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Abstract

Organophosphates (OPs) are developmental neurotoxicants but also produce
lasting effects on metabolism. This dissertation examines the cellular mechanisms
underlying metabolic dysfunction after early-life OP exposure. We administered
diazinon (DZN) or parathion (PRT) to rats on postnatal days (PN) 1-4 at doses straddling
the threshold for cholinesterase inhibition and assessed the longitudinal effects on hepatic
and cardiac cell function mediated through the adenylyl cyclase (AC) signaling cascade,
which controls neuronal and hormonal inputs that regulate hepatic glucose metabolism
and cardiac contractility. Specifically, we investigated if outcomes of metabolic
dysfunction are related to hepatic AC dysregulation. In the liver, DZN elicited parallel
upregulation of AC activity itself and of the responses to AC stimulants acting at f3-
adrenergic receptors (BARs), glucagon receptors, or G-proteins. The effects intensified
from adolescence to adulthood. In contrast, PRT elicited upregulation in adolescence that
waned by adulthood. Effects on the liver were more substantial than those in the heart
and a brain region (cerebellum) that shares similar AC cascade responses. These findings
indicate that OPs produce lasting hepatic AC gain-of-function and alter the trajectory of
hepatic cell signaling in a manner consistent with the observed emergence of prediabetes-
like metabolic dysfunction. Since the effects are unrelated to cholinesterase inhibition,
the various OPs differ in their net impact on AC signaling.

We then examined whether OPs directly affect the expression or function of AC
signaling elements, using PC12 cells to evaluate effects on transcription of AC pathway

genes and on protein function. Whereas different OPs had disparate effects on gene
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transcription, they had nearly identical effects at the protein level, suggesting that
programming occurs post-transcriptionally. We further found that otherwise unrelated
developmental toxicants (OPs, dieldrin, nickel) can nevertheless converge on the AC
pathway, providing a common pathway by which diverse agents can lead to metabolic
dysfunction.

The standard view of OPs as developmental toxicants that exclusively target the
nervous system requires substantial revision. Through their effects on hepatic cell
signaling and other metabolic processes, early-life chemical exposures may play an

important role in the worldwide increase in obesity and diabetes.
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Summary

Organophosphates (OPs) are developmental neurotoxicants but recent evidence
points to additional adverse effects on metabolism and cardiovascular function. This
dissertation examines the cellular mechanisms underlying metabolic dysfunction after
early-life OP exposure. Contrary to earlier views, it is now clear that OPs act through
mechanisms other than their shared property as cholinesterase inhibitors, and recent work
points to disruption of cell signaling mediated through cyclic AMP as a pivotal, non-
cholinesterase mechanism: OPs target G-protein-coupled receptors, G-proteins and
adenylyl cyclase (AC) itself. Just as important, the AC cascade operates outside the
central nervous system to control neuronal and hormonal inputs that regulate hepatic
glucose metabolism and cardiac contractility. With this in mind, we hypothesized that
metabolic dysfunction caused by early-life OP exposures is related to hepatic AC
dysregulation.

To establish a benchmark, we first studied the effects of the glucocorticoid,
dexamethasone (DEX), on AC signaling in the liver and heart. Fetal and/or neonatal
DEX exposure is known to produce prediabetes, hypothalamic—pituitary—adrenal (HPA)
axis dysregulation and cardiovascular abnormalities. We administered DEX to neonatal
rats on postnatal (PN) days 1-3 or 7-9, using doses spanning the threshold for somatic
growth impairment. In adulthood, we assessed the effects on hepatic and cardiac cell
function mediated through the AC signaling cascade. Treatment on PN1-3 produced
heterologous sensitization of hepatic signaling, with upregulation of AC itself leading to

parallel increases in the responses to f3-adrenergic or glucagon receptor stimulation, or to
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activation of G-proteins by fluoride. The effects were prominent at the lowest dose but
when the dose was increased past the point of somatic growth impairment, there was a
loss of the effect in females. Shifting the exposure to PN7-9 still elicited AC
sensitization but with a greater offsetting contribution at the higher doses. Our findings
show that dexamethasone elicits a hepatic AC gain-of-function that may be an important
contributor to the cellular abnormalities underlying subsequent metabolic and
cardiovascular dysfunction. Importantly, we then moved on to see how OPs effects on
AC signaling would compare to those of DEX.

We administered diazinon (DZN) or parathion (PRT) to rats on PN 1-4 at doses
straddling the threshold for cholinesterase inhibition and assessed the longitudinal effects
(PN30, PN60 and PN100) on hepatic and cardiac cell function mediated through the AC
signaling cascade. DZN elicited heterologous sensitization in the liver and the effects
intensified over the course from adolescence to adulthood. In contrast, PRT elicited
upregulation of AC in adolescence that waned by adulthood. Superimposed on these
general patterns, there were effects on glucagon receptor coupling to AC, and the effects
on the liver were more substantial than those in the heart or the cerebellum. To make
certain that later-emerging changes were not occurring with PRT exposure, we performed
an additional set of determinations at 5 months of age and again found no persistent
effects on AC. These findings indicate that OPs alter the trajectory of hepatic cell
signaling in a tissue selective manner consistent with the observed emergence of
prediabetes-like metabolic dysfunction. Furthermore, since the effects occur at low

exposures and are unrelated to cholinesterase inhibition, the various OPs differ in their



net impact on the peripheral AC signaling, and in a manner divergent from their effects
on neurobehavioral outcomes.

Next, we investigated whether metabolic challenge imposed by consuming a
high-fat diet for 7 weeks would exacerbate neonatal PRT’s effects on AC signaling.
Although there were no significant interactions between neonatal PRT exposure and a
high-fat diet, their convergent effects on the same signaling cascade indicate that early
OP exposure, separately or combination with dietary factors, may contribute to the
worldwide increase in the incidence of obesity and diabetes.

We then examined whether OPs directly affect the expression or function of AC
signaling elements, using PC12 cells to evaluate effects on transcription of AC pathway
genes and on protein function. For the transcription studies, we used microarrays to
compare two OPs, chlorpyrifos (CPF) and DZN, to an organochlorine (dieldrin) and a
metal (Ni*"), with each agent introduced during differentiation. We assessed genes
encoding AC isoforms and regulators, G-protein o~ and f3,y-subunits, protein kinase A
subtypes and the phosphodiesterase family. CPF and DZN were surprisingly the least
alike, whereas there was strong concordance of dieldrin and Ni*" with each other and
with each individual organophosphate. Further, when we compared CPF effects in
undifferentiated cells to those in differentiating cells, we again saw little or no similarities
for transcriptional profiles. These findings indicate that the effects of OPs on AC
signaling are not likely to represent direct effects on gene transcription, since in that case,
we would have expected similar profiles for CPF and DZN, and for CPF in the

undifferentiated and differentiating states. On the other hand, the unexpected similarities



seen for diverse toxicants suggest that otherwise unrelated agents can converge on the
cAMP pathway, thereby leading to similar developmental outcomes. We therefore went
on to examine if the different OPs instead acted through common mechanisms at the
post-transcriptional level.

We exposed PC12 cells to CPF, DZN or PRT in the undifferentiated state and
during differentiation and assessed the functioning of AC pathway proteins. 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. Importantly,
these results show that whereas different OPs had disparate effects on gene transcription,
they had nearly identical effects at the level of protein function, suggesting that their
effect converge on the AC pathway post-transcriptionally. Additionally, the results
indicate that OP exposure reprograms the AC pathway during a discrete developmental
stage at the commencement of differentiation, with effects that continue to emerge after
OP exposure is discontinued.

In conclusion, we have shown that developmental OP exposure produces lasting
hepatic AC gain-of-function that likely contributes to the eventual emergence of
metabolic abnormalities resembling prediabetes. Furthermore, the different OPs share

similarities as well as differences: all OPs caused AC gain-of-function but with different



temporal trajectories and sex selectivity, all unrelated to anticholinesterase mechanisms.
The programming of AC function proceeds through post-transcriptional mechanisms;
whereas transcription is also affected by the OPs, these do not account for the similar
outcomes for AC signaling, and indeed, the transcriptional effects were shared by
unrelated toxicants. The standard view of OPs as developmental toxicants that
exclusively target the nervous system requires substantial revision. Through their effects
on hepatic cell signaling and other metabolic processes, early-life chemical exposures

may play an important role in the worldwide increase in obesity and diabetes.



Chapter 1: Early-life Toxicant Exposures, Cell-Signaling
Cascades and Metabolic and Cardiac Dysfunction in
Adulthood

It is increasingly clear that adverse events during fetal development contribute to
subsequent metabolic and cardiovascular disease in adulthood. In the early 1990s, a
novel hypothesis was advanced by Barker and associates to link stress sufficient to cause
growth retardation during embryonic and fetal development not only to impaired
maturation of physiological functions, but also to latent diseases in adulthood [19,71].
The “Barker hypothesis” thus postulates that a number of organ structures and associated
functions undergo programming during critical periods in embryonic and fetal
development, and this programming determines the set point of physiological and
metabolic responses that persist into adulthood [95].

The biological basis for these associations appears to be rooted in developmental
plasticity [20]. Humans are both ‘plastic’ and able to adapt to their environment.
Furthermore, for many of the body’s organs and systems there is a critical period when
they are plastic and sensitive to the environment. These critical periods have been found
to mainly occur in utero, and then are followed by a loss of plasticity. Developmental
plasticity is defined as the phenomenon by which one genotype can give rise to a range of
different physiological or morphological states in response to different environmental
conditions during ontogenesis. It enables the production of phenotypes of a fixed
functional capacity that are better matched to their environment than would be possible if
the same phenotype were produced in all environments [21].

It is surprisingly easy in animals to experimentally produce permanent changes in
6



the metabolism and blood pressure of a fetus by minor modifications to the diet of the
mother before and during pregnancy [21,95]. Furthermore, data from numerous
epidemiological studies have indicated strong inverse associations between intrauterine
stress (e.g. maternal undernutrition, maternal obesity, corticosteroid therapy,
uteroplacental insufficiency, or hypoxia) that is sufficient to cause growth retardation and
the subsequent development of hypertension, insulin resistance, Type 2 diabetes and
hyperlipidemia, a cluster of cardiovascular risk factors that are termed the metabolic
syndrome [22]. Therefore, alterations in embryonic and fetal environment, as well as
endocrine status during gestational and perinatal periods, can result in developmental
adaptations that produce permanent structural, physiological and metabolic changes,
thereby predisposing an individual to cardiovascular, metabolic and endocrine diseases in
adulthood [18,95]. Even though data from both human and animal studies [22,91]
suggest that many diseases in the adult can be induced by manipulating the environment
of the fetus, the molecular mechanisms underlying the association between intrauterine
stress sufficient to cause growth retardation and later disease are not yet fully elucidated.
Currently, glucocorticoids released by stress are hypothesized to be among the most
prominent features that are likely to contribute to the 'Barker' outcomes. Therefore, much
effort has now gone into examining glucocorticoids and their effects on the fetus and later
adult outcomes.

The programming effects of glucocorticoids have been extensively investigated.
The ultimate secretion of glucocorticoids from the adrenal cortex is controlled in the

HPA axis by an endocrine negative-feedback loop (Figure 1).
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Figure 1: Schematic diagram of the HPA axis. Corticotropin-releasing hormone (CRH) is
synthesized in neurons of the paraventricular nucleus of the hypothalamus and released into the
hypophysial portal circulation. CRH stimulates corticotropin synthesis and release from
corticotrophs in the anterior pituitary gland. Corticotropin, in turn, stimulates production of
glucocorticoids from the adrenal cortex. Glucocorticoids are important for maintenance of
homoeostasis and signal a variety of metabolic changes that allow the body to respond to stress. They
also provide negative feedback by inhibiting CRH and corticotropin secretion at numerous levels in
the HPA axis. The HPA axis is also modulated by higher centers, notably the hippocampus and
amygdala.

First, glucocorticoids bind to intracellular glucocorticoid receptors (GRs). GRs are
members of the nuclear hormone superfamily of ligand-activated transcription factors. In
some tissues, glucocorticoids also bind with high affinity to mineralocorticoid receptors.
Both receptors are initially activated upon ligand binding, which leads to formation of a
receptor-ligand complex. The receptor—ligand complex then translocates to the nucleus.
In the nucleus, the complex binds to glucocorticoid response elements in the promoter

region of target genes, thereby influencing gene transcription (Figure 2, [200]).
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Figure 2: Schematic representation of action of glucocorticoid hormones. The GRs activate
gene transcription. Corticosterone, a hydrophobic steroid hormone, can diffuse through a plasma
membrane then bind to the intracellular glucocorticoid receptor. Binding the steroid causes the
release of an inhibitory protein and activates the glucocorticoid receptor molecule's DNA binding
site. The glucocorticoid receptor molecule then enters the nucleus and binds to a glucocorticoid
response element in DNA, which causes a second glucocorticoid receptor molecule to bind to the
same response element. The resulting glucocorticoid receptor dimer activates transcription of the
target gene, adapted from [200].

Glucocorticoids are present in most fetal tissues by midgestation [38] and are also
found in the placenta [179]. Many of the significant maturational changes in organ
systems, such as the lungs, heart, liver, gut and kidneys [27,28,33], are glucocorticoid
dependent and can be induced prematurely by exogenous glucocorticoid administration
[17,54]. For example, glucocorticoid receptor-null mice die within the first few hours
after birth of respiratory failure due to severe lung atelectasis, and have severely retarded

maturation of the adrenergic chromaffin cells and hepatic gluconeogenic enzymes [37].



Additionally, the societal impact of prenatal glucocorticoid exposure, notably to
dexamethasone (DEX), is increasingly important because of the expanded use of these
agents in preterm labor [64]. This treatment is currently utilized in one in every 10 U.S.
pregnancies [104], thus potentially affecting hundreds of thousands of infants born each
year [88,104]. It is also important to note that the effects of fetal exposure to endogenous
glucocorticoids and those of synthetic glucocorticoids may pose different outcomes.
Although endogenous glucocorticoids can bind to both glucocorticoid and
mineralocorticoid receptors and the effects in tissues may be mediated by both of these
receptors, synthetic glucocorticoids are more selective for GRs. Similarly, there may be
differences in local concentrations in specific types of tissues, which may be governed by
differences in transport (e.g. across the blood—brain barrier) and differential metabolism
of endogenous and synthetic glucocorticoids [47,105,136].

GRs importantly enhance lung maturation and thus prevent neonatal respiratory
distress syndrome, a major factor contributing to adverse perinatal outcomes [64]. But,
unfortunately, multiple glucocorticoid courses used during pregnancy are increasingly
suspected to contribute to subsequent metabolic, cardiovascular and behavioral
anomalies, all of which can emerge throughout the lifespan after periods of apparent
normality [120,143]. Notwithstanding these epidemiological relationships, few studies
have provided a mechanistic understanding of how early glucocorticoid exposure leads to
such metabolic or cardiovascular dysfunction.  Furthermore, animal studies of
glucocorticoid effects on neurodevelopment involve doses sufficient to produce persistent

stunting of somatic growth, outright cerebral atrophy, altered behavior and
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neuroendocrine disruption [29,57,58,63,66,101,103,104,106,108,152,195].  Therefore,
such dose regimens leave major uncertainties as to specific glucocorticoid effects at or
below the threshold for typical therapeutic use.

Recent studies have asked whether low-dose DEX administration during late
pregnancy modifies adult cardiovascular and metabolic physiology. These studies have
shown that glucocorticoid exposure in late rat gestation permanently programs
cardiovascular and metabolic physiology, leading to hypertension and decreased insulin
sensitivity in adulthood [43,74,120,121,199]. Importantly, in a recent human double-
blind placebo controlled randomized trial of antenatal betamethasone for the prevention
of neonatal respiratory distress syndrome, 534 individuals were followed for over 30
years. The betamethasone-exposed participants in this study also had evidence of
increased insulin resistance, which might signify an increased risk of diabetes and
cardiovascular disease as this cohort ages. Equally important, several animal studies have
shown that prenatal glucocorticoid excess, from endogenous overproduction with
maternal stress, reduces birth weight and causes lifelong hypertension, hyperglycemia
and behavioral abnormality in offspring [47].

Although Barker originally showed that intrauterine stress which was sufficient to
cause growth retardation could contribute substantial risk for subsequent development of
metabolic and cardiovascular disease [21], it is also apparent that programming effects
may be seen in the absence of changes in birth weight. In fact, the programming effects
of prenatal glucocorticoid excess are not dependent on alterations in fetal growth. For

example, short-term prenatal exposure (2 days) of rats to DEX is associated with
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programmed effects on blood pressure and renal development [48,125,126,144]; in sheep,
short-term exposure to DEX resulted in hypertension even in the absence of changes in
birth weight [45,46]. Such studies suggest that birth weight is a crude measure of
exposure to an adverse environment in utero, and that disease risk may be increased in
the absence of changes in weight at birth [47]. Importantly, glucocorticoids are not the
only route to later-life disorders. There is emerging evidence that perinatal chemical
exposures can reprogram development and metabolic function without the precondition
of growth restriction.

There are also suggestions in the literature that environmental contaminants,
drugs and chemicals may play an important role in such disorders as hypertension,
diabetes and obesity. For example, it is clear that maternal smoking during pregnancy
produces metabolic reprogramming that leads to subsequent risk of obesity in the
offspring [8,34,61,131,185,191]. Furthermore, perinatal bisphenol A exposure has been
shown to increase the expression of genes involved in adipogenesis and lipogenesis in
adipose tissue at weaning [174]. Serious attention has also been given to exposure to
common pesticides as a similar route to later-emerging disorders, in light of their
widespread use in the home and in agriculture.

The potential contribution of pesticides to cardiac and metabolic dysfunction has
garnered little interest in comparison to factors such as diet, lifestyle [178], genetics [55],
race/ethnicity and socioeconomic status [192]. It is undeniable, however, that we are
constantly exposed to inadequately-tested synthetic chemicals in our air, water and food,

with pesticides representing the most common type of chemical of concern for human
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health. There is also evidence that developmental exposure to pesticides produces lasting
changes in cardiovascular and hepatic function [113,145], and induces excess weight gain
in rats and humans [51,92,94,138].

The Centers for Disease Control and Prevention have tracked the increase in
obesity through National Health and Nutrition Examination Surveys, and two out of three
adults in the US are considered clinically overweight or obese [122]. Among children
34% are overweight or on the border of being overweight. Moreover, the prevalence and
severity of obesity is increasing [53], and increased adiposity is apparent across
ethnicities [122].

Cardiovascular disease (CVD) is the leading killer in many developed countries,
and is soon expected to be the leading killer world-wide [100]. Substantial evidence now
exists that exposure to chemicals and other environmental substances, including
pesticides, have a profound impact on cardiac health [193]. Several government
agencies, such as the National Heart, Lung and Blood Institute, have begun to address the
links between environmental agents and CVD. Furthermore, advocacy organizations such
as the American Lung Association and the Natural Resources Defense Council have
increased their efforts to explore this area of research.

Finally, pesticides may also be related to cardiovascular disorders, both indirectly
through promoting obesity, and directly pesticide exposure may also be implicated in the
increasing prevalence of diabetes. The International Diabetes Federation estimates that
230 million people worldwide have diabetes and more than 300 million people are

prediabetic. The outlook suggests that 500 million people will have diabetes or be
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prediabetic by 2025, and the American Diabetes Association estimates that 75 million
Americans are already in that category. This obviously entails an enormous human and
financial cost to society [89], and it is therefore notable that the increases in both types 1
[124] and type 2 diabetes [208] are related to the obesity epidemic. Both obesity and
diabetes likely are related, in part, to chemical exposures. For our purposes, it is notable
simply that there exist epidemiological links between pesticide exposure and diabetes
[115].

Here, we will focus our attention on the organophosphate (OP) pesticides as
specific contributors to later-life metabolic and cardiovascular disorders. Restrictions on
the use of most of the persistent organochlorine insecticides imposed in the 1970s led to
the widespread use of less persistent but highly effective OP agents. OP compounds have
been utilized as pesticides, lubricants, flame retardants, and most notoriously, as chemical
warfare agents [50]. They are the major class of pesticides used in the world today, and
represent 50% of pesticides use worldwide [32]. The majority of these compounds
initiate acute toxicity through inhibition of the enzyme acetylcholinesterase in the central
and peripheral nervous system. Signs of cholinergic toxicity include symptoms such as
salivation, lacrimation, urination and defecation (SLUD), miosis, nausea and heart and
respiratory dysfunction [49]. Specifically, OPs phosphorylate the active site’s serine
residue on acetylcholinesterase and thereby inhibit the catalytic degradation of
acetylcholine in the synapse (Figure 3) [59]. For OP anticholinesterase overt toxicity to
occur in an organism, at least four steps must be involved: (1) binding to and inhibition of

an extensive number of acetylcholinesterase molecules with substantial impairment of
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acetylcholine degradation, (2) accumulation of acetylcholine in the synapses of the
central and/or peripheral nervous systems, (3) excessive stimulation of postsynaptic
cholinergic receptors and/or end organs and (4) altered function in response to excessive
stimulation of those receptors (Figure 4). Modulation of any of the neurochemical
processes involved in acetylcholine synthesis, acetylcholine release, cholinergic receptor
binding, or signal transduction concurrent with anticholinesterase exposure could
influence the progression of events from target enzyme acetylcholinesterase inhibition to
the expression of toxicity [130]. It is generally accepted that some degree of
acetylcholinesterase inhibition can be tolerated without substantial alteration of
cholinergic transmission, and overt symptoms of poisoning are not apparent until 70%
inhibition is reached [32]. Notably, the OPs examined in this study are all weak
reversible acetylcholinesterase inhibitors that are converted to the active oxon form by
the cytochrome P450 enzymes. In fact, these agents are actually OP precursors; their
native form is an organophosphorothioate; however, in common parlance and throughout
the research literature, these are all referred to as OPs, a convention that will be used

throughout this dissertation.
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Figure 4: Chemical mechanism for OP inactivation of acetylcholinesterase. OPs are
cholinesterase-inhibiting insecticides, and exert their acute effects by causing overstimulation at
cholinergic nerve terminals. This process occurs in both insects and humans. Normally,
acetylcholinesterase catalyzes the degradation of the neurotransmitter acetylcholine in the synapse
(panel 2). OP pesticides phosphorylate acetylcholine, thereby reducing the ability of the enzyme to
break down the neurotransmitter (panel 3). This produces an accumulation of acetylcholine in the
central and peripheral nervous systems, resulting in an acute cholinergic syndrome via continuous
neurotransmission. The clinical onset of cholinergic over-stimulation can vary from almost
instantaneous to several hours after exposure.

It is important to note, while some of the OP compounds are direct-acting
acetylcholinesterase inhibitors, most require biotransformation to the ultimate toxicant
(Figure 5). In some cases, requirement for activation as well as reactivity with
detoxification systems contributes to the wide range of acute toxicity with these toxicants

[130].
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Figure 5: Human metabolism of chlorpyrifos. It is important to understand the human
metabolism of organophosphorus insecticides. Chlorpyrifos is used as an example. Chlorpyrifos is
bioactivated by cytochrome P450-dependent desulfuration in the liver to chlorpyrifos-oxon.

