activity, stimulants acting at the level of
G-proteins or AC itself then elicited larger proportional increases over basal activity than in
the undifferentiated state. Further, differentiation produced a drop in the Mn2+/forskolin
response ratio, indicative of a shift in AC isoform expression (Zeiders et al., 1999b). Over
the ensuing four days, most of the effects of NGF on AC signaling leveled off, whereas
those on cell growth parameters (DNA, membrane protein/DNA) showed a clear
progression over time. This suggested to us that the initial stages of neurodifferentiation
might indeed be especially sensitive for disruption of AC signaling by OPs and we designed
our studies to test that hypothesis.

If OPs act on AC signaling during a specific stage of neurodifferentiation, we would expect
to see a distinct difference in the effects on undifferentiated PC12 cells as compared to those
exposed to NGF. After a 2 day exposure to CPF, DZN or PRT, there were no significant
changes in AC signaling in the undifferentiated state but there was a robust, global
decrement in the differentiating cells. This resembles our earlier finding of overall decreases
in AC activities in differentiating PC12 cells with a more prolonged exposure to lower
concentrations of CPF (Slotkin et al., 2007a). More importantly, though, the same effects are
seen in the developing brain after CPF exposure in neonatal rats (Song et al., 1997),
reinforcing the view that the effects of OPs on AC signaling are mediated directly on the
differentiating neurons themselves. These conclusions are bolstered by studies at the
transcriptional level, which show a relative lack of concordance between undifferentiated
and differentiating cells in the impact of CPF on the mRNAs encoding AC isoforms and G-
proteins (Adigun et al., 2010a).

Given the OP-induced reductions in AC signaling in differentiating cells at the 2-day point,
we were surprised to find that continuing the exposure to 6 days resulted not only in
disappearance of the deficits, but actual increases in responses; again, in contrast to the
findings for AC, the more general indices of cell numbers and neurite formation showed
progressively greater effects of the OPs at 6 days than at 2 days. The findings thus indicate
either that the cells adapt to the continued presence of the OPs, or alternatively, that
exposure during the critical first 2 days of neurodifferentiation reprograms the function of
the pathway. To distinguish between these two possibilities, we exposed the cells to the OPs
for the first 2 days and then discontinued exposure for the ensuing 4 days. If the biphasic
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response represents an adaptation to continuous OP exposure, then at the end of the 4 day
recovery period, we would expect to see either a small residual deficit or restoration of
normal AC activities. If on the other hand, the elevations seen after 6 days of continuous
exposure represented a reprogramming elicited by exposure in the first 2 days, then the
pattern at the end of the recovery period should be indistinguishable from that seen with
continuous exposure. In fact, the latter turned out to be true: the entire pattern of initial AC
deficits, subsequent elevations and a decrement in the Mn2+/forskolin ratio was recapitulated
with just an initial 2 day exposure conducted at the onset of neurodifferentiation. Indeed,
these findings with an in vitro model reproduce exactly the pattern seen for exposure of
neonatal rats to OPs, namely initial deficits in AC signaling, followed by persistent
upregulation and supersensitivity emerging well after the end of OP exposure (Adigun et al.,
2010b; Meyer et al., 2004a); indeed the in vivo outcomes are similar for AC signaling in
peripheral tissues (Adigun et al., 2010b; Meyer et al., 2004b), reinforcing the concept of a
direct effect of early OP exposure that reprograms the function of this signal transduction
pathway, unrelated to cytotoxicity or generalized actions on cell growth.

Separable from their impact on AC signaling, the OPs showed selective effects on indices of
cell growth that are of additional interest. Given their shared antimitotic and proapoptotic
properties (Slotkin, 2005; Slotkin et al., 2007b; Slotkin and Seidler, 2007; Yousefpour et al.,
2006; Yu et al., 2008), it was not surprising that all three OPs elicited a decline in the
number of cells after 6 days of exposure, as evidenced by a deficit in the DNA content.
Unlike the AC effects, the cell loss required the continuous presence of the OPs over the 6
day span: when we limited exposure to the first 2 days and then allowed 4 days for recovery,
cell loss was no longer evident. This points out that the sensitivity of the AC pathway to
reprogramming by OP exposure is far more sensitive than are general effects on cell
acquisition or loss. The membrane protein/DNA ratio displayed a dichotomy, with a
significant increase evident for CPF and PRT but not DZN. These findings support earlier
conclusions about differential effects of the various OPs on the formation of neuritic
projections. CPF blunts the development of long axons while favoring the creation of short
dendritic branches (Howard et al., 2005). In contrast, DZN shows greater overall inhibitory
effects on neurite outgrowth, whereas PRT is more like CPF (Axelrad et al., 2003; Slotkin et
al., 2006). Again, though, these growth-related effects of CPF and PRT were dependent on
continuous exposure over the 6 day span; interestingly, the 2 day exposure appeared to
augment the inhibitory effects of DZN, an unexpected finding that should be followed up
with structural measures.