As pesticides, OPs are unique contaminants in that they are intentionally released
into the environment to cause toxicity in certain ‘pest’ species. Unfortunately, a lack of
selectivity often leads to problems of toxicity in humans and other non-target species
[77]. The systemic toxicity of OPs reflects their ability to inhibit acetylcholinesterase.
While all OP insecticides are thought to act through a common mechanism initiated by
inhibition of acetylcholinesterase, differential expression of toxicity following similar
changes in acetylcholinesterase activity have been reported [99]. Moreover, animal
models have shown that developmental neurotoxicity results from OP exposures at doses
that do not elicit any signs of systemic intoxication and even at exposures below the
threshold for inhibition of acetylcholinesterase [145-147,154]. Since pregnant women
are likely to be exposed to OPs under circumstances that do not elicit outward signs of
intoxication [44,69,127], and in light of recent findings that such exposures can produce
long-term cognitive impairment in children [137,139], the mechanisms and consequences
of OP-induced developmental neurotoxicity remain major environmental concerns
[23,42,130,141,146]. However, the brain is not the only target: the same signaling
cascades involved in brain development are also involved in the control of cardiovascular

and metabolic processes in the periphery.
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Indeed, OP exposures have proven to alter metabolic processes outside the central
nervous system. In adult rats, chlorpyrifos (CPF) exposures exceeding the threshold for
cholinesterase inhibition lead to enhanced weight gain [109] and diabetes-like changes in
hepatic energy metabolism [2]. At lower doses administered during development, CPF
also produces excess weight gain and dysregulation of leptin [92], along with a metabolic
profile resembling prediabetes [150]. Similarly, when neonatal rats were exposed to PRT
at doses straddling the threshold for barely-detectable cholinesterase inhibition, they
showed later emergence of a prediabetes-like state, involving excessive weight gain,
hyperglycemia, abnormalities of lipid metabolism and adipose tissue inflammation
[93,94]. Further, many of the metabolic effects of early-life OP exposure were
exacerbated when animals were switched to a high-fat diet in adulthood, including a
much greater fat-induced weight gain than that with the equivalent dietary change in
controls [93,94,138]. It is also notable that there are epidemiological links between the
amount of pesticide exposure of pesticide applicators and diabetes [115]. Importantly, it
is now evident that other mechanisms are at least equally, if not more important in
determining the long-term liability of human exposure. These findings bring attention to
the inadequacy of acetylcholinesterase inhibition as the exclusive biomarker for assessing
exposure or outcome related to developmental effects. Although the systemic toxicity
and signs of OP intoxication reflect their shared ability to inhibit cholinesterase
[114,130], other important mechanisms of toxicity clearly exist.

Recent data point to dysregulation of cell signaling cascades as one of the critical

targets that contribute to the adverse outcomes seen at lower exposures [68,145,146,157].
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Chief among these is the pathway that generates cyclic AMP (cAMP). In 1959, cAMP
was first identified as a critical second messenger that mediates numerous
neurotransmitter and hormonal receptor signals. Since then it has been discovered that
cAMP is also essential in coordinating the critical transition from cell replication to cell
differentiation in virtually all prokaryotic and eukaryotic cells [25,35,67,78,189]. In
order for cAMP to function as an intracellular mediator, its intracellular concentration
must be able to increase and decrease in response to extracellular signals. Such
responsiveness requires that rapid synthesis of the molecule be balanced by rapid
breakdown or removal. Cyclic AMP is generated from G-proteins that regulate plasma-
membrane-bound AC, the enzyme that synthesizes cAMP from ATP. Furthermore,
cAMP is rapidly and continuously destroyed by one or more cAMP phosphodiesterases,

which hydrolyze cAMP to adenosine 5'-monophosphate (Figure 6).
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For our purposes it is important to note that hepatic and cardiac cell function is mediated
through the activation of AC. Specifically, AC synthesizes cAMP and controls neuronal
and hormonal inputs that regulate liver gluconeogenesis and lipolysis, as well as, heart
rate and heart contractility.

The activation of AC is initiated by the binding of hormones to cell surface
receptors [142,181]. Epinephrine, dopamine, adenosine and glucagon are a few examples
of the many hormones that activate AC through membrane-bound receptors [181].
Glucagon, for example, a hormone that regulates glycogen metabolism in liver and
skeletal muscle, recognizes membrane receptors in these tissues, markedly stimulates AC
to produce intracellular cAMP. Glucagon-bound receptors communicate with an
intracellular, membrane-associated heterotrimeric G protein [129,181] composed of a
guanosine diphosphate (GDP)-bound o-subunit and an obligate Py heterodimer.
Hormone-dependent activation of receptors leads to the exchange of GDP for guanosine
triphosphate (GTP). Conformational changes due to GTP binding result in the
dissociation of the heterotrimeric G protein into o and Py subunits, which then interact
with their respective effectors [180,181]. There are multiple classes of o-subunits that
regulate AC. Binding of agonists to an appropriate receptor cause activation of a G
protein, Gs, which in turn, stimulates AC. Notably, there are also receptor -G protein
pathways that inhibit AC directly, as well as more complex mechanisms for both

stimulation and inhibition [180].
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To date, molecular cloning techniques have identified nine mammalian genes that
encode membrane-bound ACs [73,128,171,180], and one gene encoding a soluble
isoform [30,181]. AC is an integral membrane protein composed of twelve
transmembrane segments. The protein can be visualized as two tandemly repeated
hydrophobic domains, each containing six transmembrane segments and a large
cytoplasmic (catalytic) loop. The cytoplasmic domains (C1 and C2), which constitute the
catalytic site, are subject to intracellular regulations specific for each subtype. In
particular the catalytic activity, as well as the sites for interaction with forskolin (FSK)
and Gas, require both cytoplasmic moieties [72].

Numerous studies of the developing brain have focused on the effects of the most
extensively studied OP, CPF. These studies have shown that cell signaling cascades that
control neural cell replication and differentiation appear to be among the most sensitive
targets for OP developmental neurotoxicity and in particular, the pathway regulating
cAMP levels appears to be particularly important in mediating cholinesterase-
independent mechanisms [39,40,62,112,123,141,175,207]. Importantly, exposure of
developing neurons to OP pesticides result in lasting changes in the expression and/or
function of the key signaling proteins in the pathway, including the number and activity
of G-protein-coupled receptors, the concentration and function of the stimulatory (Gs)
and inhibitory (Gi) G-proteins and subtype expression and catalytic efficiency of AC
itself [7,110-112,175]. However few studies have looked at AC effects outside the brain,
even though cAMP functions to coordinate processes like the metabolic breakdown of

glycogen in mammalian liver as well as heart rate and contractility.
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There are key epidemiological and animal studies that point to perturbations of
AC as critical to the development of cardiovascular and metabolic diseases, given
cAMP’s important peripheral cardiac, metabolic and hormonal functions. Recently, AC
gene polymorphisms have been linked to obesity and diabetes susceptibility [119]. The
insulinotropic effect of forskolin in Goto—Kakizaki rats was found to yield an enhanced
cAMP generation and overexpression of AC mRNA [1]. Moreover, liver AC activity
was increased in the membranes of male ob/ob mice in comparison to lean control mice
[24]. It is thus important that neonatal OP exposure leads to a similar augmentation of
hepatic cAMP production in adulthood, specifically at the level of AC itself and its
gluconeogenic inputs via beta-adrenergic receptors and glucagon [111]; indeed the
potential for long-term disruption of hepatic function is evident from the fact that CPF
concentrates in the developing liver [79]. Importantly, it has also been shown that
neonatal CPF exposure leads to disruption of cardiac cell signaling in adulthood [111].
Furthermore, significant effects in the immature liver and heart are elicited at exposures
below the threshold of systemic toxicity, including effects on signal transduction [13] and
cell number and size [132]. These effects are sex selective [111], so future work with
animal models or human populations will need to consider sex differences. In addition,
these effects have been shown to emerge late in development, thus requiring longitudinal
evaluations [111,150].

It is clear that further investigation is needed to understand the AC signaling
cascade as a target and underlying mechanism for persistent effects of early-life OP

exposure. This study will explore how developmental exposures to the OPs, DZN and
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PRT; contribute to increased risk of cardiac and metabolic dysfunction through lasting
effects on AC pathway function. Our overarching hypothesis is that developmental
exposures to DZN and PRT will produce AC signaling alterations that will result in
a phenotype predisposed to metabolic and cardiac dysfunction. In order to test the
hypothesis of the present dissertation, we separated our investigation into the following

five studies:
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Neonatal Dexamethasone Treatment Leads to Alterations in Cell Signaling
Cascades Controlling Hepatic and Cardiac Function in Adulthood

1) In Chapter 2, we set out to determine the effects of early glucocorticoid exposure on
AC signaling so as to define the magnitude of effect associated with a treatment known to
lead to prediabetes later in life [43,74,120,121,199]. In our earlier work with
developmental exposure to OPs [13,113], we found that gain-of-function of AC resulted
in a change in hepatic cellular function that led to prediabetes [93,150], the same outcome
as found for AC polymorphisms in humans [119]. Given the known connection between
early-life glucocorticoid exposure and later emergence of similar metabolic disorders
[43,74,120,121,199], and the fact that AC signaling cascade controls neuronal and
hormonal inputs that regulate hepatic glucose metabolism and cardiac contractility, we
hypothesized that the treatments would produce sensitization of AC signaling to
gluconeogenic and glycolytic signals.

Neonatal Organophosphate Exposure Alters the Developmental Trajectory of Cell
Signaling Cascades Controlling Metabolism: Differential Effects of Diazinon and
Parathion in Liver, Heart and Cerebellum

2) In Chapter 3, we looked at the effects of low-level, early-life exposure of two OPs,
DZN and PRT, on the trajectory of AC signaling development in heart and liver from
adolescence to adulthood, with the specific idea of comparing these outcomes to those
seen with DEX. Furthermore, the effects of each OP on the trajectory of development of
hepatic and cardiac AC signaling were compared to the those in the cerebellum, a brain

region that shares the same, high degree of AC response to BAR stimulation [170]. Our

purpose was to see whether the divers outcomes of early-life exposure to different OPs
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are associated with differences in their long-term effects on AC signaling. Notably,
recent data indicate that low-level OP exposures, below the threshold for
anticholinesterase actions, disrupt cell-signaling cascades that control cell differentiation
and other critical regulatory functions [68,145-147]. Therefore, we hypothesized that
since cell signaling is targeted by OP mechanisms other than their shared property as
cholinesterase inhibitors, there is no reason to presuppose that all OPs will act in the same
way. Thus, the effects reported in extensive studies of CPF may not be predictive of the
actions of all OPs. Furthermore, since AC is a shared mechanism for cell function
outside the nervous system, we hypothesized AC would prove to be a target for OP
developmental toxicity and an underlying mechanism for the long-term consequences of
OP exposure in the liver and heart, as is the case in the brain. As a result, the effects on
signaling would involve tissues other than the brain.

Neonatal Parathion Exposure and Interactions with a High-Fat Diet in Adulthood:
Adenylyl Cyclase-Mediated Cell Signaling in Heart, Liver and Cerebellum

3) Our results in Chapter 3 showed that neonatal PRT evokes later upregulation of the
hepatic AC pathway in adolescence but that the effect wanes by young adulthood;
nevertheless metabolic changes resembling prediabetes persist. In Chapter 4, we
administered PRT to neonatal rats, straddling the threshold for cholinesterase inhibition,
but we extended the studies to 5 months of age and implemented a high-fat diet for 7
weeks. Our goal was to determine whether metabolic challenge imposed by consuming a
high-fat diet for 7 weeks would exacerbate neonatal PRT’s effects. Alternatively, even in

the absence of an interaction between neonatal PRT exposure and a high-fat diet, the diet
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alone might produce converging effects on the AC signaling cascade resembling those of
early OP exposure; this would in turn suggest that OP exposures could contribute to the
worldwide increase in the incidence of obesity and diabetes just as does a high fat diet.
Disparate Developmental Neurotoxicants Converge On The Cyclic AMP Signaling
Cascade, Revealed By Transcriptional Profiles IV VITRO and IN VIVO

4) Our results for OP effects on AC signaling could reflect either direct effects on the
pathway, or indirect effects mediated through any of the myriad changes evoked in whole
animal physiology by the early-life OP exposure. In Chapter 5, we set out to clarify the
extent to which OPs alter cAMP signaling through direct effects on activation or
repression of genes encoding the key elements of the pathway using neuronotypic PC12
cells. To determine the specificity of effects towards OPs, we compared CPF and DZN
to an organochlorine (dieldrin) and a metal (Ni*"), assessing gene transcription involved
in the cAMP pathway. Each agent was introduced during neurodifferentiation for 24 or
72 hr and we mined data from a preexisting database, evaluating 69 genes that encode
AC isoforms and regulators, G-protein a- and f,y-subunits, protein kinase A subtypes
and the phosphodiesterase family. Indeed, disparities in the targeting of cell signaling
pathways likely account for divergent neurochemical and behavioral outcomes after
exposure to different members of the OP class [3,7,9,10,97,138,149,151,158,159,183].
However, we hypothesized that since cell signaling pathways are shared by diverse
neurotransmitter and hormonal systems, they may serve as points of convergence for the

effects of otherwise unrelated developmental neurotoxicants.
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Organophosphate Exposure During a Critical Developmental Stage Reprograms
Adenylyl Cyclase Signaling in PC12 Cells

5) The studies in Chapter 5 involved the transcriptional level. We then investigated how
the mRNA findings might tie into function at the level of protein. We again used PC12
cells, a well-characterized neurodevelopmental model [182] that reproduces many of the
key mechanisms and features of the adverse effects of OPs in vivo
[15,16,39,40,42,52,83,98,117,133,134,145-147,176,187,201], to examine the effects of
different OPs (CPF, DZN and PRT) on AC signaling under conditions spanning different
developmental stages from the undifferentiated state, at the initiation of differentiation
and after a more prolonged period of differentiation. We planned to determine whether
programming of AC function is established by a direct effect during development (i.e. OP
effects directly on AC function or expression), or represents a ‘downstream’ event
consequent to disruption of earlier events in differentiation. The following experimental
observations led to the solidification of our hypothesis: 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
Mn**/forskolin response ratio, indicative of a shift in AC isoform expression [205]. 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
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progression over time. Thus, we hypothesized that the initial stages of

neurodifferentiation would be especially sensitive for disruption of AC signaling by OPs.
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Chapter 2: Neonatal Dexamethasone Treatment Leads to
Alterations in Cell Signaling Cascades Controlling Hepatic and
Cardiac Function in Adulthood

Our decision to use DEX to provide a framework for understanding lasting
changes in AC was based on the known connection between early-life glucocorticoid
exposure and later emergence of metabolic disorders [43,74,120,121,199]. Furthermore,
our earlier work with developmental exposure to OPs [13,113] showed gain-of-function
of AC resulted in a change in hepatic cellular function that led to prediabetes [93,150].

In a series of recent studies, it was shown that, even at subtherapeutic doses, DEX
exposure in fetal and neonatal rats compromises key aspects of brain development when
given during specific critical periods corresponding to the selfsame developmental stages
recommended for preterm infants [86-88,152]. In this chapter, we have used the same
approach to address cell signaling in peripheral tissues that are the likely targets for the
emergence of metabolic and cardiovascular disorders, the liver and heart.

We focused on the key role played by the AC cascade, which governs the
formation of cAMP. cAMP is the second messenger that controls hepatic
gluconeogenesis and glycogenolysis, modulates insulin function and regulates heart rate
and contractility. In the liver, BARs and glucagon receptors act through the stimulatory
G-protein, Gg, to activate AC, thus eliciting gluconeogenesis and lipolysis.

We evaluated the effects of DEX exposure of neonatal rats in two treatment
periods, PN 1-3 and 7-9, bracketing stages of development in the rat that are equivalent to
those in second- to early-third trimester human fetuses, the stage in which glucocorticoid

use is recommended for preterm infants [64]; we focused on doses within the therapeutic
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range (0.2 or 0.8 mg/kg) as well as a much lower dose (0.05 mg/kg) likely to be more
representative of stress-related glucocorticoid actions. The three-day regimens were
chosen to correspond to multiple glucocorticoid courses, as used in approximately 85%
of all cases of preterm delivery [41]. We then evaluated the impact on the AC signaling
cascade in adulthood (PN75), focusing on each individual step in the pathway (Figure 7);
the studies were modeled after our earlier work on OPs [13,113]. In addition to assessing
the effects on basal AC activity, we evaluated the response to PARs and glucagon
receptors, both of which stimulate AC through via activation of the stimulatory G-
protein, G;. We also determined the effect of fluoride, which evokes maximal activation
of both Gs and the corresponding inhibitory protein, G;. We then measured the maximal
activation of AC itself by forskolin, which acts directly on the enzyme by binding to the
catalytic core [80]. Finally, we measured ligand binding for BARs and for the inhibitory

mp-muscarinic acetylcholine receptors (myAChRs).

Glucagon
Forskolin
Glucagon
Receptor c Adenylyl

G/ Cyclase
PAR @ ATP cAMP @' m,AChR

NaF NaF
Isoproterenol 4 J

Figure 7: Mechanisms controlling AC activity, showing probes for each step in the pathway:
isoproterenol for the BAR, glucagon for the glucagon receptor, NaF for the G-proteins and forskolin
for AC itself. Both BARs and glucagon receptors enhance AC activity through the stimulatory G-
protein, G,, whereas m,AChRs inhibit AC through mediation of the inhibitory protein, G;.
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MATERIALS AND METHODS

Animal treatments. All experiments were carried out humanely and with due
regard for alleviation of suffering, with protocols approved by the Institutional Animal
Care and Use Committee and in accordance with all federal and state guidelines. Timed-
pregnant Sprague-Dawley rats were housed in breeding cages, with a 12-hr light/dark
cycle and free access to food and water. On the day of birth, all pups were randomized
and redistributed to the dams with a litter size of 10 to maintain a standard nutritional
status. Pups received daily subcutaneous injections of DEX phosphate (0.05, 0.2, or
0.8 mg/kg) on PN1-3 or PN7-9, whereas controls received equivalent volumes (1 ml/kg)
of isotonic saline vehicle. On each day of treatment and at intervals of several days
thereafter, pups were re-randomized within their respective treatment groups and in
addition, dams were rotated among litters to distribute any maternal caretaking
differences randomly across litters and treatment groups. Offspring were weaned on
PN21. On PN75, one male and one female from each of the finally-assigned litters were
decapitated and the heart and one liver lobe were dissected, blotted, frozen in liquid
nitrogen and maintained at -45° C.

Assays. Tissues were thawed and homogenized (Polytron; Brinkmann
Instruments, Westbury, NY) in buffer containing 145 mM sodium chloride, 2 mM
magnesium chloride and 20 mM Tris (pH 7.5), strained through several layers of
cheesecloth to remove connective tissue, and the homogenates were then sedimented at
40,000 x g for 15 min. The pellets were washed twice and then resuspended in 250 mM

sucrose, 2 mM MgCl, and 50 mM Tris. For determinations of AC activity, aliquots of
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the membrane preparation were incubated for 30 min at 30°C with final concentrations of
100 mM Tris-HCI (pH 7.4), 10 mM theophylline, 1| mM ATP, 2 mM MgCl,, 10 uM
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. The enzymatic reaction was stopped by heating and sedimentation, and the
supernatant solution was then assayed for cAMP using commercial radioimmunoassay or
immunoassay kits; the two types of kits gave equivalent results. In addition to assessing
basal AC activity, we evaluated responses to 100 uM isoproterenol, 3 pM glucagon, 10
mM NaF and 100 uM forskolin. These concentrations produce maximal responses to
each stimulant as assessed in earlier studies [13,204,206].

For the ligand binding determinations, there were technical limitations imposed
by the large number of membrane preparations that had to be examined. The overall
strategy was to determine binding at a single, subsaturating ligand concentration to
enable the detection of changes that originate either in altered K; or B.. To evaluate
BAR binding, aliquots of the same membrane preparation were incubated with 67 pM
['*I]-iodopindolol in 145 mM NaCl, 2 mM MgCl,, 1 mM sodium ascorbate, 20 mM Tris
(pH 7.5), for 20 min at room temperature; samples were evaluated with and without 100
uM isoproterenol to displace specific binding. Incubations were stopped by addition of 3
ml ice-cold buffer, and the labeled membranes were trapped by rapid vacuum filtration
onto glass fiber filters, which were washed with additional buffer and counted by liquid
scintillation spectrometry. For cardiac myAChR binding, the membrane suspension was

reconstituted in 10 mM sodium-potassium phosphate buffer (pH 7.4) and incubated with
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1 nM [’H] AFDX384, with or without 1 uM atropine to displace specific binding;
determinations were not done in the liver, since this tissue is sparse in myAChRs and
lacks sufficient AC response to myAChR agonists.

Data analysis. Data are presented as means and standard errors obtained from 6
animals in each treatment group for each sex and treatment regimen. To establish
treatment differences, a global analysis of variance (ANOVA; data log transformed
because of heterogeneous variance across tissues and AC stimulants) was first conducted
for all variables: the in vivo treatment groups (control vs. DEX doses), sex, tissue and the
stimulant condition under which the measurement was made (basal AC, isoproterenol-
stimulated AC, glucagon-stimulated AC, fluoride-stimulated AC, forskolin-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. As justified by
significant interactions of treatment with the other variables, data were then subdivided to
permit testing of individual treatments and AC stimulant responses that differed from
control values; these were conducted by lower order ANOVAs, followed, where
appropriate, by Fisher’s Protected Least Significant Difference Test to identify individual
values for which the DEX groups differed from the corresponding control. For all tests,
significance for main treatment effects was assumed at p < 0.05. However, for
interactions at p < 0.1, we also examined whether lower-order main effects were
detectable after subdivision of the interactive variables [173]. 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 DEX,
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the variable of chief interest. Where treatment effects were not interactive with other
variables, we report only the main treatment effects without performing lower-order
analyses of individual values.

To enable ready visualization of treatment effects across different tissues,
treatment regimens and stimulants, the results are given as the percent change from
control values, but statistical procedures were always conducted on the original data. For
reference, the corresponding control values are detailed in Table 1. For the liver, there
were two control cohorts (those receiving vehicle injections on PN1-3 and PN7-9) and
the values shown in Table 1 were normalized and combined across the two groups;
however, the effects of DEX were compared only to the appropriately matched control
cohort.

Materials. Animals were purchased from Charles River (Raleigh, NC).
['*I]Iodopindolol (specific activity, 2200 Ci/mmol) and ["HJAFDX384 (115 Ci/mmol)
both came from PerkinElmer Life Sciences (Boston, MA), and cAMP radioimmunoassay
and enzyme immunoassay kits were purchased from GE Healthcare Biosciences
(Piscataway, NJ). All other chemicals were bought from Sigma Chemical Company (St.
Louis, MO).

RESULTS

In control rats (Table 1), both liver and heart AC activities showed robust

responses to stimulants (p < 0.0001 for the main effect of each stimulant compared to

basal activity).
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Table 1: Adenylyl Cyclase Activities and Receptor Binding in Controls

Liver Heart

Male Female Male Female
Basal AC* 4101 | 41201 | 6403 | 77+02%

Isoproterenol-Stimulated AC* | 63+03 | 67+023 277 + 1 35 + 2%

Glucagon-Stimulated AC* 43 +2 45+ 2 14+ 1 20 + 1%

NaF-Stimulated AC* 2+ 1 24+ 1 48 +3 49 + 1
Forskolin-Stimulated AC* 121+6 123+ 6 205 + 11 246 + §*
BAR Binding’ 28+0.1 | 36+0.1% | 62+02 6.0+02
m,AChR Binding" _ _ 119+2 141 + 9%
Tissue weight 62+03°39+0.1% [ 122+0.03° | 0.81 £ 0.03%*

Body weights (grams): male 453 + 7; female 280 + 6*

*pmol/min per mg protein
"fmol/mg protein

‘grams; liver weight is for one lobe only
*significant difference between males and females

However, differences in the overall pattern of AC activity between liver and heart,
reflected disparities in the relative effects of the various AC stimulants. In the liver,
glucagon produced a much larger response than did isoproterenol, whereas the opposite
was true for the heart; this reflects the relatively greater physiologic importance of
glucagon signals in the liver as compared to BAR signals in the heart. Similarly, in the
liver, glucagon produced a greater stimulatory response than did fluoride, reflecting the

mixed involvement of both stimulation (Gs-related) and inhibition (Gi-related) for the

latter agent; in the heart, isoproterenol produced a smaller signal than did fluoride.
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Superimposed on these basic patterns, the heart showed generally higher AC activities
and myAChR binding in females as compared to males, whereas the liver showed sex-
related differences only for BAR binding.

At the lowest dose, neonatal DEX treatment for either the PN1-3 or PN7-9
regimen did not have significant effects on body weights at PN75 but DEX did evoke

statistically significant reductions at the two higher doses with either regimen (Figure 8).

Body and Tissue Weights

Treatment, p<0.0001 Treatment, p<0.0001 Treatment, p < 0.002
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Figure 8: Effects of neonatal DEX treatment on body and tissue weights. Data represent
means and standard errors obtained from 6 animals in each group, presented as the percent change
from the corresponding control values (Table 1). ANOVA appears at the top and asterisks denote
values that differ from the control.

Liver weights were taken from a single lobe, making sure to take the same lobe from
each animal. In general, liver weights were reduced with the same pattern as body
weights, as were heart weights.

Because we made assessments for two treatment regimens (PN1-3, PN7-9) in the

liver but only one regimen (PN1-3) in the heart, we initially performed two multivariate
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ANOVAs to evaluate the effects of DEX treatment. In the liver, the global test indicated
a significant main effect of DEX treatment reflecting overall increases in AC activity (p <
0.0002) that depended upon regimen and sex (treatment x regimen x sex, p < 0.02).
Accordingly, we separated the data by regimen (PN1-3 and PN7-9) and sex, and then
performed lower-order tests to reexamine the results for treatment effects and interactions
with the remaining variable of AC stimulant. In the second multivariate ANOVA, we
assessed effects on liver and heart AC for the PN1-3 regimen and identified a main
treatment effect of DEX (p < 0.0001) that was interactive with tissue (p < 0.0001) and
sex (p < 0.002); accordingly, we separated the values for the heart and liver, and for
males and females for the lower-order tests.

Liver AC. 1In the liver, PN1-3 DEX treatment elicited a significant overall
increase in AC activity in both males (Figure 9A) and females (Figure 9B), without
distinction among the various AC stimulants (no treatment x stimulant interaction).
Importantly, both sexes showed significant effects even at the lowest dose (0.05 mg/kg),
which did not cause any growth restriction. However, there was a sex difference in that
males showed significant increases at each of the three different DEX doses whereas
females showed a nonmonotonic dose-effect relationship, with no significant increases at
the highest dose.

Sex disparities became more evident when the treatment window was shifted
later, to PN7-9. In males (Figure 9C), we still saw significant overall upregulation of AC
activity (main treatment effect, p < 0.02) whereas now, there were no significant effects

in females (Figure 9D).
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Figure 9: Liver AC activity in animals given DEX on PN1-3 (A,B) or PN7-9 (C,D). Data
represent means and standard errors obtained from 6 animals in each group, presented as the
percent change from the corresponding control values (Table 1). ANOVA appears at the top of each
panel and lower-order tests are shown within the panels. Where there was a significant treatment x
stimulant interaction, asterisks denote specific responses that differ from the control. Abbreviations:
Iso, isoproterenol; Glu, glucagon; NaF, sodium fluoride; Fsk, forskolin; NS, not significant.

For the males, the dose-effect relationship and stimulant response pattern differed from
that obtained with the PN1-3 regimen. Exposure on PN7-9 produced significant
increases in AC responses even at the lower dose, but the dose-effect relationship was
nonmonotonic, showing loss of effect at the highest dose. Furthermore, DEX augmented
the response to forskolin significantly more than for the other stimulants (significant

treatment x stimulant interactions, Figure 9C). In the group given 0.05 mg/kg DEX,
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there was no significant increase for isoproterenol-stimulated AC or glucagon-stimulated
AC, and the response to fluoride showed a small, nonsignificant effect. Raising the dose
to 0.2 mg/kg did produce significant increases for glucagon- and fluoride-stimulated AC
but the response to forskolin was still enhanced to a greater extent.

Heart AC. To determine the selectivity of the effects of DEX on AC signaling,
we compared the effects to those seen in the heart, focusing on PN1-3, the regimen which
evoked increases in both sexes. Males exposed to DEX again displayed significant
overall increases in AC activity (Figure 10A). However, the dose-effect relationship was
distinctly different from that seen in the liver, with a large increase obtained at the lowest
dose and a progressive loss of effect as the dose was raised. Further, the response to
glucagon showed the greatest increase, a pattern not seen in the liver. In females, the
differences between heart and liver were even more stark (Figure 10B). There were no
significant effects at 0.05 mg/kg, and increasing the dose to 0.2 and then 0.8 mg/kg
produced deficits in AC responses, at first involving glucagon and then encompassing all

the AC stimulants, with the largest effect still exerted toward the glucagon response.
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Figure 10: Heart AC activity in animals given DEX on PN1-3. Data represent means and
standard errors obtained from 6 animals in each group, presented as the percent change from the
corresponding control values (Table 1). ANOVA appears at the top of each panel and lower-order
tests are shown within the panels. Where there was a significant treatment x stimulant interaction,
asterisks denote specific responses that differ from the control. Abbreviations: Iso, isoproterenol;
Glu, glucagon; NaF, sodium fluoride; Fsk, forskolin; NS, not significant.



Receptor binding (Figure 11). For liver BARs, multivariate ANOVA identified a
weak treatment x regimen (p < 0.09); therefore, we separated the values for both
treatment regimens and examined lower-order main treatment effects and interactions of
treatment with other variables, but no significant differences were seen after the
subdivision. There was a trend toward elevated BAR values for females with PN1-3
DEX exposure, an effect that did not correspond to any selective increase in the AC
response to isoproterenol. In the heart, there was significant upregulation of BARs and
downregulation of myAChRs.

Receptor Binding
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Figure 11: Effects of neonatal DEX treatment on liver AR binding and on heart $ ARs and
m;AChRs. Data represent means and standard errors obtained from 6 animals in each group,
presented as the percent change from the corresponding control values (Table 1). ANOVA appears
at the top and asterisks denote values that differ from the control.
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DISCUSSION

There are four main findings of this study. First, DEX treatment in the
developmental phases corresponding to those in which glucocorticoids are used in
preterm infants, elicits global increases in hepatic AC cell signaling. Second, robust
effects were seen even at 0.05 mg/kg, a dose well below those used therapeutically, and
likely to be more representative of the actions of endogenous glucocorticoids released in
stress. Third, the effects involved AC gain-of-function, thus producing heterologous
sensitization, in which the responses to disparate inputs all showed the same augmented
effect. Fourth, there were distinct sex differences as well as disparities in the effects on
liver vs. heart, indicative of selective actions rather than ubiquitous increases in AC
signaling.

The results for the hepatic effects of DEX treatment on PN1-3 provide the clearest
example of heterologous sensitization of the AC pathway. At each of the three different
doses, we found significant increases in AC regardless of whether the activity was
assessed in the basal state, in response to receptor stimulants or G-protein activation, or
with direct AC activation by forskolin. The parallel changes point to gain-of-function of
AC itself as the underlying mechanism. Accordingly, there is an augmented response to
any upstream signal, including the responses to activation of BARs or glucagon receptors,
which together provide major inputs to glucose and lipid metabolism; further
emphasizing the point that sensitization involves AC itself, we did not observe any
significant PAR upregulation that would signify a selective, upstream effect at the

receptor level. The results thus resemble those seen in our earlier work with
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developmental exposure to OPs [13,113]; in that case, we found that this change in
hepatic cellular function leads to prediabetes [93,150], the same outcome as found for AC
polymorphisms in humans [119]. Given the known connection between early-life
glucocorticoid exposure and later emergence of similar metabolic disorders
[43,74,120,121,199], our results thus provide one of the likely contributory mechanisms
that connect DEX exposure to adult disease outcomes.

Superimposed on the heterologous activation of AC signaling, DEX treatment on
PN1-3 showed selectivity for both sex and tissue. Although females, like males, showed
hepatic AC sensitization, the dose-response curve was nonmonotonic, with loss of effect
at the highest dose. A similar nonmonotonic relationship between dose and effect was
seen in the heart. In males, cardiac AC was maximally sensitized by the lowest dose of
DEX and then showed a progressive loss of effect as the dose was raised; females
showed a dose-dependent reduction in AC instead of the increase that had been seen in
the liver. Since high doses of DEX are known to disrupt neuroendocrine function and to
produce general somatic deficits, it is likely that the loss of the promotional effect on AC
signaling involves mechanisms other than a direct influence on the signaling cascade
[29,57,58,63,65,101,103,104,106,108,194,195]. Nevertheless, just as for the metabolic
outcomes related to the effects on hepatic cell signaling, the functional consequences for
cardiac structure and function are known: outright cell loss [168], alterations in the
expression of cardiac contractile proteins [26] and impaired heart rate control [75,96]. As
seen here, the greater negative impact on the glucagon response may indicate a further

deficit in cardiac glucose utilization [12]. Superimposed on these effects, DEX exposure
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impairs the development of cardiac sympathetic projections, which would augment any
deficits in AC signaling downstream from PAR input [148]. Viewed in this light, the
small BAR upregulation and myAChR downregulation found here may represent partial
compensation to offset the effects of the downstream changes in signaling; it would be
worthwhile to pursue the balance of physiological responses (heart rate, contractility) to
sympathetic and parasympathetic input to determine how these cellular changes influence
physiological responses.

Shifting the DEX exposure to PN7-9 again produced heterologous hepatic AC
sensitization but with notable differences from the effects of the PN1-3 regimen. In
males, the dose-response curve became nonmonotonic, with loss of effect at the highest
DEX dose; this is compatible with the greater deficits in somatic growth with the PN7-9
treatment, which would then be expected to offset the direct effects of DEX on signaling
as shown above. However, in females, there was no significant effect at any of the doses;
this points instead to the closing of the critical developmental period in which DEX
evokes lasting changes in AC signaling. A similar conclusion was reached in our earlier
work with neurodevelopmental indices [86,88,152]. Thus, the most sensitive period for
reprogramming of cell signaling evoked by DEX exposure corresponds to the
developmental phase in which glucocorticoids are most likely to be used in preterm labor
[64]. The later treatment also showed selective effects on the responses to AC stimulants
that were not seen with the PN1-3 regimen, characterized by smaller effects on the
responses to receptor stimulants than on the direct AC response to forskolin. This

indicates reductions in the efficiency of receptor coupling to cAMP generation; future
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studies should address the issue of whether these targeted deficits are of functional
significance over and above the heterologous effects exerted at the level of AC itself.

Our findings thus extend the Barker Hypothesis, which originally related prenatal
stress and associated growth restriction to subsequent development of cardiovascular
disease and diabetes [21]. Specifically, our finding that glucocorticoid exposures below
the threshold for somatic growth impairment nevertheless lead to cell signaling changes
that underlie metabolic and cardiac dysfunction points to the greater relative importance
of stress as distinct from growth impairment in adverse outcomes. In turn, this means
that a wider variety of prenatal stressors and chemical exposures that are insufficient to
elicit growth impairment, may nevertheless contribute to the worldwide increase in the
incidence of diabetes. Finally, our results indicate that the common use of
glucocorticoids in preterm labor may ultimately contribute to these outcomes through AC

signaling alterations similar to those of DZN and PRT, as we shall see in the next chapter.
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Chapter 3: Neonatal Organophosphate Exposure Alters the
Developmental Trajectory of Cell Signaling Cascades
Controlling Metabolism: Differential Effects of Diazinon and
Parathion in Liver, Heart and Cerebellum

In the previous chapter our findings show that, in contrast to growth restriction,
the glucocorticoids associated with stress or the therapy of preterm labor are more
sensitive and more important contributors to the cellular abnormalities underlying
subsequent metabolic and cardiovascular dysfunction. These findings agree with recent
results that suggest that environmental contaminants, drugs, and chemicals can produce
outcomes similar to the original Barker Hypothesis without growth restriction. In this
chapter, we will investigate how exposures to common pesticides might provide a route
to later-emerging disorders, in particular focusing on OPs, which represent 50% of
worldwide insecticide use [32].

Since cell signaling is targeted by OP mechanisms other than their shared
property as cholinesterase inhibitors, there is no reason to presuppose that all OPs will act
in the same way. Accordingly, the current chapter compares whether the divers
outcomes of early-life exposure to different OPs are associated with differences in their
long-term effects on AC signaling. We evaluated function at each step in the cascade in
liver and heart (refer to Figure 7) after neonatal exposure to DZN and PRT over periods
ranging from early adolescence through young adulthood and late adulthood. Further, we
measured ligand binding for BARs and for the inhibitory myAChRs. The effects of each
OP on the trajectory of development of hepatic and cardiac AC signaling were compared

to the those in the cerebellum, a brain region that shares the same, high degree of AC
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response to BAR stimulation [170].
MATERIALS AND METHODS

Animal treatments. Animal housing, care, litter size, and randomization was
identical to that of Chapter 2. Because of their poor water solubility, DZN and PRT were
dissolved in dimethylsulfoxide to provide consistent absorption [196] and were injected
subcutaneously in a volume of 1 ml/kg once daily on PN1-4. Control animals received
equivalent injections of dimethylsulfoxide vehicle, which does not itself produce
developmental toxicity [176,196]. At the specified ages, one male and one female from
each final litter assignment were decapitated and the heart, one liver lobe and cerebellum
were dissected, blotted, frozen in liquid nitrogen and maintained at -45° C. Other tissues
and brain regions were reserved for future studies.

The dosing paradigms were chosen to achieve a toxicodynamic match between
DZN and PRT [154,169], and similarly, to match earlier studies using CPF [175]. For
each OP, we chose doses straddling the threshold for barely-detectable cholinesterase
inhibition (5-20% inhibition), well below the 70% inhibition required for signs of
cholinergic hyperstimulation [36]: 0.5 and 2 mg/kg/day for DZN; 0.1 and 0.2 mg/kg/day
for PRT. Assessments were carried out in adolescence (PN30), early adulthood (PN60),
and full adulthood (PN100).

Assays. All procedures used in this study were presented in detail in Chapter 2.
Additionally, it is important to note that we did not assess myAChR binding in the
cerebellum because of the sparsity of the receptors in this tissue. Furthermore, we did not

evaluate the effects of glucagon in the cerebellum, a tissue in which this metabolic
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hormone has no known biologic role.

Data analysis. Handling of data and the presentation of results are presented in
detail in Chapter 2. For reference, the corresponding control values are shown in Table
2; because there were two control cohorts (controls for the DZN study, controls for the
PRT study, each comprising 6 males and 6 females for each age point), the values were
normalized and presented as a single set. However, statistical comparisons of the effects
of DZN and PRT were made only with the appropriately matched control cohort.

Materials. All materials purchased were the same as Chapter 2 except DZN and

PRT were obtained from Chem Service (West Chester, PA).
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Table 2: Adenylyl Cyclase Activities and Receptor Binding in Controls

PN30 PN60 PN100
Male Female Male Female Male Female
Liver

Basal AC* 3100 | 31+01 [ 4001 | 41+02 | 32+0.1 | 3.0=0.1
Isoproterenol-Stimulated AC* | 48 +02 | 58+02%| 58+0.1 | 6303 | 4502 | 46+0.1

Glucagon-Stimulated AC* 29+ 1 28+ 1 341 3lx1* | 30+1 | 27+1%
NaF-Stimulated AC* 169+05|169+06|220+1.1|215+07|193+04|188+0.5

Forskolin-Stimulated AC* 58+ 4 68 +2 773 69 +2 73+3 67+3
BAR Binding’ 32+01 | 35202 | 36202 | 43+02 | 27+0.1 [32=+0.1*
Heart

Basal AC* 46 + 1 44+2 28+ 1 29+ 1 201 | 23+1%

Isoproterenol-Stimulated AC* | 95 + 2 95+ 3 62 +2 67 +3 46 + 2 54 4 2%

Glucagon-Stimulated AC* | 68+ 2 68 + 3 50 £2 50 +2 342 | 40£1%

NaF-Stimulated AC* 12943 | 127+5 | 89+2 | 93+4 | 78+3 | 833
Forskolin-Stimulated AC* | 803+7 | 772£22 | 64617 | 693 £24 | 55417 | 585+ 16
BAR Binding 11.1£03[103+03| 80+02 [69+03%| 7.6+04 | 73+02
mAChR Binding’ 183+4 | 1826 | 1617 | 1527 | 1706 | 188 +6*
Cerebellum

Basal AC* — — — — 1665 | 174+4

Isoproterenol-Stimulated AC* _ _ _ _ 220 +7 208 +5
NaF-Stimulated AC* _ _ _ _ 212+5 | 194 + 5%
Forskolin-Stimulated AC* _ _ _ _ 1138 +45 | 1202 + 60
BAR Binding’ — — — — 2504 |224+04

“pmol / min / mg protein
"fmol / mg protein

*significant difference between males and females
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RESULTS

In control rats (Table 2), liver and heart AC activities both showed robust
responses to stimulants (p < 0.0001 for the main effect of each stimulant compared to
basal activity) but the relative response of each stimulant differed among tissues and
ages, and between sexes: tissue x stimulant, p < 0.0001; sex x stimulant, p < 0.0005; age
x stimulant, p < 0.0001; tissue x age x stimulant, p < 0.0001; age x sex x stimulant, p <
0.06; tissue x age x sex x measure, p < 0.007. Superimposed on the differences in
response to stimulants, the overall temporal pattern of AC activity differed between liver
and heart (tissue x age, p < 0.0001; tissue x age x sex, p < 0.005). As shown earlier
[118], liver AC declines sharply in the immediate postnatal period, whereas heart AC
peaks in early adolescence and then declines; accordingly, here we saw an overall
decrease in heart AC from adolescence to adulthood (p < 0.0001 for the main effect of
age), whereas liver AC showed a slight rise between PN30 and PN60 and a subsequent
minor decline by PN100 (p < 0.0001 for the main effect of age). Both tissues showed
age- and sex-related differences in AC activity and/or stimulant responses, necessitating a
point-by-point comparison of sex differences for each measure: liver, p < 0.06 for age x
sex, p < 0.003 for sex x stimulant, p < 0.0001 for age x stimulant, p < 0.007 for age x sex
x stimulant; heart, p < 0.08 for age x sex, p < 0.0001 for age x stimulant. Nevertheless,
the individual sex differences were only sporadic, with the exception of the heart on
PN100, where females showed significantly higher AC values than males (main effect of
sex, p < 0.03; Table 2). The major response differences between liver and heart reflected
disparities in the relative effects of the various AC stimulants. In the liver, glucagon
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produced a much larger response than did isoproterenol, whereas the opposite was true
for the heart; this reflects the relatively greater physiologic importance of glucagon
signals in the liver as compared to BAR signals in the heart. Similarly, in the liver,
glucagon produced a greater stimulatory response than did fluoride, reflecting the mixed
involvement of both stimulation (Gs-related) and inhibition (Gj-related) for the latter
agent; in the heart, isoproterenol produced a smaller signal than did fluoride. Finally, in
the cerebellum, we again saw robust stimulatory responses to isoproterenol, fluoride and
forskolin (all at p < 0.0001) but without any sex differences (no main effect of sex or sex
x stimulant interaction; Table 2).

Neonatal OP exposure elicited small, but statistically significant effects on body
weight (main treatment effect, p < 0.004) and heart weight (p < 0.0001); liver weights
could not be compared because we dissected only a single lobe. The effects on body and
heart weight depended on which OP was given, as evidenced by significant interactions
of treatment x [DZN vs. PRT]: p < 0.02 body weight, p < 0.005 for heart weight. DZN
produced a significant overall reduction in body weight at either 0.5 or 2 mg/kg,
amounting to net deficits of 5% (p < 0.003) and 6% (p < 0.0006), respectively, consistent
with earlier findings [138]; for heart weight, the reductions were slightly larger, 8-9% (p
< 0.0001 for either dose). In contrast, for PRT we did not find any statistically significant
effects on body or heart weights in the animals used for this study; however, these
animals were part of a much larger cohort that was used for additional studies [94,153],
and in the overall group, PRT caused a small (2-3%) but significant elevation in body

weight at the low dose in males, and reductions of about 4% at either dose in females.
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Global ANOVA for AC measurements indicated a significant main effect of OP
treatment reflecting overall increases in activity (p < 0.0001; OP-treated > control) that
differed between liver and heart (treatment x tissue, p < 0.0001) and between DZN and
PRT (treatment x [DZN vs. PRT], p < 0.04), as well as displaying more complex
interactions: p < 0.004 for treatment x [DZN vs. PRT] x age, p < 0.02 treatment x [DZN
vs. PRT] x age x tissue, p < 0.0001 for treatment x AC stimulant, p < 0.0001 for
treatment x tissue x AC stimulant. Accordingly for presentation, we separated the data
into the individual tissues (liver, heart, cerebellum) and treatments (DZN, PRT), and then
performed lower-order tests to reexamine the results for treatment effects and
interactions.

Liver AC. In the liver, neonatal OP exposure elicited a significant main treatment
effect (p < 0.0001) that differed between the two OPs and among ages (treatment x [DZN
vs. PRT], p < 0.08; treatment x [DZN vs. PRT] x age, p < 0.0001) and also showed
selectivity among the various AC stimulants (treatment x AC stimulant, p < 0.0001).
Accordingly, we separated the results for DZN and PRT for each age point, and then
reexamined the treatment effects.

DZN exposure elicited a significant main treatment effect (p < 0.0001), reflecting
an overall gain-of-function, with dependence on age (treatment x age, p < 0.08) and AC
stimulant (treatment x stimulant, p < 0.005). On PN30 there was a trend toward overall
increases in AC activity in males that did not by itself achieve statistical significance
(Figure 12A); however, as noted below, the same pattern was seen in the heart and the

overall effect across both tissues was significant. By young adulthood (PN60), the main

53



effect of DZN treatment became significant for both sexes (p < 0.001), reflecting a robust
(p < 0.0003) enhancement of activity in the animals exposed to 2 mg/kg (Figure 12B).
Superimposed on this general increase, there were selectively greater effects on
stimulants acting through Gs-coupled receptors (isoproterenol, glucagon) than on the
response to fluoride, which stimulates both G and G;j (treatment x stimulant, p < 0.02);
the response to forskolin was also increased to a greater extent than that to fluoride. By
PN100 (Figure 12C), both the low and high doses of DZN elicited significant increases in
AC (p <0.0001 for all treatments; p < 0.001 for 0.5 mg/kg vs. control; p < 0.0001 for 2
mg/kg vs. control). Like the PN60 values, the fluoride response was affected to a lesser
extent than the receptor stimulants or forskolin (p < 0.002 for treatment x stimulant
across the two age points).