In conclusion, results of this study show that OP exposure during early neurodifferentiation
reprograms the development of the AC signaling cascade, with initial deficits replaced by
subsequent upregulation resulting in a net gain-of-function. The effects in PC12 cells mimic
those seen after OP exposure in neonatal rats both in the brain and peripheral tissues, effects
that are thus likely to contribute to neurobehavioral deficits and metabolic dysfunction.
Accordingly, the lasting impact of early-life OP exposure on cell signaling cascades is likely
to represent one of the most critical noncholinesterase targets for these common pesticides.

EXPERIMENTAL PROCEDURE
Cell cultures

Because of the clonal instability of the PC12 cell line (Fujita et al., 1989), the experiments
were performed on cells that had undergone fewer than five passages and all studies were
repeated several times with different batches of cells. As described previously (Crumpton et
al., 2000a; Qiao et al., 2003; Song et al., 1998), 3 × 106 PC12 cells (American Type Culture
Collection, 1721-CRL; Duke Comprehensive Cancer Center, Durham, NC) were seeded
onto 100 mm poly-D-lysine-coated plates in RPMI-1640 medium (Sigma Chemical Co., St.
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Louis, MO) supplemented with 10% horse serum (Sigma), 5% fetal bovine serum (Sigma),
and 50 µg/ml penicillin streptomycin (Invitrogen, Carlsbad, CA); cells were incubated with
5% CO2 at 37°C. All cultures were evaluated 7 days after plating to ensure a comparable
basis for measurement regardless of treatment time or differentiation state. The medium was
changed 24 hours after plating and at intervals of 48 hours thereafter. For studies in the
undifferentiated state, OPs were introduced after 5 days in culture, 50 µM CPF, DZN or
PRT (Chem Service, West Chester, PA), and cells were then examined after 2 days of
exposure. Because of their poor water solubility, the toxicants were dissolved in
dimethylsulfoxide (Sigma), achieving a final concentration of 0.1% in the culture medium.
The control cultures also included the vehicle, which has no effect on replication or
differentiation of PC12 cells (Qiao et al., 2001, 2003; Song et al., 1998).

For studies in differentiating cells with 2 days of exposure to the OPs, the cells were
cultured in the undifferentiated state for 5 days, as already described. At that point, the
medium was changed to include 50 ng/ml of 2.5 S murine NGF (Invitrogen) along with the
test agents and culturing continued for the ensuing 2 days. For treatment effects after 6 days
of exposure, NGF and test agents were added 24 hours after plating, with subsequent media
changes at 2 day intervals, including replacement of the test agents. In some experiments,
toxicant exposure was continued throughout the 6 day period, whereas in others, exposure
was limited to the initial 2 day period, followed by 4 days in culture without the toxicants.
We chose the 50 µM test concentration because it elicits robust oxidative stress, inhibition
of DNA synthesis and interference with cell acquisition, without producing outright
cytotoxicity (Crumpton et al., 2000b; Das and Barone, 1999; Jameson et al., 2006a; Qiao et
al., 2001, 2003, 2005; Slotkin et al., 2007b; Song et al., 1998). Each culture was examined
under a microscope to verify the outgrowth of neurites after NGF treatment.

DNA and protein assays
For determinations of DNA content and membrane protein, the medium was aspirated and
the culture was rinsed with a buffer consisting of 154 mM NaCl and 10 mM sodium
phosphate (pH 7.4). Cells were harvested in ice-cold buffer, homogenized (Polytron,
Brinkmann Instruments, Westbury, NY) and an aliquot was withdrawn for measurements of
DNA (Trauth et al., 2000). The cell membrane fraction was prepared by sedimentation at
40,000 × g for 15 min. The pellets were washed twice and then resuspended in 250 mM
sucrose, 2 mM MgCl2, and 50 mM Tris and aliquots were withdrawn for determination of
membrane protein (Smith et al., 1985) and for AC assays.