For hepatic effects of PRT exposure, the global ANOVA indicated a significant
main treatment effect (p < 0.0009) that depended on age (treatment x age, p < 0.003), AC
stimulant (treatment x stimulant, p < 0.0001) and sex (treatment x stimulant x sex, p <
0.06). Most notably, the temporal pattern of effects was completely distinct from that of
DZN. On PN30 (Figure 12D), neonatal PRT exposure elicited significant upregulation of
AC activity at both 0.1 mg/kg and 0.2 mg/kg (p < 0.0003 for the main effect of both
treatments; p < 0.02 for the low dose vs. control; p < 0.0001 for the high dose vs.
control). Superimposed on the overall increase, there were selectively greater effects of
isoproterenol and forskolin as compared to glucagon or fluoride at the lower dose (p <
0.002 for treatment x stimulant); the same pattern was seen at the higher dose (p < 0.005

for treatment x stimulant), although the greater overall effect increased the response

54



sufficiently to achieve statistical significance for all the individual measures. On PN60,
the point at which DZN elicited even greater increases in hepatic AC activity, PRT
instead showed a loss of effect (Figure 12E) and the same was true in full adulthood, by
PN100 (Figure 12F); to make certain that later-emerging changes were not occurring with
PRT exposure, we performed an additional set of determinations at 5 months of age and

again found no persistent effects on AC.
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Figure 12: Effects of neonatal exposure to DZN (A,B,C) or PRT (D,E,F) on liver AC activity
on PN30 (A,D), PN60 (B,E) and PN100 (C,F). Data represent means and standard errors obtained
from 6 animals in each group, presented as the percent change from the corresponding control
values (Table 2). ANOVA incorporating the factors of treatment, sex and AC stimulant appears at
the top of each panel and lower-order tests are shown within the panels. Where there was a
significant treatment x stimulant interaction, asterisks denote specific responses that differ from the
control animals; separate tests for males and females were not carried out because of the absence of
treatment x sex interactions. Abbreviations: Iso, isoproterenol; Glu, glucagon; Fsk, forskolin; NS,
not significant.
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Heart AC. In the heart, the effects of neonatal toxicant exposure were less
statistically robust than for the liver, but we nevertheless found differences between the
two OPs (treatment x [DZN vs. PRT], p < 0.07), as well as treatment interactions with
age and AC stimulant (treatment x age x AC stimulant, p < 0.04). Again, values were
separated into the individual treatments and ages for comparisons of lower-order
treatment effects. On PN30 (Figure 13A), DZN treatment enhanced AC activity in a sex-
and stimulant-selective manner (p < 0.06 for treatment x sex, p < 0.05 for treatment x
stimulant). At the lower dose, there were small overall effects that achieved statistical
significance for 2 of the 10 parameters. More robust effects were evident at the higher
dose, reflecting a net overall increase in males (p < 0.04); in females, the responses to
isoproterenol and glucagon were decreased by DZN exposure whereas the response to
fluoride was unchanged and that to forskolin was increased. The augmented responses
seen in males were similar in direction and magnitude to those noted for the liver at the
same age (Figure 12A); ANOVA incorporating both tissues confirmed a main effect of
DZN treatment (p < 0.008) without tissue selectivity (no treatment x tissue interaction).
By PN60, we could no longer detect any significant effects of DZN on heart AC activity
(Figure 13B), and although a slight enhancement reappeared by PN100, this did not
achieve statistical significance (Figure 13C).

In contrast to the effect of DZN on heart AC, we did not detect significant effects
of PRT on the same parameters (Figure 13D,E,F). Again, we performed a follow-up
study at 5 months of age to determine if alterations might emerge even later on, but did

not find any significant treatment effects.
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Figure 13: Effects of neonatal exposure to DZN (A,B,C) or PRT (D,E,F) on heart AC activity
on PN30 (A,D), PN60 (B,E) and PN100 (C,F). Data represent means and standard errors obtained
from 6 animals in each group, presented as the percent change from the corresponding control
values (Table 2). ANOVA incorporating the factors of treatment, sex and AC stimulant appears at
the top of each panel and lower-order tests are shown within the panels. Where there was a
significant treatment x stimulant interaction, asterisks denote specific responses that differ from the
control animals. Abbreviations: Iso, isoproterenol; Glu, glucagon; Fsk, forskolin; NS, not significant.
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Receptors. For BARs, global ANOVA identified interactions of treatment x age
(p < 0.004), treatment x sex (p < 0.05), treatment x tissue (p < 0.09), treatment x [DZN
vs. PRT] x sex (p < 0.01), treatment x [DZN vs. PRT] x tissue (p < 0.1) and treatment x
[DZN vs. PRT] x tissue x age (p < 0.08). Again, we separated the values for the DZN
and PRT treatments and examined lower-order main treatment effects and interactions of
treatment with other variables. For DZN (Figure 14A), there were treatment interactions
with sex (p < 0.05) and tissue (p < 0.09). Separation of the values by tissue did not reveal
any individually significant treatment effects. However, separation by sex confirmed an
overall, significant reduction in BAR binding in females exposed to the lower dose of
DZN; the magnitude of this effect was <10%, far smaller than the 30-40% changes seen
for the AC response to fAR stimulation, and were in the opposite direction (decrease for
BARs, increase for AC response). Neonatal PRT treatment also evoked significant
changes in BAR binding that depended on age and tissue (Figure 14B). Separate analyses
for each tissue indicated an age-dependent effect in the liver (treatment x age, p < 0.03),
reflecting an increase on PN30 and a decrease on PN60, restricted to the high dose group.
In the heart, BAR binding was decreased selectively in males (p < 0.002 in the 0.1 mg/kg
group, p < 0.02 in the 0.2 mg/kg group).

We evaluated myAChR binding only in the heart, since these receptors are sparse
in the liver and cerebellum. The global ANOVA identified a significant treatment x sex
interaction (p < 0.006) and subdivision of the results found a significant treatment effect
in females (p < 0.03). Nevertheless, the net effect was quite small and the only

determinations that achieved statistical significance were those for 0.5 mg/kg DZN
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(Figure 14C).
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Figure 14: Effects of neonatal DZN or PRT exposure on liver and heart receptors: (A) AR
binding in DZN-exposed animals, (B) BAR binding in PRT-exposed animals, (C) cardiac myAChR
binding. Data represent means and standard errors obtained from 6 animals in each group,
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order tests are shown within the panels. Asterisks in (B), where there was a treatment x age

interaction, show ages for which the PRT group differs from the control.
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Cerebellum. Global ANOVA identified treatment effects that differed between
DZN and PRT (treatment x [DZN vs. PRT], p < 0.006) and between males and females
(treatment x sex, p < 0.06). Neonatal exposure to the lower dose of DZN elicited
significant increases in AC activity that were selective for males (p < 0.007) but the
higher dose instead produced small, but significant (p < 0.04) decrements (Figure 15); the
magnitude of the effects was substantially smaller than that seen in the liver at the same
age (PN100). The low dose of PRT did not elicit significant alterations in cerebellar AC
parameters but the high dose produced an overall increase (p < 0.05) without sex

selectivity. None of the treatments had a significant effect on cerebellar AR binding.
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Figure 15: Effects of neonatal DZN or PRT exposure on the cerebellum, evaluated at PN100.
Data represent means and standard errors obtained from 6 animals in each group, presented as the
percent change from the corresponding control values (Table 2). ANOVA incorporating the factors
of treatment, [DZN vs. PRT], sex and AC stimulant appears at the top of each panel and lower-order
tests are shown within the panels. Abbreviations: Iso, isoproterenol; Fsk, forskolin.
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DISCUSSION

Results of this study reinforce the concept that the developmental effects of OPs
extend beyond the nervous system. Neonatal exposures to DZN and PRT altered the
developmental trajectory of AC-mediated cell signaling in peripheral tissues, and in the
case of the liver, to a greater extent than in the brain. Although in general, OP exposure
elicited a net AC gain-of-function, the effects differed among the various tissues,
effectively ruling out a global effect on expression of receptors, G-proteins or AC, and
instead pointing to selectively greater effects on specific aspects of hepatic function, as
will be discussed below. This conclusion was further reinforced by the fact that DZN and
PRT exposures evoked different trajectories, despite the fact that the doses of each OP
were chosen to produce equivalent degrees of cholinesterase inhibition [169]: the effects
of DZN intensified with age, whereas those of PRT waned. Thus, although OPs elicit
acute systemic toxicity through their shared ability to inhibit cholinesterase [114,130],
lower-level OP exposures, spanning the threshold for anticholinesterase actions,
nevertheless disrupt the development of cell-signaling cascades that control cell
differentiation and other critical functions [68,145-147]. Indeed, the comparative
differences in outcomes seen here between DZN and PRT, and previously for CPF [113],
all point to actions independent of cholinesterase inhibition; in turn, because the effects
on cholinesterase are produced by the oxon metabolites of each of the OPs, our results
point to the native compounds, or perhaps other metabolites as the agents that target the
development of cell signaling.

In our earlier work with CPF, we found persistent, global increases in all
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measures of hepatic AC signaling, an effect restricted to males [113]; this connotes
heterologous sensitization of the pathway, wherein upregulation of AC activity itself
(enhanced forskolin response) produces an augmented response to stimulants acting on
Gs-coupled receptors (isoproterenol, glucagon), as well as to direct activation of G-
proteins (fluoride). Equally important, the CPF effects displayed a critical period of
sensitivity, indicating that these are specifically developmental actions [113]. As found
here, neonatal DZN exposure produced a similar heterologous effect that appeared in
adolescence and young adulthood at the higher dose but that also became significant at
the lower dose by full adulthood; notably, although the effect emerged first in males, it
eventually encompassed both sexes, thus differing in outcome from the sex-specific
effects seen for CPF [113]. Superimposed on heterologous sensitization, we also found
alterations in specific elements of the signaling cascade. If the upregulation of AC itself
were the only effect of DZN exposure, then all pathway stimulants should show the same
degree of enhancement. Instead, on both PN60 and PN100, the response to fluoride was
augmented to a significantly smaller extent than for forskolin or either of the receptor
stimulants. Fluoride differs from isoproterenol and glucagon in that it also activates G;,
and consequently, our findings point to an increase in expression and/or function of the
inhibitory G-protein after neonatal DZN exposure; again this differs from the effects of
CPF, which produces uniform enhancement of responses as expected from activation of
AC itself [113]. Effects on G; will also produce heterologous alterations in AC signaling,
since they affect the response to any receptor acting through this G-protein. Thus, all the

effects we noted were heterologous, involving either AC itself or the G-proteins, rather
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than reflecting homologous effects on the expression of the neurotransmitter receptors or
their specific coupling to the control of AC; indeed, none of the small effects seen for
receptor binding could account for the robust augmentation of AC responses.

In contrast to DZN, neonatal PRT exposure produced a much larger initial
sensitization of hepatic AC in adolescence, with significant increases at either dose and in
both males and females. Again, the effects were primarily heterologous as evidenced by
the augmented forskolin response but there were additional pathway effects evident at the
lower dose, reflecting smaller increments for glucagon and fluoride than for isoproterenol
and forskolin. In turn, these imply homologous desensitization for glucagon and
heterologous increases in Gi-mediated inhibition, respectively; the effect of PRT on the
glucagon response was not shared by DZN, again pointing out specific differences related
to each individual OP. Most notably, though, whereas the effects of DZN intensified
over time, those of PRT waned, so that by young adulthood and thereafter, there were no
longer any significant differences. Thus, the two OPs differ completely in their effects on
the developmental trajectory of hepatic AC signaling, with large effects in adolescence
for PRT but not DZN, supplanted by the opposite pattern in adulthood.

In addition to selective effects for DZN as compared to PRT, we also found
substantial tissue-related differences, with the liver affected far more than either the heart
or the cerebellum. Neonatal DZN exposure elicited significant changes in cardiac AC
only on PN30, reflecting increases in signaling responses for males and decreases for
females; PRT had no significant effects on cardiac AC whatsoever. In the cerebellum,

the lower dose of DZN produced small but significant upregulation in males that was
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reversed at the higher dose, whereas PRT produced significant increases at the higher
dose; none of these was comparable in magnitude to the large changes seen in the liver.
For the heart (but not the cerebellum), there were significant changes in receptor binding
without apparent connection to the effects on AC signaling, again reinforcing the
importance of heterologous sensitization downstream from the receptors as the primary
site of regulatory disruption.

The clear implication is that neonatal OP exposure is likely to affect hepatic
responses to a greater extent than those in the heart or in the central nervous system, and
it is therefore critical to examine how the cellular changes seen here might then
contribute to alterations in tissue function. In the liver, where PARs and glucagon
receptors are linked through AC to enhanced gluconeogenesis and lipolysis, heterologous
sensitization of AC signaling leads to corresponding metabolic abnormalities. Earlier
work with CPF established the presence of hyperlipidemia, but serum glucose levels were
maintained within normal limits [150]; however, glucose homeostasis was maintained
only by compensatory hypersecretion of insulin, thus producing a metabolic profile akin
to prediabetes. Critical to the proposed mechanistic connections, the sex-selectivity of
the metabolic effects (males) exactly matched that for the heterologous sensitization of
hepatic AC signaling [113]. More recently, evidence of prediabetes after neonatal PRT
exposure has been found [94]. In this case, there was no corresponding increase in serum
insulin, and as a result, the animals displayed a frank prediabetic profile, characterized by
hyperglycemia and impaired glucose and lipid utilization [94]. It is thus important to

note that the effects of PRT on hepatic AC signaling seen here were restricted to
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adolescence, and unlike those of CPF, did not persist into adulthood. Accordingly, for
PRT, either the AC changes are unrelated to the metabolic disorders, or alternatively, the
effects in adolescence may be sufficient to reprogram metabolism so that defects emerge
later, despite the subsequent normalization of signaling parameters. Obviously, future
work will need to dissect the temporal emergence of prediabetes after neonatal PRT
exposure in order to distinguish these two possibilities. However, current data point
toward the latter interpretation, since PRT-exposed animals show a switch from enhanced
to suppressed weight gain coinciding with the time course for the disappearance of the
effects on AC signaling [94]. Although detailed metabolic studies have not been done for
DZN, based on the results for hepatic AC signaling, we would expect to see bigger
metabolic defects than for PRT, consistent with the greater weight loss seen here and in
earlier reports [94,138]; unlike CPF, we would further predict that DZN will target
metabolic function in both males and females, since the cellular effects were not sex-
selective. Finally, there are human studies showing a connection of diabetes to long-term
OP exposure [116,140] and of a link between gain-of-function AC gene polymorphisms
and diabetes susceptibility [119]. Our results thus provide a mechanistic underpinning
for these population studies.

There are similar implications for the significant, albeit lesser effects of DZN and
PRT exposure on AC signaling in the heart and brain. Transgenic animals that produce
AC hyperstimulation through overexpression of BARs or Gs show development of
cardiomyopathies and abnormal heart rate regulation [60,81,188]. Alterations in

myAChR expression, which we detected for PRT, also have corresponding effects on
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cardiac function and the response to autonomic input [90]. Importantly, the fact that
DZN reduced heart weight significantly and to a greater extent than body weight
indicates the need to pursue potential consequences for cardiac function, which have been
much less studied than hepatic function. Indeed, the prediabetic changes seen after
neonatal OP exposure are themselves likely to contribute to further cardiovascular
morbidities. In the cerebellum, we found a nonmonotonic effect of DZN, with enhanced
AC signaling at the low dose that disappeared or was reversed at the high dose; this likely
represents the positive neurotrophic effect of acetylcholine produced by a small degree of
cholinesterase inhibition, offsetting the direct effects of low exposure [183]. In contrast,
PRT produced upregulation with a typical, monotonic dose-effect relationship. Most
importantly, the disparate dose-effect patterns of effects on AC signaling for both DZN
and PRT correspond to the differences in behavioral findings between the two agents
[183,184].

Our results support the view that developmental exposure to OPs targets the
trajectory of AC signaling in peripheral tissues, thus extending their actions outside the
nervous system. The effects on hepatic and cardiac AC appear to be unrelated to the
shared mechanism for systemic OP toxicity, cholinesterase inhibition [114], with the
consequences that: (a) the effects on signaling occur with nonsymptomatic exposures that
are below the threshold for detectable anticholinesterase actions, and (b) effects differ
among OPs at exposures that produce similar effects on cholinesterase. Further, the liver
appears to be especially sensitive to persistent disruption of AC signaling, involving

heterologous sensitization of the entire pathway via induction of AC activity. In turn, this
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provides a likely mechanism for the metabolic consequences of neonatal OP exposure
identified in earlier studies, indicative of a prediabetic state [93,150]. Indeed,
heterologous sensitization is likely to have widespread consequences in general because
it affects all humoral signals that operate through cAMP, rather than involving any single
input. Our findings thus extend the Barker Hypothesis, which originally related prenatal
growth restriction to subsequent development of cardiovascular disease and diabetes [21],
to include otherwise nonsymptomatic chemical exposures that may produce similar
outcomes without the precondition of fetal/neonatal growth restriction. Our findings
point out the need to explore the possibility that developmental exposure to common
chemical contaminants contribute to the explosive worldwide increase in diabetes and

obesity.
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Chapter 4: Neonatal Parathion Exposure and Interactions with
a High-Fat Diet in Adulthood: Adenylyl Cyclase-Mediated Cell
Signaling in Heart, Liver and Cerebellum

The findings of Chapter 3 indicate that OPs alter the trajectory of hepatic cell
signaling in a manner consistent with the observed emergence of prediabetes-like
metabolic dysfunction, and with a greater effect than in heart or brain. Specifically,
neonatal PRT evoked later upregulation of the hepatic AC pathway in adolescence but
the effect waned by young adulthood; nevertheless metabolic changes resembling
prediabetes persisted. These effects occured at low exposures and were unrelated to
cholinesterase inhibition. Therefore, various OPs differ in their net impact on the
peripheral AC signaling, and in a manner divergent from their effects on neurobehavioral
outcomes. In this chapter, we explored whether the additional metabolic stress imposed
by consuming a high-fat diet in adulthood could unmask persistent effects of neonatal
PRT exposure on AC signaling, an approach modeled after our earlier studies on
metabolic effects of OPs [93,94,138]. As before, we focused on PRT treatment regimens
straddling the threshold for cholinesterase inhibition [154] and then in adulthood, we
switched half the animals to a high-fat diet that more than doubles serum -
hydroxybutyrate concentrations [94]. To assess the impact on AC signaling, we
evaluated function at each step in the cascade. Further, we measured ligand binding for
BARs and for the inhibitory myAChRs. We conducted our studies in peripheral tissues
(heart, liver) and compared the effects to those seen in a brain region (cerebellum) that
shows a similar AC response to BAR activation. Finally, we also assessed BAR binding

in a skeletal muscle (gastrocnemius) to determine whether this prominent site of energy
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utilization was affected by PRT or the high-fat diet, separately or together.
MATERIALS AND METHODS

Animal treatments and diet. Animal housing, care, litter size, and randomization
was identical to those presented in Chapter 2. PRT treatments were the same as those
presented in Chapter 3. Each group was defined as a specific neonatal treatment, dietary
condition and sex. After weaning, animals were separated by sex and housed in groups
according to standard guidelines.

Beginning at 15 weeks of age, half the rats were switched to a high-fat diet
(OpenSource D12330), providing 58% of total calories as fat; 93% of the fat is
hydrogenated coconut oil. The remaining rats continued on the standard diet, which
provides 13.5% of total calories as fat; with this diet, 27% of the fat is saturated.
Although the high-fat diet contains 37% more calories per gram, we found that animals
on this diet reduce their food intake by approximately the same proportion [94], so that
the total dietary intake is isocaloric; nevertheless, animals gain excess weight when fed a
diet with a higher fat content [94]. During the 24" postnatal week, animals from each of
the finally-assigned litters were decapitated and the heart, one liver lobe (the same lobe
from each animal), cerebellum and gastrocnemius muscle were dissected, blotted, frozen
in liquid nitrogen and maintained at -45° C.

Assays. The procedures used in this study were presented in detail in Chapter 2.
Additionally, it is important to note that we did not assess myAChR binding in the
gastrocnemius muscle because of the sparsity of the receptors in this tissue. We

conducted preliminary studies of AC activity in the gastrocnemius muscle and found
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extremely variable results; accordingly, these determinations were not carried out in the
present work.

Data analysis. Handling of data and the presentation of results are presented in
detail in Chapter 2. Only analysis that varies from the previous chapters follows: To
ensure that treatment and diet effects could be compared across all groups, all assays
were conducted simultaneously on all samples for a given tissue and sex, but technical
limitations dictated that each tissue and sex had to be performed in divided runs.
Accordingly, the control values for tissue vs. tissue or for males vs. females should not be
compared directly, since each tissue was assayed separately, as was each sex. However,
treatment and diet effects and their interactions with tissue and sex can be interpreted,
since these depend solely on the internal comparison to the matched control groups that
were run together. Because of the large range of AC activities for different tissues and
stimulants, the scales for each graph were adjusted to give an equivalent visual
presentation of the treatment- and diet-related differences, irrespective of the differences
in absolute values.

Materials. All materials utilized were purchased from the same companies
detailed in the previous chapters except for the following: LabDiet 5001 came from PMI
Nutrition (St. Louis, MO) and the OpenSource D12330 diet came from Research Diets
Inc. (New Brunswick, NJ).

RESULTS

Body and tissue weights. Global ANOVA incorporating all variables (treatment,

diet, sex) and the five dependent measures (body weight, heart weight, liver lobe weight,
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cerebellum weight, gastrocnemius weight) identified significant main effects of diet (p <
0.0001), sex (p < 0.0001) and tissue (p < 0.0001), along with interactions among these
three variables: p < 0.0004 for diet x sex, p < 0.0001 for diet x tissue, p < 0.0001 for sex
x tissue, and p < 0.02 for diet x sex x tissue. Since there was no main treatment effect of
PRT or interaction of treatment with the other variables, we separated the values for the
individual tissues and still obtained a diet x sex interaction for each peripheral measure (p
< 0.04 for body weight, p < 0.02 for heart, p < 0.009 for liver, p < 0.02 for
gastrocnemius) but not for the cerebellum. For body weights, the main effect of diet was
significant in both males (p < 0.0003) and females (p < 0.0001), with the sex difference
reflecting a greater effect of the high-fat diet in females, as reported earlier [94].
Similarly, the high-fat diet evoked significant weight increases of 15-20% in heart (p <

0.0002), liver (p < 0.003) and gastrocnemius (p < 0.0001) in females but not males.

The weight results represent the values from the animals used in the current study.
Earlier, we reported on the longitudinal effects of neonatal PRT treatments and dietary
manipulations on body weights in a much larger group from the same cohort of animals
[94], which revealed further effects not evident from the smaller group. PRT had no
initial effect on body weight during or immediately after the exposure period but after
weaning, the PRT group displayed a small (2-3%), significant elevation in weight at the
low dose in males, and reductions of about 4% at either dose in females. Regardless of
the neonatal treatment, the high fat diet increased body weights by about 10% in males
and 30% in females, with the low dose of PRT augmenting the effect of the high-fat diet
on weight gain.
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Adenylyl cyclase. The global ANOVA (factors of treatment, diet, sex, tissue;
dependent measures for each AC stimulant condition) indicated interactions of sex x
measure (p < 0.0001), tissue x measure (p < 0.0001), diet x tissue x measure (p < 0.02),
sex x tissue x measure (p < 0.0001), and diet x tissue x measure (p < 0.02). Accordingly,
we separated the values for the individual tissues and then performed lower-order
analyses. The global test had to omit the response to glucagon, since this stimulant was
not tested in the cerebellum; this measure was reinstated for the separate analyses of heart
and liver, which then uncovered significant treatment effects of PRT. Additionally, the
repeated measures analysis of the different AC stimulants confirmed significant
responses to each of the agents (p < 0.0001 collectively as well as individually in each
tissue). However, the stimulant responses differed among the three tissues (stimulant x
tissue interaction, p < 0.0001). In the heart, the rank order was forskolin > fluoride >
isoproterenol > glucagon > basal AC, pointing out the predominant role of BAR input as
compared to glucagon. In the liver, the sequence was forskolin > glucagon > fluoride >
isoproterenol > basal AC, reflecting the greater physiological importance of glucagon in
the metabolic response; indeed, glucagon stimulation in the liver was greater than that of
fluoride, which maximally activates both excitatory (Gs-related) and inhibitory (Gi-
related) G-protein responses. In the cerebellum, the rank order of responses was
forskolin > isoproterenol = fluoride > basal, indicating that AR stimulation is highly

coupled to G-proteins in this brain region.

In the heart, the global ANOVA identified a significant interaction of diet x

measure p < 0.0001, necessitating a separate consideration for each AC measurement;
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however, there were no PRT -related effects, nor was there a significant interaction of
PRT x diet or PRT x diet x other variables. The high-fat diet did not have any net effect
on basal AC (Figure 16A), isoproterenol-stimulated AC (Figure 16B) or glucagon-
stimulated AC (Figure 16C), but evoked a significant decrement in the response to
fluoride (Figure 16D) and forskolin (Figure 16E). To illustrate the differences in the
main effect of diet across the three treatment groups and both sexes, we collapsed all the
interactive variables and determined the average effect (geometric mean) on each AC
parameter (Figure 16F). This procedure dilutes any specific decreases by averaging them
with smaller effects, so that the absolute magnitude is reduced; nevertheless there was a
clear hierarchy of effects reflecting the conclusions reached in the multivariate ANOVA,
namely a net decrease evoked by the high-fat diet for the fluoride and forskolin

responsces.
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Figure 16: Effects of neonatal PRT exposure and subsequent adult consumption of a high-fat
diet on cardiac AC activity: (A) basal AC, (B) isoproterenol-stimulated AC, (C) glucagon-stimulated
AC, (D) fluoride-stimulated AC, (E) forskolin-stimulated AC. Data represent means and standard
errors obtained from 6 animals in each group. Significant ANOVAs appear at the top of the
corresponding panels. Panel (F) shows the simple main effect of diet, collapsed across all the other

variables.
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In the liver, the global test indicated sex-dependent effects of both PRT treatment
and diet: p < 0.05 for treatment x sex and p < 0.05 for diet x sex x measure. Accordingly
separate evaluations of each measure were conducted for males and females. Again,
there were no PRT or diet-related effects on basal AC (Figure 17A) or on the AC
response to isoproterenol (Figure 17B). However, there were sex-selective effects on the
responses to other stimulants that targeted males: the high-fat diet increased the response
to glucagon (Figure 17C) and the low-dose PRT treatment suppressed the fluoride
response (Figure 17D). Unlike the heart, the liver showed no changes in the forskolin
response as a result of dietary manipulation or neonatal PRT exposure, separately or
together (Figure 17E). The main effects for the two significant changes are shown in
Figure 17F, collapsed across the interactive variables; this clearly shows the selective
increase in the glucagon response evoked by high-fat diet in males and the decrease in the

fluoride response evoked by the low dose of PRT.
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Figure 17: Effects of neonatal PRT exposure and subsequent adult consumption of a high-fat
diet on hepatic AC activity: (A) basal AC, (B) isoproterenol-stimulated AC, (C) glucagon-stimulated
AC, (D) fluoride-stimulated AC, (E) forskolin-stimulated AC. Data represent means and standard
errors obtained from 6 animals in each group. Significant ANOVAs appear at the top of the
corresponding panels. and, where justified by the interactions, lower-order tests are shown within
panels. Panel (F) shows the simple main effects for the two measures showing significant changes,
collapsed across all the other variables.
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In contrast to the peripheral tissues, the global ANOVA for the cerebellum
revealed nostatistically significant AC signaling effects of either PRT treatment or diet,
separately or together, nor any significant interactions of these factors with the other
variables (Table 3).

Table 3: Adenylyl Cyclase Activities in the Cerebellum*

Treatment Diet Basal Isoproterenol Fluoride Forskolin
Male
Control Normal 215+ 11 252 + 15 246 + 15 828 +37
High-Fat 177 + 19 232 +8 258 + 13 780 + 32
Parathion Normal 201 + 14 233+ 13 249 + 14 809 + 60
0.1 mg/kg | High-Fat 178 =19 235+ 8 256 + 11 807 £30
Parathion Normal 199 + 15 239 + 12 242 + 14 807 =40
0.2 mg/kg | High-Fat 200 22 239+ 6 235+6 772 39
Female
Control Normal 192 +9 245 + 10 242 +7 901 +50
High-Fat 177 = 19 216 £ 19 212 + 14 840 +49
Parathion Normal 174 + 22 210+ 14 235+ 14 856 + 69
0.1 mg/kg | High-Fat 178 £ 19 251 +28 233+ 16 930 +75
Parathion Normal 209 +21 278 £30 275+ 18 960 + 86
0.2 mg/kg | High-Fat 200 + 22 245 + 21 232 + 10 896 + 58

*pmol/min per mg protein

Receptor binding. For BAR binding, the global test (PRT treatment, diet, sex,
tissue) identified a main effect of PRT (p < 0.006) that also depended on sex (treatment x
sex, p < 0.06) and tissue (treatment x tissue, p < 0.02); there was also a tissue-selective
effect of diet (diet x tissue, p < 0.02). Accordingly, we again separated the tissues for
examination of lower-order main effects. In the heart, neonatal PRT exposure evoked a
significant reduction in BARs at the lower dose but not at the higher dose (Figure 18A);

the high-fat diet by itself also produced a decrement. In contrast, there were no effects of
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either PRT or dietary manipulation on BAR binding in the liver (Figure 18B). Like the
heart, the cerebellum displayed a significant decrease in receptor binding from the high-
fat diet (Figure 18C); although there was a significant interaction of PRT x diet x sex,
none of the differences was statistically significant from control values after separation
by the interactive variables. Uniquely, the gastrocnemius muscle showed PBAR
upregulation in response to PRT exposure but was unaffected by the high-fat diet (Figure

18D).

For cardiac myAChRs (Figure 18E), we identified a main effect of treatment (p <
0.03) that was significant at either dose of PRT (p < 0.008 individually vs. control) and
that displayed sex-selectivity (treatment x sex, p < 0.04). After subdivision of the results,
males were significantly affected by PRT (p < 0.003 for the main treatment effect, p <
0.006 at 0.1 mg/kg, p < 0.002 at 0.2 mg/kg), whereas females showed no significant
effect. In addition, the high-fat diet by itself caused a significant decrease (main effect of

diet, p < 0.0001).

Figure 18F shows the main effects of diet and PRT exposure on receptor binding,
collapsed across the remaining interactive variables: the diet-induced reduction in fARs
in the heart and cerebellum, and in cardiac myAChRs; the PRT -induced decrement in
heart BAR binding at the low dose and the increase in the gastrocnemius at the higher

dose, as well as increases in cardiac myAChR binding at either dose.
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Figure 18: Effects of neonatal PRT exposure and subsequent adult consumption of a high-fat
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effects for the measures showing significant changes, collapsed across all the other variables.
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DISCUSSION

In our earlier studies, we found that early-life OP exposure results in sensitized
hepatic AC signaling in response to neuronal and hormonal signals that promote
gluconeogenesis, glycolysis and lipolysis that are evident later in life [7,113]. The
consequent metabolic dysfunction resembles prediabetes, although different OPs vary in
their specific pattern of effects [92-94,150]. With CPF, serum glucose is maintained
within normal limits, but only because of insulin hypersecretion, and the animals display
hyperlipidemia, leptin dysregulation and excessive weight gain [92,150]. PRT produces
hyperglycemia, loss of lipid homeostasis and adipose inflammation, all without incurring
hyperinsulinemia [93,94]. These differences are also reflected in disparities in OP effects
on hepatic and cardiac AC signaling. Whereas sensitization of the pathway is maintained
throughout the lifespan with CPF and DZN, the effects of PRT are prominent only
through adolescence and then wane in young adulthood [7,113]. Here, we explored
whether PRT’s effects might emerge even later, in full adulthood, but still did not find the
global upregulation of the AC pathway that we saw for CPF and DZN. However, there
were focal abnormalities involving G-protein function, exemplified by a decreased
hepatic AC response to fluoride; because the effects was not shared by stimulants that
activate Gs-coupled receptors (isoproterenol, glucagon), this result implies that PRT
exposure enhances the expression or function of the inhibitory G-protein, Gi.
Interestingly, the effect was nonmonotonic, since the reduction was significant in the
group receiving 0.1 mg/kg PRT but not the group given the higher dose. This is in

keeping with the effects on body weight [94] and thus implies that the metabolic
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consequences of early-life PRT exposure are distinctly different once the levels exceed
the threshold for cholinesterase inhibition and the emergence of systemic toxicity.

Similarly, although there were no significant effects of PRT on heart AC
parameters, we did see a reduction in BAR expression with the same, nonmonotonic
dose-effect relationship. Since PRT also evoked upregulation of myAChRs, which
produce opposing physiological effects to the actions of BARs, our result point to the
potential for sympathetic/parasympathetic imbalance that could ultimately contribute to
cardiovascular disorders. Clearly, future work should address this possibility. In
contrast, we found the opposite effect, increased PAR binding, in the gastrocnemius
muscle, reinforcing the fact that the changes are related to specific metabolic functions
rather than reflecting a global effect on AR expression; this interpretation is reinforced
by the different sensitivity of the skeletal muscle, which required exposure to the high
dose in order to show effects (Figure 18D), whereas effects in the heart (Figure 18A) or
liver (Figure 18B) were seen at the lower dose of PRT. Since skeletal muscle is a major
site for glucose and lipid utilization, the changes seen here are likely to be involved in the
general prediabetic profile seen with early-life OP exposure [93,150]. Finally, none of
these effects were seen for AC signaling or BAR expression in the cerebellum, pointing
again to specific targeting of peripheral organ function, unrelated to the developmental
neurotoxicity of OPs.

Despite their differences in effects on AC signaling and metabolic profiles, DZN
and PRT both share a common response to a high fat diet, in that animals exposed to

either agent gain more weight than do controls [94,138]. Here, we did not observe any
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interaction between PRT and the high-fat diet at the level of AC signaling or receptors,
implying that the augmented weight gain represents separate actions. It is therefore
notable that we found effects of the high-fat diet on signaling that coincide with some of
those obtained with OP exposure. In the liver, the high-fat diet enhanced the AC
response to glucagon in males without producing a corresponding increase in the
response to isoproterenol, fluoride or forskolin. Accordingly, this points to a specific
enhancement of glucagon receptor expression or coupling to Gs; the sex-selectivity seen
here for signaling effects is paralleled by differences in several metabolic parameters
[93,94]. Increased responsiveness to gluconeogenic signals later in life is also a hallmark
of neonatal OP exposure [7,113], so the dietary effect seen here represents a endpoint that
converges with that of OPs.

The effects of the diet in the heart again point out the targeting of specific organ
function as opposed to global changes in cell signaling. Unlike the liver, the high-fat diet
reduced the cardiac AC responses to fluoride and forskolin, implying heterologous
changes in the expression or function of G-proteins and AC, downstream from the
receptors. Notably, though this should have produced a parallel reduction in the
responses to receptor stimulants but instead, these were unchanged; in turn, that implies
that there are compensatory increases in receptor coupling that maintain the response to
isoproterenol and glucagon in the face of downstream impairment. These adaptations are
not at the level of receptor expression, since cardiac BARs were decreased, not increased.
Although the cerebellum also showed reduced BARs in response to the high-fat diet,

there were no corresponding changes in AC signaling, implying that this effect is
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functionally unimportant.

In conclusion, unlike CPF or DZN, neonatal PRT exposure does not produce
global upregulation of hepatic AC cell signaling that is sustained throughout the life span.
Rather, it elicits heterologous sensitization only through adolescence [7]; although this
effect then wanes in young adulthood, more subtle changes in hepatic signaling then
emerge even later, involving the expression or function of G;, accompanied by changes in
the concentration of BARs in skeletal muscle, which govern glucose and lipid utilization.
The disparities among the various OPs in their impact on cell signaling are likely to
contribute to the differences in their effects on metabolic function [92-94,150]. Although
addition of a high-fat diet did not augment the effect of neonatal PRT exposure on
signaling, the diet by itself affected the AC pathway in both liver and heart, indicating
that OP exposure produces changes in the same signaling events that are targeted by
excessive fat consumption. In that fashion, early OP exposure, separately or in
combination with dietary factors, may contribute to the worldwide increase in the
incidence of obesity and diabetes.

Nevertheless, it looks like we may have chosen the wrong OP for these studies.
Future work may find the investigation of DZN or CPF more productive to look at than
PRT. Again, it is important to note that sensitization of the AC pathway is maintained
throughout the lifespan with CPF and DZN while the effects of PRT are prominent only
through adolescence and then wane in young adulthood [7,113]. Furthermore, our
previous studies have shown that early-life CPF exposure results in metabolic

dysfunction that resembles prediabetes. With CPF, serum glucose is maintained within
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normal limits, but only because of insulin hypersecretion, and the animals display
hyperlipidemia, leptin dysregulation and excessive weight gain [92,150]. Additionally,
DZN and PRT both share a common response to a high fat diet, in that animals exposed

to either agent gain more weight than do controls [94,138].
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Chapter 5: Disparate Developmental Neurotoxicants Converge
on the Cyclic AMP Signaling Cascade, Revealed by
Transcriptional Profiles In Vitro and In Vivo

In this chapter, we set out to determine if the effects of OPs were direct or
indirect, which cannot be distinguished in vivo. Therefore our studies were carried out
through in vitro investigation. We assessed 69 genes, from a preexisting database, that
encode AC isoforms and regulators, G-protein a- and f,y-subunits, protein kinase A
subtypes and the phosphodiesterase family. We focused on two OPs, CPF and DZN, an
organochlorine pesticide (dieldrin) and a heavy metal (Ni"). The two non-OP agents
were used for contrast and tests of specificity for the OPs. All four toxicants have been
well-characterized for effects on neural cell replication and differentiation [156,161-
164,167].

For our evaluations, we used PC12 cells, a classical in vitro model for neuronal
development [182] that has already been validated to reproduce the mechanisms and
outcomes found after in vivo OP exposures [15,16,39,40,42,52,83,84,98,117,133,134,
155,156,166,167,176,187]. With the addition of nerve growth factor (NGF), PCI12 cells
begin to differentiate, forming neuritic projections and acquiring electrical excitability
and neuronal phenotypes [56,176,182]. We evaluated gene expression patterns with
cDNA microarrays, using a planned comparisons approach that focused on the relevant
gene families, rather than performing a blanket evaluation of the entire transcriptome
[160,164-167]. Planned comparisons are based instead on testing a specific hypothesis
that centers around a defined set of genes, and rests on known, validating outcomes from

prior work, in this case for the OPs. With examination of the entire genome, verification
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via RT-PCR and other techniques is required because the enormous number of
comparisons generates many false positive findings (e.g. the >2000 genes that would be
false positives if we had considered all 42,000 probes on the array). For our study, the 69
genes we compared generated only 3-4 false positives. We then assessed concordance of
the effects of the various agents across gene classes within the cAMP pathway, rather
than relying on changes in the expression of individual genes [162,163,167]. Thus, the
odds of all these genes being false positives are astronomically small. First, we
determined the extent to which CPF, DZN, dieldrin and Ni*" show convergent or
divergent actions on gene expression in differentiating cells. Second, we assessed
whether these changes involve a critical period by comparing the effects of CPF on
undifferentiated PC12 cells versus cells undergoing neurodifferentiation. Finally, we
contrasted the concordance of CPF and DZN in vitro to the in vivo effects in the
developing rat brain after neonatal exposure to the same agents, so as to determine the
relative contributions of direct neurotoxicant effects on gene expression in isolated cells

as compared to those that depend on more complex processes involving the intact brain.
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MATERIALS AND METHODS

Cell cultures. Because of the clonal instability of the PC12 cell line [56], the
experiments were performed on cells that had undergone fewer than five passages. As
described previously [135,176], 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 pg/ml penicillin streptomycin
(Invitrogen). Incubations were carried out with 7.5% CO, at 37°C, standard conditions
for PC12 cells. To initiate neurodifferentiation [83,156,182] 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 uM of each of the test agents: CPF (Chem Service,
West Chester, PA), DZN (Chem Service), dieldrin (Chem Service) or NiCl, (Sigma).
The concentration was chosen from earlier studies that demonstrated adverse effects on
differentiation of PC12 cells without outright cytotoxicity [84,133,156,166]. 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 NiCl,; this concentration of dimethylsulfoxide has no
effect on PC12 cell growth or differentiation [133,135,176]. Cultures were examined 24
and 72 hr after commencing exposure, with 5-8 independent cultures evaluated for each
treatment at each time point. Each culture was run on a separate array. We used two

time points so as to be able to evaluate changes in gene expression regardless of whether
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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 CPF, we evaluated the effects both on undifferentiated cells (without addition of
NGF) and during differentiation, whereas for the other agents, we studied the effects only
during differentiation.

Animal treatments. No additional animal studies were conducted for this work.
Instead, we utilized the gene expression data from our previously-published microarray
study of the effects of CPF and DZN in neonatal rats [160], with the new addition of
concordance comparisons as required for the present study. Details of the animal
treatments have been published [160] and therefore will be described only briefly.
Neonatal rats received daily injections of CPF or DZN in dimethylsulfoxide vehicle on
PN 1-4, whereas control animals received equivalent injections of the vehicle. For both
agents, we utilized doses below the threshold for growth retardation and the first signs of
systemic toxicity [31,154,196]: 1 mg/kg for CPF and 1 or 2 mg/kg for DZN. The CPF
treatment and the higher dose of DZN elicit less than 20% cholinesterase inhibition, well
below the 70% threshold necessary for symptoms of cholinergic hyperstimulation [36],
whereas the lower dose of DZN produces no measurable inhibition
[145,146,169,175,196]. On postnatal day 5 (24 hr after the last dose), one male pup was
selected from each of five litters in each treatment group and separate determinations
were made for the forebrain and brainstem from each animal.

Microarray determinations. Our earlier studies detailed all the techniques for

mRNA isolation, preparation of cDNA, conversion to cRNA incorporating cyanine-3
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(reference RNA) or cyanine-5 (sample RNA), verification of RNA purity and quality,
hybridization to the microarrays, washing and scanning [160,165,166]. 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.  Array
normalizations and error detection were also carried out by standard procedures described
previously [160,165,166]. We used Agilent Whole Rat Genome Arrays (Agilent
Technologies, Palo Alto, CA), type G4131A for the studies of CPF in undifferentiated
and differentiating cells and for the in vivo studies, whereas type G4131F was used for
the studies of DZN, dieldrin and Ni*" in differentiating cells. The two chips contain
exactly the same gene sequences but the latter has a lower detection threshold; however,
all the genes reported here passed the quality control filters with both arrays.

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 genes utilized for concordance analysis, 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 one sample selected from each treatment group [160,165].

Statistical procedures. Because of the requirement to normalize the data across
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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,
concordance was evaluated using the percentage change from the control values,
calculating the linear correlation coefficient between pairs of agents for each class of
genes. For reference, the raw values (mean + SE) for normalized expression for all the
genes appear in Table 4 for the evaluations of CPF effects in undifferentiated and
differentiating cells. Table 5 shows the values for the effects of DZN, dieldrin and Ni*" in
differentiating cells and the corresponding values for the in vivo study were published
previously [160]. It should be noted that the absolute values cannot be compared for the
three sets of determinations because reference mRNAs were constructed from the
samples contained in each study, as described above, and thus differed among the studies;
nevertheless, the percentage changes from the control value can be compared, since
taking the experimental values as a ratio to the corresponding control normalizes the
values for the inter-experimental differences. Additional details of the nomenclature and
sequence for each gene appeared earlier [160].