Adenylyl cyclase activity
The assay procedures and stimulant concentration profiles have been described in detail
previously (Auman et al., 2000; Meyer et al., 2005; Slotkin et al., 2007a; Zeiders et al.,
1999a). Aliquots of the membrane preparation were incubated for 30 min at 30°C with final
concentrations of 100 mM Tris-HCl (pH 7.4), 10 mM theophylline, 1 mM ATP, 2 mM
MgCl2, 10 µM GTP, 1 mg/ml bovine serum albumin, and a creatine phosphokinase–ATP–
regenerating system consisting of 10 mM sodium phosphocreatine and 8 IU/ml
phosphocreatine kinase (all reagents from Sigma). The enzymatic reaction was stopped by
heating and sedimentation, and the supernatant solution was then assayed for cyclic AMP
using commercial immunoassay kits (GE Healthcare Biosciences, Piscataway, NJ). In
addition to assessing basal AC activity, we evaluated responses to 10 mM NaF, 100 µM
forskolin and 10 mM MnCl2 (all reagents from Sigma). These concentrations produce
maximal responses to each stimulant as assessed in earlier studies (Auman et al., 2000;
Zeiders et al., 1997, 1999a). Activities were determined as the amount of cyclic AMP
formed per minute per mg of membrane protein.
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Data analysis
All studies were performed in multiple batches of cells, with several independent cultures
for each treatment in each batch. Data are presented as means and standard errors, with
treatment comparisons carried out by analysis of variance (ANOVA, data log-transformed
because of heterogeneous variance across the various AC stimulants). Comparisons entailed
multiple factors: cell batch, treatment, time in culture, differentiation state (undifferentiated
vs. differentiating) and the multiple dependent measures (basal AC, fluoride-stimulated AC,
forskolin-stimulated AC and Mn2+-stimulated AC); the latter was considered to be a
repeated measure because the same membrane preparation was used for each of the multiple
assay conditions. In the initial test, we found that the treatment effects were the same across
the different batches of cells, although the absolute values differed from batch to batch;
accordingly, we normalized the results across batches prior to combining them for
presentation. As justified by significant interactions of treatment with the other variables,
data were then subdivided to permit lower-order ANOVAs to determine treatments and AC
stimulant responses that differed from control values, followed where appropriate by
Fisher’s Protected Least Significant Difference Test to identify pairwise differences. For all
tests, significance for main treatment effects was assumed at the level of p < 0.05. However,
for interactions at 0.05 < p < 0.1, we also examined whether lower-order main effects were
detectable after subdivision of the interactive variables (Snedecor and Cochran, 1967). The
criterion for interaction terms was not used to assign significance to the effects but rather to
identify interactive variables requiring subdivision for lower-order tests of main effects of
toxicant exposure, the variable of chief interest.

To enable ready visualization of treatment effects across different OPs, treatment regimens
and stimulants, some of the results are given as the percent change from control values but
statistical procedures were always conducted on the original data. For reference, the
normalized control values are shown in Figure 1; however, statistically significant
differences for each study were computed by comparing treated groups only to the
contemporaneous control group.

Abbreviations

AC adenylyl cyclase

ANOVA analysis of variance

CPF chlorpyrifos

DZN diazinon

PRT parathion

NGF nerve growth factor

OP organophosphate
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Figure 1. Effects of NGF on parameters of cell growth and AC signaling
(A) DNA, (B) membrane protein/DNA ratio, (C) basal AC, (D) fluoride-stimulated AC, (E)
forskolin-stimulated AC, (F) Mn2+-stimulated AC, and (G) Mn2+/forskolin ratio. Cells were
cultured for a total of 7 days. NGF was introduced after either 5 days in culture (2 days of
NGF treatment, NGF × 2d) or after 1 day in culture (6 days of NGF treatment, NGF × 6d).
Data represent means and standard errors of the number of determinations shown in
parentheses. ANOVA appears above each panel; asterisks denote values for differentiating
cells that differ from the undifferentiated state and daggers denote differences between 2
days and 6 days of NGF exposure. The values shown here were normalized and pooled from
the control groups across all experiments; however organophosphate treatment effects in the

Adigun et al. Page 11

Brain Res. Author manuscript; available in PMC 2011 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



remaining figures were assessed against only the matched contemporaneous controls for
each study.
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Figure 2. Effects of OP exposure on cell growth parameters
(A) DNA, (B) membrane protein/DNA ratio. Data represent means and standard errors of
the number of determinations shown in parentheses, given as the percentage change from
control values. ANOVA appears above each panel and lower-order tests for each
differentiation state appear at the bottom. Asterisks denote individual values that differ
significantly from the corresponding control. Abbreviation: NS, not significant.

Adigun et al. Page 13

Brain Res. Author manuscript; available in PMC 2011 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effects of OP exposure on AC activities
(A) undifferentiated cells with a 2 day exposure, (B) differentiating cells with a 2 day
exposure, (C) differentiating cells with a 6 day continuous exposure or with a 2 day
exposure followed by a 4 day recovery period. Data represent means and standard errors of
the number of determinations shown in parentheses, given as the percentage change from
control values. A global ANOVA incorporating all variables and dependent measures in a
single test identified a main treatment effect (p < 0.02) and interactions of treatment ×
differentiation state (p < 0.0007) and treatment × state × stimulant (p < 0.03), necessitating
subdivision into the individual differentiation states (A,B,C). Accordingly, separate
ANOVAs for each differentiation state appear above the panels. Lower order tests were not
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carried out for (A) and (B) because of the absence of treatment interactions with other
variables; in (B), the main effects for each OP are shown within the legend box. In (C), the
treatment × stimulant interaction necessitated separate examinations for each stimulant
condition and the corresponding ANOVAs are shown below the panel; main effects for each
OP are shown without conducting separate tests for each exposure regimen because of the
absence of a treatment × regimen interaction. Panel (D) shows the concordance (least
squares fit and linear correlation coefficient) between OP effects on stimulant responses
(fluoride, forskolin, Mn2+, Mn2+/forskolin) for differentiating cells with 6 days of
continuous OP exposure vs. 2 days of exposure + 4 days of recovery. Abbreviation: NS, not
significant.
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