In addition to pairwise concordance comparisons of the various agents, we also
evaluated groupings of correlations for each class of genes and across classes, using the
x* test for combining p-values: %> = Z[-2 In(p;)], with degrees of freedom corresponding
to twice the number of p-values used in the calculation. In the two cases where a
correlation coefficient connoted an opposite direction of change from the others, the
associated ” value for that comparison was subtracted from the sum instead of being

added to it. Significance for all tests was assumed at p < 0.05.
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Table 4: Effects of chlorpyrifos on gene expression in undifferentiated and
differentiating cells

Gene Group Gene Treatment Undifferentiated Differentiating
1d 3d 1d 3d
Adenylyl Cyclase adcy?2 Control 1.11+0.07 | 1.02+0.09 | 146+0.10 | 093 +0.03
CPF 0.87+0.08 | 1.06+025] 1.05+0.11 | 0.96+0.12
adcy3 Control 1.28+0.15 | 1.14+0.14 | 1.15+0.07 | 0.99 +0.08
CPF 093+0.02 | 0.86+0.03 | 1.04+0.08 | 1.07 +0.03
adcy4 Control 1.07+£0.20 — 0.88 £0.10 —
CPF 0.84+0.23 — 0.94 +0.06 —
adcy5 Control | 0.97+0.09 | 1.16+£0.11 | 1.05+0.05 | 0.97 £0.04
CPF 0.99+0.05 | 1.01£0.05] 0.99+0.05 | 0.95+0.05
adcy6 Control 1.01+£0.02 | 1.03+0.02 | 092+0.04 | 1.01 £0.02
CPF 1.03+0.02 | 1.03+0.03 | 0.94+0.02 | 1.08 +0.02
adcy8 Control | 091 +0.13 | 0.95+0.14 | 0.95+0.09 | 1.00+0.23
CPF 094+0.08 | 1.05+0.06 | 0.88+0.09 | 1.08 +0.06
adcy9 Control | 0.88+0.06 | 0.98 £+0.08 | 1.00+0.08 | 1.14+0.09
CPF 094008 | 094004 | 1.12+0.07 | 1.15+0.08
sac Control | 0.50+0.09 | 1.12+035 | 0.77+0.12 | 1.25+0.12
CPF 1.12+0.19 [ 1.03+£020 | 1.17+0.26 | 0.94+0.30
adcyap1 Control | 0.93+0.04 | 098 +£0.03 | 0.99+0.04 | 1.03+0.04
CPF 091 +0.05|097+0.02 ) 101 +0.03 | 1.05+0.02
adcyapirl | Control | 121+0.15]| 1.16+025]091+0.10 | 1.24+0.20
CPF 1.15+0.14 | 1.19+0.14 | 0.96+0.20 | 1.06 +0.08
G-Protein a-Subunits gnall Control | 1.04+0.08 | 095 +0.07 | 097 +0.03 | 1.03+0.03
CPF 0.85+0.11 [ 1.04+£0.06 | 1.07+0.03 | 1.00+0.08
gnal2 Control 1.07+020 | 1.34+027 | 101 £0.12 | 1.30+0.12
CPF 095+0.14 | 098 +£0.12 | 0.81 +0.03 | 1.07+0.04
gnal4 Control | 0.94+0.06 | 0.95+0.03 | 1.13+0.07 | 1.07 +0.03
CPF 0.90+0.06 | 0.88+0.06 | 1.11 +0.08 | 1.10+0.07
gnal5 Control | 0.76 £0.07 | 0.86+0.12 | 0.89+0.11 | 0.97+0.11
CPF 1.11+0.13 | 1.30+020 | 1.28+0.21 | 1.14+0.13
gnail Control | 0.62+0.05 | 0.63+0.04 | 1.14+0.09 | 1.39+0.09
CPF 0.69+0.03 | 0.83+£0.05 | 1.38+0.08 | 1.71 +£0.09
ghai2 Control | 0.96+0.02 | 0.94+0.02 | 1.08+0.03 | 1.12+0.03
CPF 093+0.02 | 097001 | 1.11 +£0.02 | 1.06 +0.03
gnai3 Control | 0.90+0.03 | 0.92+0.03 | 1.02+0.02 | 1.06 +0.02
CPF 091 +0.03 | 098+0.02 | 1.01 +0.01 | 1.06+0.02
gnhao Control | 0.98+0.02 | 0.89+0.02 | 1.05+0.03 | 1.39+0.05
CPF 098+0.04 | 0.90+0.03 | 1.01 £0.05 | 1.39+0.03
ghaq Control | 0.86+0.06 | 0.99+0.06 | 1.00+0.07 | 1.10+0.05
CPF 1.05+0.10 | 0.85+0.07 | 1.02+0.06 | 1.13 +0.09
gnas Control | 0.96+0.02 | 0.95+0.02 | 1.07+0.03 | 2.03 + 0.08
CPF 098 +0.03 | 0.87+0.03 | 1.00+0.01 | 228 +0.14
gnatl Control | 0.95+0.07 | 0.96+0.04 | 090+0.14 | 1.13+0.21
CPF 093+0.10 | 1.08+020 | 1.13+0.14 | 098 +0.14
gnat2 Control | 0.80+0.13 | 0.92+0.07 | 1.28+0.19 | 1.03 +0.03
CPF 1.19+0.12 | 1.18+ 023 | 098 +0.12 | 0.99+0.11
gnat3 Control | 0.95+0.06 | 1.15+0.16 — 0.79 + 0.08
CPF 1.13+0.14 | 0.98 £0.07 — 1.07+0.10
gnaz Control | 090+0.01 | 0.88+0.02 | 1.07+0.01 | 1.30+0.01
CPF 093+0.01 | 096+0.03 | 1.0l +0.01 | 1.21 0.0l
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Table 4 continued

G-Protein 8,y-Subunits gnbl Control 091+0.01 [089+001 [ 1.16+0.01 | 1.14+0.02
CPF 090+0.01 [ 093001 | 121£0.03 | 1.14+0.02

gnb2 Control 095+0.03 [ 095001 | 1.07+£0.03 | 1.17+0.03
CPF 090+0.02 [ 095001 | 1.11+0.04 | 1.11+0.03

gnb5 Control 1.08+0.03 | 1.06+0.04 | 1.02+0.03 | 093 +0.02
CPF 1.03+0.05 [ 1.11+0.04|094+0.02 | 091 £0.02

gng3 Control 1.18+0.02 | 1.21+0.02 | 0.82+0.03 | 091 £0.01
CPF 1.09+001 | 1.16+0.03 | 0.79+0.02 | 0.84 +0.02

gng4 Control 1.10+£0.02 | 1.10+£0.01 | 096 +0.02 | 0.99 +£0.01
CPF 1.04+0.02 [ 1.09+0.02 | 0.92+0.01 | 095+0.02

gngsd Control 0.88+0.01 [092+0.02 | 1.07+0.01 | 1.06+0.03
CPF 094+001 [091+£0.02]1.14+0.02 | 1.25+0.04

gng7 Control 1.05+0.10 [ 1.36+0.17 | 0.80£0.03 | 1.11 +0.12
CPF 0.88+0.07 [ 0.89+0.09 | 0.98+0.10 | 1.08+0.10

gng8 Control 093+0.01 [ 1.04+0.02]|090+0.01 | 1.38+0.01
CPF 096+0.02 [ 1.06+002|094+0.01 | 143+0.03

gnglo Control 1.12+0.03 | 1.15+0.02 | 092+0.02 | 0.85+0.02
CPF 1.08+0.03 [ 1.10+0.02 | 0.93+0.04 | 0.84+0.04

gngll Control 1.06+0.11 [ 1.08+0.10 | 1.14£0.19 | 099 +0.06
CPF 1.16+0.06 [ 097+0.02 | 1.05+0.14 | 1.02+0.08

gngl2 Control 086+0.05 [ 085+005|129+0.12 | 1.46+0.05
CPF 0.84+0.07 [ 090+0.02 | 1.54+0.03 | 1.67+0.08

Protein Kinase A prkaal Control 1.02+0.08 | 0.85+0.03 | 148+0.21 | 1.05+0.07
CPF 1.16+0.06 [ 088+0.05|1.18+0.13 | 1.38+0.23

prkaa?2 Control 093+0.04 [ 089+0.03 | 1.14+0.05| 1.15+0.03
CPF 0.86+0.03 | 0.87+0.05| 098+0.04 | 1.15+0.04

prkabl Control 1.08+0.03 [ 1.05+0.03 | 1.00£0.01 | 0.84+0.04
CPF 1.15+0.06 | 1.08+0.05| 099+0.02 | 0.77 +0.02

prkab2 Control 1.35+0.16 | 1.08+0.03 | 0.97+0.10 | 0.86 +0.08
CPF 093+0.10 [ 098+0.07 | 0.85+0.06 | 1.14+0.09

prkaca Control 1.09+0.03 | 0.84+0.05 | 0.86+0.06 | 0.94 +0.06
CPF 1.09+0.04 | 1.04+0.07 | 095+0.06 | 1.04+0.03

prkach Control 099+0.07 | 1.05+0.05 | 090+0.06 | 1.09+0.09
CPF 096+0.07 [ 1.03+0.07]094+0.10 | 0.86+0.07

prkagl Control 095+0.01 [097+0.02 | 1.01+0.04 | 1.00+0.02
CPF 095+0.02 | 1.03+0.02 | 1.07+0.02 | 1.03+0.02

prkag?2 Control 1.14+0.05 [ 1.19+0.05 | 0.72+0.02 | 0.90 + 0.04
CPF 1.17+0.04 [ 1.31+0.03 | 0.73+0.03 | 0.84+0.02

prkarla Control 077+0.01 [082+001 | 1.12+0.03 | 1.28+0.03
CPF 0.78+0.02 [ 086003 | 1.18+0.04 | 1.26+0.02

prkar2a Control 132+0.10 [ 1.06+0.13 | 121 £0.18 | 1.31+0.17
CPF 094+0.12 [ 093+0.05 | 088+0.08 | 092+0.12

prkar2b Control 1.11+0.02 | 1.07+0.02 | 0.96+0.03 | 0.95+0.02
CPF 1.15+0.02 [ 1.06+0.03 | 0.92+0.02 | 092 +0.02
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Table 4 continued

Phosphodiesterases | pdela | Control | 0.89+0.08 | 1.02+0.06 | 0.85+0.09 | 1.00+0.06
CPF | 094+£0.09]|1.07+0.15]125+0.12 | 1.16+0.07

pdelb | Control | 1.06 +0.04 | 0.97+0.04 | 1.02+0.03 | 1.06 +0.03
CPF | 097+0.01 | 098+0.04 | 0.99+0.03 | 1.00+0.02

pdelc | Control | 1.07+0.11 [ 0.85+0.15 | 0.84+0.15 | 1.09 + 0.29
CPF | 0.74+£0.07 | 096+0.18 | 0.85+0.11 | 1.11 £0.17

pde2a | Control | 1.62+0.36 | 1.20+0.17 | 1.01 £0.13 | 1.53 +£0.08
CPF | 096+0.08 | 0.78+0.07 | 0.81 +£0.13 | 0.87+0.10

pde3a | Control | 1.04+0.16 | 095+0.05 | 1.12+0.05 | 0.81 +£0.06
CPF 1.03+0.14 | 092+0.02 | 1.05+0.03 | 0.83 +0.06

pde3b | Control | 1.07+0.05 | 1.13+0.05 | 1.01 £0.02 | 0.94+0.03
CPF 1.08+0.03 [ 1.16+0.04 | 0.87+0.03 | 0.88 +0.02

pded4a | Control | 0.94+0.09 | 091 +0.07 | 1.07+0.09 | 1.21 £0.12
CPF | 0.86+0.08 | 0.88+0.07 | 1.10+0.04 | 1.15+0.09

pde4b | Control | 1.00+0.08 [ 1.17+0.10 | 097 +0.10 | 0.85+0.03
CPF 1.29+0.07 [ 1.27+0.07 | 0.86 +0.06 | 0.90 + 0.04

pdedc | Control | 1.03+£0.09 | 1.06+0.12 | 098 +0.09 | 1.27+0.12
CPF 1.04+0.09 [ 1.03+0.18 | 1.06 £ 0.05 | 0.97 + 0.06

pded4d | Control | 1.02+0.09 [ 1.13£0.05 | 0.89+0.11 | 0.80+0.07
CPF 1.31+0.04 | 1.31+0.14 | 0.80+0.03 | 0.73 £0.03

pde5a | Control | 1.36+0.11 | 1.06+0.12 | 1.08+0.13 | 0.77+0.14
CPF 1.01 £0.05 | 1.00+0.09 | 1.00+0.07 | 091 £0.03

pdeba | Control | 1.15+0.15 | 0.81 +0.10 | 1.07+0.14 | 1.13+0.11
CPF | 094+0.12]099+0.13 [ 1.14+0.17 | 1.03+0.13

pde6b | Control | 0.94+0.06 | 0.87+0.05 | 091 +0.12 | 1.07+0.07
CPF 1.06+0.07 | 093 +0.02 | 1.03+0.04 | 1.13+£0.06

pde6c | Control | 0.67+0.11 [ 071 £0.14 | 0.81 £0.18 | 1.04+0.14
CPF | 077+£0.17 | 0.70+£0.12 | 0.97+0.26 | 1.28+0.20

pde6d | Control | 0.95+0.02 | 0.85+0.03 | 1.10+0.03 | 1.12+0.04
CPF | 093+0.02]091+0.01 [ 1.15+0.05| 1.19+0.05

pde6h | Control | 1.04+0.14 | 1.00+0.08 | 1.02+0.10 | 1.07+0.07
CPF 1.05+0.11 | 099+0.08 | 1.03+0.02 | 1.00 +0.09

pde7a | Control | 0.95+0.02 | 0.95+0.02 | 1.08+0.03 | 1.04+0.03
CPF | 099+0.02 | 094+0.01 [ 1.08+0.02 | 1.04+0.03

pde7b | Control | 0.85+0.07 | 1.13+0.10 | 1.24+0.14 | 1.10+ 0.08
CPF 1.16+0.13 [ 0.62+0.13 | 0.97+0.15 | 0.92+0.11

pdeSa | Control | 0.81 £0.09 [ 1.35+0.14 | 095+ 0.06 | 0.81 +£0.07
CPF 1.22+0.08 [ 1.15+0.10 | 093 +0.10 | 0.87 +0.11

pdeS8b | Control | 098 +0.13 [ 0.79+0.11 | 1.29+0.29 | 0.95£0.15
CPF 1.04+0.16 [ 1.12+0.25 | 0.63 +£0.07 | 2.02 + 040

pde9a | Control | 1.03+0.26 | 0.85+0.17 | 1.31£0.19 | 095 +0.16
CPF | 092+0.18 | 132+028 | 098+0.11 | 0.77+0.14

pdelOa | Control | 0.79+0.03 [ 1.06+0.05 | 0.86+0.06 | 1.00 +0.05
CPF 1.01 £0.09 | 1.20+0.06 | 0.92 +£0.06 | 0.99 + 0.08

pdella | Control | 0.81+0.04 [ 1.41+0.20 | 1.04+0.08 | 0.99 + 0.07
CPF 1.04+0.12 | 1.04+0.11 | 1.00+0.05 | 0.98 +0.09

Data represent means and standard errors of normalized expression ratios. Missing values are those
that did not pass the quality control filters.
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Table 5: Effects of diazinon, dieldrin and Ni’* on gene expression in differentiating

cells

Gene Group Gene Time Control DZN Dieldrin Ni**
Adenylyl Cyclase adcy? 1 day 098+0.09 | 1.17+0.12 | 0.92+0.06 | 0.89 +£0.07
3 days 1.08+0.09 | 097+0.08 | 1.12+0.10 | 1.07+£0.07
adcy3 1 day 1.00+0.04 | 097+0.03 | 1.02+0.03 | 0.92+0.03
3 days 1.01 £0.06 | 1.09+0.03 | 0.99+0.03 | 0.96 + 0.04
adcy4 1 day 090+0.10 | 1.09+0.10 | 1.02+0.09 | 0.90 £ 0.06
3 days 1.05+0.11 | 099+0.08 | 1.08+0.14 | 1.11 £0.09
adcy5 1 day 1.11+0.06 | 1.01 +0.10 [ 1.09+0.11 [ 0.94+0.10
3 days 0.96+0.09 | 094+0.06 | 0.97 +0.08 | 0.89 £ 0.06
adcyb 1 day 097+0.03 | 0.89+0.03 | 0.97+0.03 | 0.84+0.03
3 days 1.11+£0.03 | 1.12+0.03 | 1.07+0.03 | 1.04+0.04
adcy8 1 day 096+0.12 | 1.12+0.13 | 1.17+022 [ 1.18 £0.18
3 days 1.16+0.13 ] 090+0.09 | 1.20+0.14 | 0.98 + 0.06
adcy9 1 day 096+0.01 | 095+0.01 | 1.00+0.01 | 0.94+0.01
3 days 1.14+0.03 | 1.10+0.01 | 1.07+0.01 [ 1.07+0.03
sac 1 day 0.89+0.08 | 1.06+0.09 | 0.93+0.09 [ 0.92+0.09
3 days 1.05+0.07 | 097+0.07 [ 1.05+0.10 | 0.97 £0.05
adcyap1 1 day 098+0.06 | 1.0l £0.04 | 1.02+0.07 [ 1.07+£0.05
3 days 097+0.09 ] 1.01+0.05| 1.01+0.09 | 1.12+0.06
adcyaplrl 1 day 1.01+0.14 | 1.11+0.14 | 1.15+£0.15 | 1.07+0.18
3 days 1.05+0.13 ] 1.04+0.19| 1.02+0.12 | 0.82+0.07
G-Protein o-Subunits gnall 1 day 1.00£0.01 | 0.97+0.03 | 098 +0.02 [ 0.96 +0.05
3 days 1.06+0.03 | 1.02+0.03 [ 1.03+£0.02 [ 1.0l £0.02
gnal?2 1 day 0.97+0.02 ] 096+0.04 | 1.00+0.04 | 0.92+0.04
3 days 1.01+0.05 | 1.08+0.02 [ 099+0.03 [ 1.02+0.06
gnal4 1 day 1.01£0.01 | 1.00+0.01 | 1.04+0.03 | 097 £0.02
3 days 097+0.03 | 1.06+0.03 | 1.02+0.01 | 0.95+0.02
gnal5 1 day 085+0.14 ] 1.08+0.13 | 1.17+0.12 | 1.01 £0.10
3 days 096+0.15]094+0.08 | 1.08+0.10 | 0.97 +0.08
ghail 1 day 0.82+0.04 ] 1.05+0.03 | 0.81 +0.04 | 0.73£0.02
3 days 099+0.05|131+0.03 | 1.18+0.05|1.32+0.03
gnai2 1 day 1.02+0.03 | 098+0.05| 1.07+0.03 [ 0.95+0.03
3 days 1.00+0.04 | 1.06+0.03 | 0.95+0.03 | 1.01 +£0.03
gnai3 1 day 1.03+0.01 | 1.03+0.02 | 1.00+0.03 | 0.99 +0.02
3 days 0.99+0.03 | 1.00+0.02 | 0.95+0.02 | 1.00+0.02
gnao 1 day 0.93+0.02 ] 090+0.01 | 0.92+0.02 | 0.94+0.02
3 days 1.34+£0.05| 1.29+0.03 | 1.27+0.03 | 1.19+£0.01
gnaq 1 day 0.99+0.03 ] 099+0.05 | 0.96+0.04 | 0.97 £ 0.06
3 days 095+0.03 ] 1.05+0.03 | 099+0.05 [ 1.13+£0.05
gnas 1 day 0.67+0.01 | 0.66+0.01 | 0.63+0.01 [ 0.73+£0.03
3 days 1.30+0.04 | 1.32+0.02 | 1.33+0.02 | 1.44+£0.02
gnatl 1 day 1.04+0.09 | 1.07+0.11 [ 1.17+0.12 | 0.87+0.06
3 days 1.06+0.10 | 1.13+0.11 | 1.01 £0.09 | 1.04 +0.08
gnat2 1 day 1.18+0.14 | 1.01 +0.08 | 0.96+0.09 | 0.86 +£0.06
3 days 1.03+£0.06 | 099+0.07 | 1.02+0.10 | 0.97£0.07
gnat3 1 day 090+0.08 | 1.14+0.12 | 0.99+0.09 [ 1.00+0.10
3 days 1.02+0.09 | 1.10+£0.09 | 1.11 +0.10 [ 0.99 £ 0.08
gnhaz 1 day 097+0.01 | 099+0.01 | 0.97+0.01 | 0.94+0.03
3 days 1.13+£0.03 ] 1.12+0.01 | 1.07+0.01 | 098 £0.01
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Table 5 continued

G-Protein B,y-Subunits gnbl 1 day 1.03+£001 [098+0.02|1.02+0.02|097+0.01
3 days 1.03+0.01 [ 099002 | 1.01+0.01 [ 0.92+0.02

gnb2 1 day 105003 [ 097+0.02 [ 1.06+0.03 | 0.96 +0.05
3 days 099+0.02 [1.02+0.02 | 1.00+0.02 | 0.94+0.03

gnb5 1 day 1.00+£0.02 | 099+£0.02 | 097+0.03 [ 0.92+0.02
3 days 1.02+0.04 [1.15+0.03 | 1.02+0.02 | 1.01 +0.03

gng3 1 day 1.02+0.02 | 1.00+0.01 | 098 +0.02 | 091 +0.02
3 days 1.05£0.03 | 1.11£0.02 | 1.02+0.02 [ 0.94+0.02

gng4 1 day 1.00+£0.01 [ 090+0.03|098+0.01|1.00+0.01
3 days 1.12+0.03 | 1.02+0.02 | 1.02+0.01 | 0.99 +0.01

gngsd 1 day 095002 [099+0.02 | 098+0.02 | 1.10+0.04
3 days 093+002 [092+0.02 | 1.14+0.01 | 1.18+0.03

gng7 1 day 097+005 [091+0.09[140+0.21 | 1.03+0.13
3 days 1.11£0.11 [094+0.05|1.01+0.10| 1.12+0.16

gng8 1 day 076 £0.01 [077+0.01 [ 079+0.01 | 0.81 +0.02
3 days 1.18+0.02 | 121001 [ 1.29+0.02 [ 1.16+0.01

gnglo 1 day 1.04+0.04 [ 1.01+0.04 | 0.99+0.06 | 098 +0.05
3 days 1.01 £0.04 [ 098+0.04 | 0.95+0.03 | 0.98 +0.05

gngll 1 day 098+0.19 [1.15+026[092+0.10 | 1.10+0.20
3 days 1.12+£0.14 | 1.30+021 [ 1.12+0.10 [ 1.16 £0.19

gngl2 1 day 091+0.01 |1.00+0.02 | 098+0.03 | 0.94+0.03
3 days 096+002 [1.05+0.02[1.07+0.01 | 1.10+0.02

Protein Kinase A prkaal 1 day 110005 | 1.03+0.03)1.05+0.03 | 1.11+£0.07
3 days 090+0.02 [ 090+0.04 [ 0.90+0.03 [ 0.96 +0.04

prkaa2 1 day 094+002 [092+0.02]093+0.01 | 0.96+0.02
3 days 1.08+0.03 [1.06+0.01 | 1.11+0.01 | 1.08 +0.03

prkabl 1 day 1.14+004 | 1.06+0.04 [ 1.14+0.03 [ 1.09+0.04
3 days 090+0.02 [092+0.03 [ 0.88+0.02 | 0.89+0.03

prkab2 1 day 0.89+0.05 [0.83+0.05[0.84+0.07 | 097 +0.05
3 days 1.05+0.09 | 1.04+0.04 [ 1.08+0.09 [ 1.19+0.06

prkaca 1 day 1.03+£0.01 [098+0.02 | 1.02+0.02 | 0.98 +0.03
3 days 1.02+0.02 [ 0.99+0.01 | 094+0.02 | 1.00+0.03

prkach 1 day 096+0.01 [090+0.02[0.92+0.02 | 1.00+0.03
3 days 1.11+£0.03 | 1.02+0.01 | 1.06+0.02 | 1.11 +0.02

prkagl 1 day 106004 | 1.02+0.04 [ 1.11+0.03 [ 0.97+0.02
3 days 093+0.03 [1.08+0.03 [ 1.03+0.03 | 0.98 +0.03

prkag?2 1 day 091001 [097+0.02|0.88+0.01 | 0.88+0.03
3 days 1.12+0.03 | 1.19£001 [ 1.04+0.01 | 1.09+0.02

prkarla 1 day 1.01£001 [0.99+0.01 | 0.99+0.01 | 1.09+0.03
3 days 097+£0.03 [096+0.02 [ 098 +0.02 | 1.06 +0.02

prkar2a 1 day 1.05+0.02 | 1.01£0.02 | 1.04+0.02 [ 0.96 +0.02
3 days 1.04+0.04 [1.04+0.02|099+0.02 | 0.95+0.02

prkar2b 1 day 1.02+0.02 [ 098+0.02|099+0.02 | 1.04+0.02
3 days 1.09+£0.03 | 095+0.02 | 1.00+0.03 | 0.99 +0.02
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Table 5 continued

Phosphodiesterases

pdela | 1day [ 1.04+0.09 | 1.06+0.12 | 098 +0.10 | 0.85 +0.09
3days | 1.25+0.10 | 1.00£0.11 | 1.11 £0.09 | 1.01 £0.07
pdelb | 1day [ 1.07+£0.02 | 0.97+0.07 | 096 +0.04 | 0.97 £ 0.06
3days | 1.11+0.07 | 1.05+0.05 | 095+0.04 | 1.01 £0.05
pdelc | 1day | 092+0.10 ] 1.10£0.14 | 098 +£0.11 | 1.02+0.13
3days | 1.03+0.11 | 094+0.08 | 1.14+0.10 | 1.03 +0.07
pde2a | 1day [ 081 +0.08 | 1.14+0.09 | 0.94+0.11 | 0.95 + 0.08
3days | 1.05+0.11 | 090+0.08 | 096 +0.12 | 0.95 + 0.06
pde3a | 1day [ 1.13+0.08 | 1.25+0.06 | 1.01+£0.07 | 1.11 £ 0.08
3days | 0.94+0.07 | 0.80+0.08 | 0.69+0.07 | 0.97 = 0.06
pde3b | 1day [ 1.15+0.05 | 1.07+0.06 | 1.08 +0.05 | 1.00+0.07
3days | 1.02+0.09 | 098 £0.05 | 094+0.03 | 0.97 +0.05
pdeda | 1day | 081 +£0.04 | 080+0.04 | 0.74+0.03 | 0.74+0.07
3days | 1.27+0.08 | 1.18+0.04 | 1.31 +£0.05 | 1.26 = 0.04
pde4b | 1day | 097+0.05]144+0.08 | 080+0.03 | 1.18+0.04
3days | 0.78 £0.04 | 1.04+0.06 | 0.60+0.02 | 1.34+0.05
pdedc | 1day | 0.72+0.05 | 1.05+0.10 | 0.84+0.04 | 0.73 £0.08
3days | 1.27+0.09 | 1.31+£0.03 | 1.21 +0.03 | 0.99 = 0.04
pde4d | 1day | 1.03+0.02 ] 1.07+0.06 | 0.88+0.03 | 1.15+0.04
3days | 093+0.04 | 092+0.03 | 0.75+0.02 | 1.20+0.03
pdeSa | lday | 1.03+0.12 ] 1.07+0.09 | 1.33+£0.24 [ 0.93 +0.07
3days | 1.01+£0.04 | 0.83+0.07 | 1.02+0.04 | 0.97 = 0.06
pdeba | 1day | 095+0.10 ] 1.02+0.11 | 1.04+0.17 [ 0.86 + 0.06
3days | 1.06+0.10 | 141024 | 099+x0.09 [ 0.90+0.10
pdebb | 1day | 0.96+0.08 | 1.08+£0.10 | 0.89+£0.06 [ 0.90 + 0.06
3days | 1.05+0.09 | 096+0.08 | 1.09+0.10 | 1.04+0.07
pde6c | 1day | 095+£0.11 | 1.16+0.09 | 0.99 +0.09 | 0.96 + 0.09
3days | 1.02+0.17 | 1.06£0.14 | 1.10x0.08 | 0.95+0.10
pdebd | 1day | 1.00+0.02 ] 1.06+0.03 | 1.00+0.03 [ 091 +0.01
3days | 0.85+0.04 | 1.13+0.03 | 099+0.02 | 1.02+0.01
pdebh | 1day | 095+0.07 | 1.03+0.11 | 1.08+0.12 [ 0.80 + 0.06
3days | 1.34+0.09 | 1.04+0.11 | 1.25+0.20 | 0.99 = 0.05
pde7a | 1day | 098+0.01 | 1.00+0.01 | 1.00+£0.01 | 0.95+0.03
3days | 1.05+0.03 | 1.01 001 | 1.12+0.02 | 0.92 + 0.02
pde7b | 1day | 097+0.10 ] 1.08+0.10 | 1.05+0.11 | 0.87+0.05
3days | 1.06+0.10 | 094+0.10 | 1.10x0.11 | 0.99 = 0.06
pdeSa | lday | 1.12+0.03 | 1.12+0.05 | 1.03+0.06 [ 1.10 +0.06
3days | 0.77+0.08 | 0.88+0.03 | 091 +0.06 | 0.93 +0.05
pde8b | 1day | 1.02+0.11 | 1.00£0.11 | 099+£0.09 | 0.92 + 0.08
3days | 095+0.08 | 091 +0.11 | 1.04+0.10 | 1.01 £0.05
pde9a | 1day | 1.19+20.10 ] 1.04+0.12 | 1.08 £0.06 [ 0.96 +0.12
3days | 1.16+0.10 | 091 £0.06 | 0.93 +0.05 | 0.81 =0.04
pdelOa | 1day | 1.05+0.03 | 1.08 £0.05 | 0.90+0.04 | 1.08 +0.06
3days | 098 +0.06 | 094+0.03 | 0.72+0.02 | 1.26 = 0.04
pdella | 1day | 098+0.09 | 1.10£0.10 | 0.99+0.08 | 0.88 +0.07
3days | 1.10+0.10 | 099+0.08 | 1.14+0.11 | 1.08 +0.07

Data represent means and standard errors of normalized expression ratios.
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RESULTS

CPF, DZN, dieldrin and Ni*" in differentiating PC12 cells. Despite the fact that
CPF and DZN are both OPs, there was only slight, nonsignificant concordance in their
effects on AC gene expression in differentiating cells (Figure 19A). Similarly, the effects
of CPF showed small, positive correlations with those of dieldrin (Figure 19B) and Ni*"
(Figure 19C), as did that for DZN and dieldrin (Figure 19D), with none of the individual
effects of sufficient magnitude to achieve statistical significance. =~ However, the
relationship between DZN and Ni*" was stronger (Figure 19E), and that of dieldrin and
Ni*" strongest (Figure 19F). It was notable that, even for the nonsignificant regression
relationships, all the correlations were positive. Accordingly, besides the pairwise
comparisons, we established the overall significance of the concordance across all four
agents using the %~ test for combining p-values; the global relationship for effects on AC
gene expression was highly significant (p < 0.002, Table 6).

In general, the concordance for effects of CPF, DZN, dieldrin and Ni*" on G-
protein o-subunit genes was much higher than for AC. CPF and DZN showed a strong,
statistically significant correlation (Figure 20A) and the relationship between CPF and
dieldrin was even stronger (Figure 20B). CPF also showed a positive correlation with
Ni*" (Figure 20C) but the effect was smaller and nonsignificant. On the other hand, all
the remaining pairwise combinations were robust and significant: DZN versus dieldrin
(Figure 20D), DZN versus Ni*" (Figure 20E) and dieldrin versus Ni*" (Figure 20F).
Reflecting the positive correlations, the overall concordance for effects of the four agents

on G-protein o-subunit gene expression was highly significant (p < 0.0001, Table 6).
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Figure 19: Pairwise correlations of the effects of CPF, DZN, dieldrin and Ni** on expression
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of AC genes, calculated from Tables 4.1 and 4.2 as the percent change from corresponding control
values. Linear correlation coefficients are shown at the top of each panel and the line represents the
least-squares fit of the data. NS, not significant.

Table 6: Compound comparisons of gene expression effects across gene classes and

treatments

AC G-protein G-protein Protein Phospho- R Row
a-subunits | B.y-subunits [ kinase A diesterase x> p-value
Differentiating cells
CPF vs. DZN 0.70 0.014 0.80 0.35 0.89 12, NS
CPF vs. dieldrin 0.30 0.0001 0.0001 0.08 0.26 47,<0.0001
CPF vs. Ni** 0.18 0.11 0.004 0.03 041 31,<0.001
DZN vs. dieldrin 0.11 0.0002 0.81 0.03 0.08 34,<0.001
DZN versus Ni** 0.04 0.0003 0.10 0.58 0.0004 44, < 0.0001
dieldrin vs. Ni** 0.0008 0.002 0.02 0.15 0.33 41,<0.0001
Column %*, p-values | 32,<0.002 | 77,<0.0001 | 43,<0.0001 26,<0.02 24,<0.02 205, <0.0001
CPF in
undifferentiated vs. 0.03 041 0.88 0.14 0.09 18, NS
differentiating cells
CPF vs. DZN in vivo 0.0001 0.0001 0.0001 0.0001 0.0001 110, <0.0001

Values shown are the individual p-values for each comparison, along with the corresponding x test
evaluating the effects for each row, and for differentiating cells, each column. NS, not significant.
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Figure 20: Pairwise correlations of the effects of CPF, DZN, dieldrin and Ni** on expression
of G-protein o-subunit genes, calculated from Tables 4.1 and 4.2 as the percent change from
corresponding control values. Linear correlation coefficients are shown at the top of each panel and
the line represents the least-squares fit of the data. NS, not significant.

The interrelationships of neurotoxicant effects on the genes encoding G-protein
[3,y-subunits were still significant but less uniform than for the a-subunits. CPF and DZN
did not show any apparent concordance (Figure 21A) but CPF was highly concordant
with dieldrin (Figure 21B) and Ni*" (Figure 21C). DZN and dieldrin had unrelated
effects (Figure 21D); DZN and Ni*" showed a stronger relationship that still did not
achieve statistical significance (Figure 21E). On the other hand, the effects of dieldrin
and Ni*" were positively and significantly correlated (Figure 21F). Taken together, the
fact that all correlations were in the same direction (positive) reinforced an overall
common pattern as established by the %* test (p < 0.0001, Table 6) but this clearly
reflected the dominating effect of the three individual correlations that were significant.

For the protein kinase A gene family, CPF and DZN again showed a slightly
positive but nonsignificant relationship (Figure 22A); the correlation between CPF and
dieldrin was better (Figure 22B) and that between CPF and Ni*" even stronger, reaching
statistical significance (Figure 22C). A similar, significant relationship was seen for
DZN and dieldrin (Figure 22D), whereas the correlations for DZN versus Ni*" (Figure
22E) and dieldrin versus Ni*" (Figure 22F) were positive but not sufficiently large to
cross the threshold for statistical significance. The weaker relationship for this class of
genes was evident in a less robust outcome for the combined ¥ test (p < 0.02, Table 6).
Likewise, the results for the phosphodiesterase gene family showed significant but
weaker overall relationships among the neurotoxicants, with positive but nonsignificant
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correlations for CPF versus DZN (Figure 23A), CPF versus dieldrin (Figure 23B), CPF
versus Ni*" (Figure 23C) and DZN versus dieldrin (Figure 23D). There was more robust,
significant concordance between DZN and Ni*~ (Figure 23E) but the relationship
between dieldrin and Ni*® was slightly discordant (i.e. nonsignificant, negative
correlation). Nevertheless, the positive direction for five of the six pairwise comparisons

resulted in a statistically significant overall concordance (p < 0.02, Table 6).
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Figure 21: Pairwise correlations of the effects of CPF, DZN, dieldrin and Ni**
of G-protein P,y-subunit genes, calculated from Tables 4.1 and 4.2 as the percent change from
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corresponding control values. Linear correlation coefficients are shown at the top of each panel and
the line represents the least-squares fit of the data. NS, not significant.
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of protein kinase A genes, calculated from Tables 4.1 and 4.2 as the percent change from
corresponding control values. Linear correlation coefficients are shown at the top of each panel and
the line represents the least-squares fit of the data. NS, not significant.
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Figure 23: Pairwise correlations of the effects of CPF, DZN, dieldrin and Ni** on expression
of phosphodiesterase genes, calculated from Tables 4.1 and 4.2 as the percent change from
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corresponding control values. Linear correlation coefficients are shown at the top of each panel and
the line represents the least-squares fit of the data. NS, not significant.

CPF in undifferentiated versus differentiating PC12 cells. The effects of CPF on
AC genes correlated significantly between undifferentiated and differentiating cells but
the relationship depended completely on a single value (gnat3 at 1d of exposure), without
which there would have been no significant concordance (Figure 24A). Similarly, the
effects of CPF on G-protein o-subunits (Figure 24B) and f,y-subunits (Figure 24C)
showed virtually no correlation between undifferentiated and differentiating cells;
although the relationships for protein kinase A (Figure 24D) and phosphodiesterase
(Figure 24E) were stronger, none of these achieved statistical significance. The overall
weakness of the correlation was confirmed by the lack of statistical significance for
compound comparisons of all gene families using the % test (Table 6).

CPF and DZN in vivo. CPF and DZN administration to neonatal rats elicited
significantly concordant transcriptional effects for all five gene families in forebrain and
brainstem, resulting in a highly-significant overall relationship (p < 0.0001, Table 6).
Regardless of whether the comparison involved AC (Figure 25A), G-protein a-subunits
(Figure 25B), G-protein f,y-subunits (Figure 25C), protein kinase A (Figure 25D), or
phosphodiesterase (Figure 25E), the correlations of CPF with either dose of DZN were

strongly positive and statistically significant.
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Figure 24: Correlations of the effects of CPF on undifferentiated versus differentiating cells for each
the five classes of genes, calculated from Tables 4.1 and 4.2 as the percent change from
corresponding control values: AC (A), G-protein a.-subunits (B), G-protein f,y-subunits (C), protein
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kinase A (D) and phosphodiesterase (E). Linear correlation coefficients are shown at the top of each
panel and the line represents the least-squares fit of the data. NS, not significant.
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Figure 25: Correlations of the effects of CPF (1 mg/kg) and DZN (1 or 2 mg/kg) on gene
expression in vivo, evaluated on postnatal day 5 in forebrain and brainstem from neonatal rats given
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each agent daily from PN 1-4: AC (A), G-protein a.-subunits (B), G-protein ,y-subunits (C), protein
kinase A (D) and phosphodiesterase (E). Linear correlation coefficients are shown within each panel
and the line represents the least-squares fit of the data.
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DISCUSSION

Our results indicate that otherwise unrelated developmental neurotoxicants
nevertheless converge on cell signaling involving cAMP, while at the same time, there
are clear dichotomies between OPs, CPF and DZN, that might be expected to be the most
similar. Considering the four compounds together, we found strong concordance for
combining all the potential pairwise comparisons (x°=205, p < 0.0001, Table 6), a
reflection of the fact that, of the 30 evaluations, 29 showed a positive correlation and only
one a negative correlation, a highly, non-random outcome (p < 0.0001 compared to a
random expectation of 15 positive correlations and 15 negative correlations). Further,
these similarities were observed in isolated cells, pointing to direct effects of the agents
on transcription of genes involved in the control of cAMP. Embedded within the overall
interrelationships, the concordance was strongest for effects on G-proteins, followed by
the AC genes, and least for the genes involved in downstream effectors and regulators,
protein kinase A and phosphodiesterase (see column y” values, Table 6). Thus, effects on
the steps required for the generation of cAMP provide the predominant points of
similarity; consistent with this conclusion, for CPF and DZN, we found that in vivo
exposures produce alterations in cAMP generation in response to stimulants acting at the
level of G-proteins and AC itself [7,111,175]. The implication is thus inescapable that
OPs, organochlorines and metals may all lead to similar neurodevelopmental outcomes
despite the underlying differences in their chemical properties and classification. In turn,
the in vitro findings can thus guide future in vivo examinations to test that prediction.

Superimposed on the general concordance of effects among CPF, DZN, dieldrin
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and Ni*", there were important dichotomies that provide further mechanistic information
and predictions about in vivo effects. First, the effects of CPF were highly dependent on
the differentiation state of the cells, with little relationship evident between gene
transcription in undifferentiated cells and those undergoing neurodifferentiation. This is
consistent with the existence of critical periods of vulnerability of developing neurons to
OPs. Thus, although OP effects can be seen at neurodevelopmental stages ranging from
cell replication through the final stages of neurodifferentiation, the period surrounding the
transition from replication to differentiation appears to be one of the most sensitive
phases [83,145-147,156,161,166,167,176]. In the current study, our evaluations in
differentiating cells specifically occupied the initial phases of that transition, highlighting
the dissimilarities to the effects on gene expression in the undifferentiated state. The
outcome is thus critically dependent upon the stage of neurodifferentiation at which
exposure occurs, even for the same agent. Given the important role of cAMP in
neurodifferentiation [102,107,177,197], our findings again reinforce the mechanistic
relationships between stage-specific effects of neurotoxicants on gene expression
controlling cAMP levels, and their ultimate disruption of neurodevelopment.

The second dichotomy appeared in the pairwise comparisons of individual agents,
where there was a surprising divergence between CPF and DZN, the two toxicants that
might be expected to be the most related, since they are both OPs. In fact, of the six
pairings, CPF and DZN were the least alike (row % comparisons, Table 6). The effects
of these two OPs on gene expression involved in the cAMP signaling pathway clearly do

not depend on their shared property as cholinesterase inhibitors, the mechanism that
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instead contributes to their similarities for systemic toxicity. Indeed, studies of
downstream cAMP phosphorylation targets confirm that CPF produces its effects at
concentrations well below those required for cholinesterase inhibition [141]. Our
findings reinforce earlier conclusions showing that CPF has unique and/or more sensitive
actions on signaling and neurotrophic pathways as compared to other OPs [163,165-167];
in contrast, DZN, even when given in the same developmental period as CPF and in
pharmacodynamically-equivalent doses, elicits lesser long-term disruption of synaptic
function and behavior [9,10,97,138,149,151,158,159,183]. Despite their dissimilarities,
however, both CPF and DZN had strong concordance with the effects of the other two
agents (row x> comparisons, Table 6). The interrelationships can best be illustrated with
schematic Venn diagrams. Although both CPF and DZN have significant overlap with
the effects of dieldrin, the two OPs have little concordance with each other (Figure 26A),
so that the common relationship to dieldrin involves different genes for each OP;
however, CPF, dieldrin and Ni*" all have significant mutual overlap (Figure 26B) and
similar relationships pertain to DZN and the other two agents (not shown). The close
resemblance of the transcriptional responses to DZN, dieldrin and Ni*" are entirely
consistent with their shared effects on neurotrophic responses [167] and downstream
neurotoxic endpoints [156,161]. The implication is inescapable: these results predict that
OPs such as CPF and DZN, dieldrin (an organochlorine) and Ni*" (a metal) may in fact
produce convergent developmental neurotoxicant outcomes, even if the OPs themselves

may diverge in part.
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Figure 26: Venn diagram illustrating the relationships among CPF, DZN, dieldrin and Ni**
for their global effects on the five classes of genes as calculated in Table 6. (A) CPF and dieldrin have
strong concordance, as do DZN and dieldrin, but the effects of CPF and DZN are only weakly related
because the gene effects shared between CPF and dieldrin differ from those involved in the
correlation of DZN and dieldrin. (B) CPF, dieldrin and Ni*" all share common patterns of effects on
gene expression.

Although in vitro test systems enable the detection of direct effects of
neurotoxicants on gene transcription and differentiation endpoints, they are inherently
limited in that they cannot evaluate effects that depend on interactions between neurons
and glia, architectural assembly of the brain, or any of the myriad, more complex
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interactions that occur in the intact organism. Here, we found strong dichotomies
between CPF and DZN in their effects on gene transcription related to the cAMP
signaling pathway in PC12 cells and we have already highlighted how those differences
are reflected in divergent outcomes. Nevertheless, CPF and DZN also have a number of
similarities in their developmental neurotoxicant effects, particularly as they pertain to
targeting of specific brain regions and neurotransmitter systems and their associated
behaviors, as well as shared actions on formation of neurites and on proliferation of glial
cells [133,138,145-147,149,156,158,164,169,183]. Accordingly, in addition to the in
vitro studies conducted here, we performed a comparable concordance evaluation using
gene expression data from our earlier work on the effects of CPF and DZN in vivo, in
neonatal rats; we identified much stronger concordance involving highly significant
correlations for each class of genes and across all classes together (Table 6). The strong
in vivo relationship can be seen by comparing concordance of all the cAMP pathway
genes in a single correlation: whereas there was no significant overall correlation for the
in vitro evaluations (Figure 27A), the same comparisons were highly concordant for in
vivo exposures (Figure 27B). Thus, in the intact brain, CPF and DZN do actually
produce similar effects on the cAMP-related genes but the common outcome reflects
indirect actions requiring the intact brain, rather than depending upon direct effects on
differentiating neural cells, as seen with the PC12 cell model. Clearly, although in vitro
models permit identification of direct effects of neurotoxicants on neurodifferentiation, a
full picture of similarities and differences of neurotoxicant effects directed toward a given

pathway requires additional examinations of the effects in the intact organism. It would
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thus be worthwhile to pursue similar examinations of the effects of dieldrin and Ni*".
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Figure 27: Comparison of in vitro (A) and in vivo (B) correlations of gene expression values
combined from all five classes. Linear correlation coefficients are shown at the top of each panel and
the line represents the least-squares fit of the data. NS, not significant.

Similarly, a key limitation of the microarray approach is that the measured effects occur
at the mRNA level, which does not necessarily entail a corresponding change at the level
of protein expression or cell function. Therefore, cell culture studies in Chapter 6 were
utilized to evaluate the extent to which functional changes correspond to the effects of
each toxicant on gene expression.

In this study, we used planned comparisons of specific pathways targeted by the
neurotoxicants and analyzed the data through the determination of shared properties (i.e.
a standard “principal components” approach); the rationale for this has appeared
previously [160,165,166] but is worth repeating here. Planned comparisons and pathway

analysis are distinct from the use of microarrays to find a handful of genes that are
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affected the most, within the global examination of the tens of thousands of genes present
on the microarrays. Planned comparisons are based instead on testing a specific
hypothesis that centers around a defined set of genes, and rests on known, validating
outcomes from prior work, in this case for the OPs. With examination of the entire
genome, verification via RT-PCR and other techniques is required because the enormous
number of comparisons generates many false positive findings (e.g. the >2000 genes that
would be false positives if we had considered all 42,000 probes on the array). For our
study, we compared only 69 genes that would generate only 3-4 false positives, and for
interpretation, we relied on the overall pattern of multiple gene changes for each agent, as
well as effects that were repeated across different treatments and/or different times, rather
than changes in any one gene. The odds of all those genes being false positives are
astronomically small. However, even for individual genes, there were multiple probes
and multiple spots on a given array (see Materials and Methods), so the changes cannot
be “chance.” Unlike many array studies, where a single mRNA set combined from
multiple samples might be evaluated, we evaluated separate samples for each treatment
condition, so again it is inconceivable that one could statistically produce these outcomes
by accident. However, it is important to point out that our interpretation of the overall
pattern of multiple gene changes, rather than changes in any one gene, provides the
possible risk of missing strong relationships between individual genes. Indeed, one of the
key points of this study is to demonstrate that a planned comparisons approach may
provide a superior strategy for the use of microarray data, provided that the relevant

target pathways are known in advance.
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In conclusion, our findings bolster the increasing evidence that the various OPs
differ in their underlying mechanisms of developmental neurotoxicity, over and above
their shared property as cholinesterase inhibitors, in this case involving distinct outcomes
at the levels of the genes encoding the critical proteins of the cAMP signaling pathway.
In addition, we found unexpected concordance in the effects of unrelated neurotoxicants,
dieldrin and Ni*", on the same gene families, indicating that different classes of
compounds can nonetheless converge on common final pathways. Finally, the results
obtained here illustrate how a combined use of a cell culture system, an animal model,
and microarrays can guide future studies toward specific endpoints that can distinguish

similarities and disparities in the effects of diverse developmental neurotoxicants.

123



Chapter 6: Organophosphate Exposure During a Critical
Developmental Stage Reprograms Adenylyl Cyclase Signaling
in PC12 Cells

In Chapters 3 and 4, we showed how early life exposures to CPF, DZN or PRT all
evoke lasting effects on components of the AC cascade [6,111,113,175]. Notably, these
effects were found to 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 [7,13,93,113,150].

These findings raise the possibility that, during a critical developmental period,
OP exposures directly reprogram the functioning of the AC signaling pathway, a
hypothesis that would be difficult to evaluate in vivo, given the myriad systemic changes
elicited when these agents are given to animals. With this in mind, experiments in
Chapter 5 utilized planned comparison gene expression (mRNA) analysis to assess AC
isoforms and regulators. Importantly, these studies at the transcriptional level, showed a
relative lack of concordance between undifferentiated and differentiating cells in the
impact of CPF on the mRNAs encoding AC isoforms and G-proteins [6].

Here, in Chapter 6, we then investigated how mRNA findings tie into function at
the level of protein. We used the same PC12 cell 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
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exposure continues or rather whether effects extend beyond the exposure period; and
third, to evaluate whether the effects on AC signaling are separable from effects on
general aspects of cell growth. Here, we compared 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 Mn®". Because the two stimulants act at different loci on the
AC molecule, the preferential effects for one versus the other defines shifts in the
expression and catalytic activities of different AC isoforms [13,204,206]. We then
compared the effects on AC signaling to those on cell growth, focusing on measures of
cell number and neurite formation. Each neural cell contains a single nucleus, so that
measuring the DNA content evaluates the number of cells [198], 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

[4,82,156,176].
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MATERIALS AND METHODS

Cell cultures. Because of the clonal instability of the PC12 cell line [56], 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 [39,135,176], 3 x 10° 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. Louis,
MO) supplemented with 10% horse serum (Sigma), 5% fetal bovine serum (Sigma), and
50 pg/ml penicillin streptomycin (Invitrogen, Carlsbad, CA); cells were incubated with
5% CO, 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 pM 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 [133,135,176].

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
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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 uM test concentration because it elicits robust
oxidative stress, inhibition of DNA synthesis and interference with cell acquisition,
without producing outright cytotoxicity [40,42,83,133-135,156,176]. 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 [186]. The cell membrane fraction was
prepared by sedimentation at 40,000 x g for 15 min. The pellets were washed twice and
then resuspended in 250 mM sucrose, 2 mM MgCl,, and 50 mM Tris and aliquots were
withdrawn for determination of membrane protein [172] and for AC assays.

Adenylyl cyclase activity. The assay procedures and stimulant concentration
profiles have been described in detail previously [13,110,155,204].  Aliquots of the
membrane preparation were incubated for 30 min at 30°C with final concentrations of
100 mM Tris-HCI (pH 7.4), 10 mM theophylline, 1| mM ATP, 2 mM MgCl,, 10 uM
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
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kinase (all reagents from Sigma). The enzymatic reaction was stopped by heating and
sedimentation, and the supernatant solution was then assayed for cAMP using
commercial immunoassay kits (GE Healthcare Biosciences, Piscataway, NJ). In addition
to assessing basal AC activity, we evaluated responses to 10 mM NaF, 100 uM forskolin
and 10 mM MnCl, (all reagents from Sigma). These concentrations produce maximal
responses to each stimulant as assessed in earlier studies [13,204,206]. Activities were
determined as the amount of cAMP formed per minute per mg of membrane protein.

Data analysis. Handling of data and the presentation of results are presented in
detail in Chapter 2. Only analysis that varies from the previous chapters follows: All
studies were performed in multiple batches of cells, with several independent cultures for
each treatment in each batch. For reference, the normalized control values are shown in
Figure 28; however, statistically significant differences for each study were computed by
comparing treated groups only to the contemporaneous control group.

RESULTS

In control cells, NGF treatment elicited the expected switch from cell replication
to neurodifferentiation, as evidenced by significantly lower numbers of cells (Figure
28A) and greater membrane surface area (Figure 28B) 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 x stimulant measure). For basal activity (Figure 28C), the net

reduction was completed within 2 days of NGF treatment and showed no further
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reduction by the 6 day time point. In contrast, the response to fluoride showed a
progressive loss over time (Figure 28D). The decline in responses to forskolin (Figure
28E) and Mn*" (Figure 28F) 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 Mn*'/forskolin response ratio (Figure 28G). The patterns
for basal AC and the forskolin and Mn**-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 Mn®* the values were

12-fold and 18-fold, respectively.
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Figure 28: 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) Mn**-stimulated AC, and (G) Mn**/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 x 2d) or after 1
day in culture (6 days of NGF treatment, NGF x 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 OP treatment effects in the
remaining figures were assessed against only the matched contemporaneous controls for each study.
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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 (Figure 29A).

A DNA
20 ANOVA: Treatment x Differentiation State, p < 0.02
2 Days CPF 6 Days
DZN
PRT
10 | "
©
£
10
N | -
12 e ” e nn
5 12 i (1) (10);
.}: R T
8
c -10 |
«
=
o
2
20
-30
Undifferentiated Differentiating Differentiating - Differentiating -
p<0.05 NS Continuous 2d Exposure +
Exposure 4d Recovery
p <0.006 NS
B Membrane Protein / DNA
ANOVA: Treatment x Differentiation State, p < 0.004
2 Days CPF 6 Days
30 L DZN
PRT
D 20 |
B
<
[o]
[&]
5 ol |
o ©
(o)} ‘o
c "'\
_5:“ 0 jraen <.
© Y (9)
\. \'/_\f
M e
(10
10 Lk 1
Undifferentiated Differentiating Differentiating - Differentiating -
NS NS Continuous 2d Exposure +
Exposure 4d Recovery
p <0.007 p <0.002

Figure 29: 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
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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.

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
(Figure 29B). 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 (Figure 30A)
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 (Figure 30B). 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 (Figure 30C). Indeed, the response to forskolin
became significantly elevated for all three agents, and similar but nonsignificant trends
were present for fluoride and Mn*"; the nonsignificant increases for the latter two were

statistically indistinguishable from the significant increase in the forskolin response.
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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
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Figure 30: Effects of OP exposure on AC activities (figure on preceding page): (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 x differentiation state (p < 0.0007) and treatment x state x 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
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 x 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 x regimen
interaction. Panel (D) shows the concordance (least squares fit and linear correlation coefficient)
between OP effects on stimulant responses (fluoride, forskolin, Mn**, Mn*'/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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Mn**/forskolin response ratio. The effect on the ratio was statistically 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 x 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 (Figure 30D); 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 Mn*"/forskolin response ratio, indicative of a shift in AC isoform
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expression [205]. 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 [155]. More importantly, though, the same
effects are seen in the developing brain after CPF exposure in neonatal rats [175],
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 [6].

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
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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 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 Mn”'/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 [7,111]; indeed the in vivo
outcomes are similar for AC signaling in peripheral tissues [7,113], 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
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proapoptotic properties [147,156,160,202,203], 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 [76]. In contrast, DZN shows
greater overall inhibitory effects on neurite outgrowth, whereas PRT is more like CPF
[14,154]. 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
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exposure on cell signaling cascades is likely to represent one of the most critical

noncholinesterase targets for these common pesticides.
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Chapter 7: Conclusions and Implications

The results obtained in this investigation point out four main findings. First,
early-life CPF, DZN and PRT exposure produces lasting gain-of-function of the AC
pathway in the liver, likely contributing to metabolic dysfunction. Second, CPF, DZN
and PRT elicit distinct sex differences as well as disparities in their effects on tissue,
indicative of selective actions rather than ubiquitous changes in AC signaling. Third, all
OPs do not elicit identical effects, reflecting underlying mechanisms that do not depend
on their shared property as cholinesterase inhibitors. Fourth, there are major differences
in (direct vs. indirect) programming of the AC signaling pathway at the transcriptional
and translational levels.

Although OPs are likely to disrupt metabolism and cardiovascular function at
many different levels, one common feature is their ability to produce lasting changes in
AC signaling, notably involving a net gain of pathway function, an effect noted for CPF,
DZN and PRT [7,113]. In Chapter 3, we saw that neonatal exposures to DZN and PRT
altered the developmental trajectory of AC-mediated cell signaling in the heart and liver
but the liver appeared to be especially sensitive to persistent gain-of-function via
induction of AC itself. The presence of heterologous sensitization of the entire pathway
means that any signal operating through AC will show hyperresponsiveness. In turn,
these findings provide strong evidence of a likely mechanism for the metabolic
consequences of neonatal OP exposure that have been identified in earlier studies,

indicative of a prediabetic state [93,150].
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There is also a known connection between early-life glucocorticoid exposure and
later emergence of similar metabolic disorders as stated in Chapter 3
[43,74,120,121,199]. With this in mind, we used the DEX experiments in Chapter 2 to
determine whether changes in AC signaling influence the susceptibility to
metabolic/cardiovascular dysfunction in the same manner as our OP experiments in
Chapter 3. The results for the hepatic effects of DEX treatment on PN1-3 also provided a
clear example of heterologous sensitization of the AC pathway. Here, at each of the three
different doses, we found significant increases in AC regardless of whether the activity
was assessed in the basal state, in response to receptor stimulants or G-protein activation,
or with direct AC activation by forskolin. Again, the parallel changes point to gain-of-
function of AC cell signaling. Accordingly, there is an augmented response to activation
of BARs or glucagon receptors, which together provide major inputs to glucose and lipid
metabolism, and point to possible metabolic dysfunction outcomes.

The results of Chapters 2 and 3 are consistent with earlier work with
developmental exposure to CPF [13,113] and with the functional consequence of
prediabetes [93,150], the same outcome as found for AC polymorphisms in humans
[119]. Therefore, our results reveal that OP exposures that are devoid of signs of
intoxication and that are insufficient to elicit growth impairment, still may lead to lasting
alterations in hepatic cell signaling that are likely to contribute to metabolic dysfunction.

We have also learned that the early-life OP exposure regimens we implemented
showed distinct selectivity for both sex and tissue. These findings clearly indicate

selective actions rather than ubiquitous changes in AC signaling. In Chapter 3, the
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effects on the liver were more substantial than those on the heart, which displayed only
transient effects of DZN on AC function in adolescence, and no significant effects of
PRT. Furthermore, the hepatic effects were greater in magnitude than those in the
cerebellum, a brain region that shares similar AC cascade elements. It is also important
to note that earlier work with CPF showed persistent, global increases in all measures of
hepatic AC signaling, an effect restricted to males [113]. As found here, neonatal DZN
exposure produced a similar effect that appeared in adolescence and young adulthood at
the higher dose but that also became significant at the lower dose by full adulthood.
Notably, although the effect emerged first in males, it eventually encompassed both
sexes, thus differing in outcome from the sex-specific effects seen for CPF [113]. In
contrast to DZN, neonatal PRT exposure produced a much larger initial sensitization of
hepatic AC in adolescence, with significant increases at both doses and in both males and
females. The clear implication is that neonatal OP exposure is likely to affect hepatic
responses to a greater extent than those in the heart or in the central nervous system, and
it is therefore critical to examine how the cellular changes seen here might then
contribute to alterations in tissue function. In the liver, where PARs and glucagon
receptors are linked through AC to enhanced gluconeogenesis and lipolysis, heterologous
sensitization of AC signaling may lead to corresponding metabolic abnormalities.

The specific mechanisms underlying the targeting of males or females have not
been thoroughly investigated. Similar to the present findings, many other developmental
disruptors also produce sexually dimorphic changes in cardiovascular and/or metabolic

outcomes in males and females, both in animal studies and in humans [5,85,121]. For
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example, DEX exposure of rats in utero has been shown to produce post-glucose
hyperglycemia and hyperinsulinemia in males in adulthood, while in females it produces
hypertension. Notably, the OPs investigated in this study have been found to be weakly
estrogenic [11,190], but certainly, secondary endocrine effects are certainly plausible
[70]. Clearly sex differences need to be taken into account in future evaluations of
similar outcomes from developmental OP exposure.

This study also has implications for the significant, although lesser effects of
DZN and PRT exposure on AC signaling in the heart. Transgenic animals that produce
AC hyperstimulation through overexpression of BARs or Gs show development of
cardiomyopathies and abnormal heart rate regulation [60,81,188]. In Chapter 3,
alterations in myAChR expression, which we detected for PRT, also have corresponding
effects on cardiac function and the response to autonomic input [90]. Importantly, the
fact that DZN reduced heart weight significantly and to a greater extent than body weight
indicates the need to pursue potential consequences for cardiac function, which have been
much less studied than hepatic function. Indeed, the prediabetic changes seen after
neonatal OP exposure are themselves likely to contribute to further cardiovascular
morbidities.

Although the systemic toxicity and signs of OP intoxication reflect their shared
ability to inhibit cholinesterase [114,130], recent data—including data from this study—
indicate that lower-level OP exposures which are below the threshold for
anticholinesterase actions, can disrupt cell-signaling cascades that control cell

differentiation and other critical regulatory functions [68,145-147]. Therefore, since cell

144



signaling is targeted by OP mechanisms other than their shared property as cholinesterase
inhibitors, there is no reason to assume that all OPs will act in the same way. In recent
studies, it is important to note that consequent metabolic dysfunction resembles
prediabetes while different OPs vary in their specific pattern of effects [92-94,150]. For
example, with CPF, serum glucose is maintained within normal limits, but only because
of insulin hypersecretion, and the animals display hyperlipidemia, leptin dysregulation
and excessive weight gain [92,150]. However, PRT produces hyperglycemia, loss of
lipid homeostasis and adipose inflammation, all without incurring hyperinsulinemia
[93,94]. These differences are also reflected in disparities in OP effects on hepatic and
cardiac AC signaling. Whereas sensitization of the pathway is maintained throughout the
lifespan with CPF and DZN, we have shown that the effects of PRT are prominent only
through adolescence and then wane in young adulthood [7,113]. In Chapter 4, we
explored whether PRT’s effects might emerge even later, in full adulthood, but still did
not find the global upregulation of the AC pathway that we saw for CPF and DZN.
However, PRT exposure elicits nonmonotonic effects in keeping with the effects on body
weight [94], and thus implies that the metabolic consequences of early-life PRT exposure
are distinctly different once the levels exceed the threshold for cholinesterase inhibition
and the emergence of systemic toxicity.

The addition of a high-fat diet in adulthood did not unmask persistent effects of
neonatal PRT exposure on AC signaling. The diet by itself affected the AC pathway in
both liver and heart. The convergent effects of PRT and elevated dietary fat on the same

signaling cascade may thus elicit greater net hepatic and cardiac dysfunction when these
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two challenges are combined. In that fashion, early OP exposure, separately or in
combination with dietary factors, may contribute to the worldwide increase in the
incidence of obesity and diabetes. Nevertheless, it looks like we may have chosen the
wrong OP for these studies. Future work may find the investigation of DZN or CPF
more productive to look at than PRT. Again, it is important to note that sensitization of
the AC pathway is maintained throughout the lifespan with CPF and DZN while the
effects of PRT are prominent only through adolescence and then wane in young
adulthood [7,113]. Furthermore, our previous studies have shown that early-life CPF
exposure results in metabolic dysfunction that resembles prediabetes. Additionally, DZN
and PRT share a common response to a high fat diet, in that animals exposed to either
agent gain more weight than do controls [94,138].

The study of direct and indirect programming, at the transcriptional and
translational levels, proved to be of extreme importance. We hypothesized that our
results for OP effects on AC signaling could reflect either direct effects on the expression
or function of proteins in the AC pathway, or could result through indirect effects
mediated through any of the myriad changes evoked in whole animal physiology by the
early-life OP exposure. In Chapter 5 we first set out to determine the extent to which
related and unrelated developmental neurotoxicants alter cAMP signaling through direct
effects on activation or repression of genes encoding the key elements of the pathway.
We used PC12 cells because they are a well-characterized neurodevelopmental model
[182] that reproduces many of the key mechanisms and features of the adverse effects of

OPs in vivo [15,16,39,40,42,52,83,98,117,133,134,145-147,176,187,201]. Furthermore,
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with the addition of NGF, PC12 cells begin to differentiate, forming neuritic projections
and acquiring electrical excitability and neuronal phenotypes [56,176,182]. Notably,
there are problems with hepatic cell lines and their ability to dedifferentiate. This
characteristic of hepatic cell lines would not provide an opportunity for our experiments
to follow a cell differentiation time course—which proved to be important in this study.
Here, PC12 cells work because there are lasting effects of CPF, DZN, and PRT in the
central nervous system.

CPF and DZN were surprisingly the least alike, whereas there was strong
concordance of dieldrin and Ni** with each other and with each individual OP.
Interestingly, the effects of CPF differed substantially depending on whether cells were
undifferentiated or differentiating. This finding points to unique features of CPF in its
effects on the AC pathway and is consistent with the existence of critical periods of
vulnerability of developing neurons to OPs. Thus, although OP effects can be seen at
neurodevelopmental stages ranging from cell replication through the final stages of
neurodifferentiation, the period surrounding the transition from replication to
differentiation appears to be one of the most sensitive phases [83,145-
147,156,161,166,167,176]. To resolve the disparities between CPF and DZN, we
performed analyses in rat brain regions after in vivo neonatal exposures; unlike the in
vitro results, there was strong concordance. The strong in vivo relationship can be seen
by comparing the concordance of all the cAMP pathway genes in a single correlation:
whereas there was no significant overall correlation for the in vitro evaluations, the same

comparisons were highly concordant for in vivo exposures. Thus, in the intact brain, CPF
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and DZN do actually produce similar effects on the cAMP-related genes, but the common
outcome reflects indirect actions requiring the intact brain, rather than depending upon
direct effects on differentiating neural cells, as seen with the PC12 cell model. Clearly,
although in vitro models permit identification of direct effects of neurotoxicants on
neurodifferentiation, a full picture of the similarities and differences of neurotoxicant
effects directed toward a given pathway will require additional study of the effects in the
intact organism.

Our results for DZN, dieldrin and divalent nickel show that unrelated
developmental neurotoxicants can nevertheless produce similar outcomes by targeting
cell signaling pathways involved in neurodifferentiation during a critical developmental
period of vulnerability. Therefore, toxicants may all lead to similar neurodevelopmental
outcomes despite the underlying differences in chemical properties and classification.
Importantly, toxicant effects on signaling pathways are a new concept in developmental
toxicity and could allow for new groupings of toxicants. For example, one pathway that
has received recent attention is the protein kinase C cascade. Protein kinase C is a cell-
signaling cascade that integrates the actions of neurotrophic factors involved in brain
development. Our lab compared two OP insecticides with an organochlorine and a metal
for the similarities and differences in their effects on gene expression encoding subtypes
of protein kinase C and their modulators. Evaluations were performed in PC12 cells,
with each agent introduced for 24 or 72 hours. We found that the protein kinase C
cascade contributes to the cholinesterase-independent developmental neurotoxicant

actions of CPF and its differences from DZN. In addition, the effects of DZN, dieldrin
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and Ni*" showed basic similarities despite the fact that three come from different classes
of toxicants. Therefore, this pathway has helped identify mechanistic convergence
between otherwise unrelated toxicants that provides predictions about common
neurodevelopmental outcomes [163]. Nevertheless, a full evaluation of the concordance
between different toxicants requires not just evaluations of in vitro systems that detect
direct effects (as done here), but also in vivo systems that allow for more complex
interactions that converge on the same pathway.

A key limitation of the microarray approach is that the measured effects occur at
the mRNA level, which does not necessarily entail a corresponding change at the level of
protein expression or cell function. Therefore, the disparities between CPF and DZN that
were seen in Chapter 5 may have been more apparent than real. For example, the OPs
might have still shown the same affect at the protein/function level even if their effects on
transcription differ.  With this in mind, we then investigated how the mRNA
(transcriptional) findings of Chapter 5 might tie into function at the level of protein
(translation) in Chapter 6. The findings of Chapter 6 revealed that OP exposures during
early neurodifferentiation reprogram 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 [175] and peripheral tissues [7,113], effects that are thus likely to contribute to
neurobehavioral deficits as well as metabolic dysfunction. Interestingly, the results of
Chapter 6 showed that in vitro cell-culture testing of CPF, DZN, and PRT yielded

corresponding changes at the level of protein expression or cellular function of the cAMP
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cascade. These results differed from those of our in vitro mRNA studies. Our mRNA
work showed that CPF and DZN were unrelated in altering the cAMP signaling through
direct effects on activation or repression of genes encoding the key elements of the
pathway. Therefore, the aforementioned findings point to post-transcriptional events as
perhaps more important. Overall, the results of Chapters 5 and 6 highlight the
importance of comparing in vitro and in vivo findings that can guide future examinations
to test a hypothesis. Equally important, we have shown the need for combined use of cell
culture systems, animal models, and microarrays to guide future studies toward specific
endpoints.

There are some additional studies that could be included with this investigation,
and furthermore, would provide answers to questions that were discovered as the study
progressed. This study would have benefitted from additional experiments that included
PRT in our gene expression study. It would be interesting to see if PRT elicits the same
in vitro and in vivo effects that we saw between CPF and DZN at the level of mRNA.
Furthermore, we would also learn how PRTs gene expression ties into function at the
protein level. These additional data would provide a more complete picture of how all
three OPs affect the AC pathway and likely contribute to metabolic dysfunction. In
addition, in Chapter 3, the effects of PRT on hepatic AC signaling were restricted to
adolescence, and unlike those of CPF, did not persist into adulthood. Interestingly, both
OPs still elicit metabolic changes related to prediabetes. Thus, for PRT, either the AC
changes are unrelated to metabolic disorders, or alternatively, the effects in adolescence

may be sufficient to reprogram metabolism so that defects will emerge later, despite
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subsequent normalization of signaling parameters. In this case, future work will need to
dissect the temporal emergence of prediabetes after neonatal PRT exposure. For
example, we would gain a further understanding of the temporal emergence of
prediabetes from neonatal PRT exposure with prediabetic marker testing at adolescence
(PN30), young adulthood (PN60), and adulthood (PN100). This study could include
markers that have proven to be beneficial in our lab’s assessment of metabolic function,
such as, serum glucose, serum insulin, cholesterol, f-hydroxybutyrate, nonesterified fatty
acids, triglycerides, and glycated hemoglobin. Again, we also proved that the addition of
a high-fat diet in adulthood does not unmask persistent effects of neonatal PRT exposure
on AC signaling, however, the question remains: How does early-life exposure to PRT
affect AC signaling with the introduction of a high-fat diet when the dietary change is
begun in juvenile stages as opposed to adulthood? This regimen would reflect a more
realistic scenario for human dietary preference. Therefore, it is evident that early-life
exposure to PRT in conjunction with high-fat implementation commencing at weaning
may change weight and/or metabolic responses differently from that of an adult. This
may lead to exacerbated weight gains and possibly a metabolic profile that surpasses
prediabetes and reflects the more drastic consequence of diabetes. This type of scenario
may prove to be pivotal for providing a deeper understanding of glucose and lipid
metabolism-related variables that change in metabolism for these particular physiologic
and pathophysiologic circumstances.

In conclusion, the results of this study show that early-life OP exposure produces

lasting AC pathway gain-of-function in the liver. Importantly, these findings indicate
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that OPs alter the trajectory of hepatic cell signaling in a manner consistent with the
observed emergence of prediabetes-like metabolic dysfunction, and with a greater effect
than in heart or brain. Because the effects occur at low exposures and are unrelated to
cholinesterase inhibition, the various OPs differ in their net impact on peripheral AC
signaling, and in a manner divergent from their effects on neurobehavioral outcomes.
Our findings thus extend the Barker Hypothesis, which originally related prenatal growth
restriction to the subsequent development of cardiovascular disease and diabetes [21]; we
now include otherwise nonsymptomatic chemical exposures that may produce similar
outcomes without the precondition of fetal/neonatal growth restriction. These findings
point out the need to explore the possibility that developmental exposure to common
chemical contaminants contribute to the explosive worldwide increase in diabetes and
obesity. The standard view of OPs as developmental toxicants that specifically target the

nervous system may thus require a paradigm change.
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