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Abstract:
The acute toxicity of the organophosphorus insecticide chlorpyrifos (CPF) results from
the irreversible inhibition of acetylcholinesterase (AChE). However, developmental
exposure to levels of CPF insufficient to inhibit AChE is associated with neurological
deficits in children and animal models. This study was designed to test the hypothesis
that, acting via AChE-independent mechanisms, CPF disrupts neuronal differentiation, a
process that shapes the nervous system structurally and functionally from the earliest
stages of embryogenesis through adulthood. To address this hypothesis, SH-SY5Y cells,
a neuronal cell line used to study differentiation in vitro, were exposed to CPF for 7-days.
CPF concentrations that caused AChE inhibition significantly increased the expression of
nestin (a marker of neuronal progenitor cells) and reduced the expression of NeuN (a

marker of post-mitotic neurons). In contrast, a lower concentration of CPF that did not
inhibit AChE significantly decreased nestin expression and increased NeuN expression.
When examined by immunofluorescence, cultures exposed to these lower concentrations
of CPF exhibited a lower percentage of NeuN-nestin+ cells and a higher percentage of
NeuN+nestin- cells. In cultures that were co-treated with CPF and AM4113, a
cannabinoid receptor type 1 antagonist, NeuN and nestin expression levels were
comparable to control. CPF increased phosphorylation of a number of mitogen-activated
protein kinases, including p38. Active p38 was required for CPF-induced increases in
histone modifications, particularly dimethylated histone 3 lysine 4. Inhibition of p38
activity, using SB203580, prevented the drop in nestin expression and percentage of
NeuN-Nestin+ cells induced by CPF exposure. This is the first demonstration that CPF,
acting via AChE-independent mechanisms, operates, in part, through cannabinoid
receptor type 1, p38 activity, and histone modifications, to induce neuronal
differentiation. These findings provide a framework for future studies to determine how
disruption of neurogenesis contributes to the developmental neurotoxicity of CPF.
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Chapter 1: Introduction
1.1.

Public Human Health Risk of Exposure to Chlorpyrifos
Organophosphorous (OP) insecticides are pest control agents commonly used

worldwide in commercial, agricultural, and residential settings. Of these OP compounds,
chlorpyrifos (CPF) is the top-selling insecticide in the European Union (1226 tons,
Eurostat) and one of the most widely used in the United States (US), with an estimated 8
to 11 million pounds applied in 2007 (US EPA, 2016).
People who live in both agricultural and non-agricultural regions are at risk of
exposure to CPF. This is supported by reports that CPF has been detected not only in the
blood of individuals who live in agricultural regions but also in the blood of adults and
children living in urban areas (Eskenazi et al., 2004; Munos-Quezeda et al., 2015; Perera
et al., 2003; Wang et al., 2016; Whyatt et al., 2002). Most exposures occur primarily
through contact with the contaminated environment and through dietary intake (reviewed
by Saunders et al., 2012). CPF can be found in dust and contaminated surfaces near
application sites, and in fruits, vegetables, and other produce grown in CPF-contaminated
soil or sprayed with CPF during cultivation (Berman et al., 2016; de Gavelle et a., 2015;
Lozowicka, 2015).
According to population studies, children present higher levels of CPF in blood
and urine compared to adolescents and adults (Barr et al., 2015). These differences have
been attributed to the poor detoxification capacity and the smaller body surface area of
children compared to adults. These differences also may be influenced by childhood
habits, including “hand-to-mouth” behavior and proximity to the ground during play, that
naturally expose children to higher levels of environmental contaminants than adults.
1

Fetuses are at risk of exposure to CPF and other OP insecticides because these
compounds, similar to other lipophilic chemicals, easily cross the placenta (Akhtar et al.,
2006). It is difficult to determine, however, the true fetal CPF burden during pregnancy
because exposure is generally intermittent rather than continuous and most studies report
levels of CPF or its metabolites in maternal blood or urine collected from women a few
times during pregnancy or in cord blood collected at time of delivery (Berkowtiz et al.,
2003; Eskenazi et al., 2004; de Gavelle et al., 2016; Whyatt et al., 2002).
Although most environmental exposures to CPF do not induce overt signs of
acute intoxication, epidemiological studies have linked CPF exposure to cognitive
deficits in healthy adults (e.g., Kaplan et al., 1993; Steenland et al., 2000). In addition, an
increase in biomarkers of prenatal CPF exposure are associated with a reduction in: (i)
fetal growth indices in children (Eskenazi et al., 2004; Whyatt et al., 2004), (ii) cognitive
functions (Perera et al., 2003; Rauh et al., 2006 and 2011), and (iii) the structural integrity
of the brain (Rauh et al., 2012).
Gestational exposure to CPF is associated with developmental delay and autism
spectrum disorders (ASD) in particular. A mother’s proximity to agricultural sites that
use CPF has been reported to be a strong predictor of ASD in children. According to
Shelton et al. (2014) children diagnosed with ASD are 60% more likely to be born to
mothers who live within 1.25 kilometers of a CPF application site at some point during
gestation than from mothers who live farther from such sites (Shelton et al., 2014). These
results are supported by the finds that prenatal CPF exposure of an idiopathic mouse
model for ASD from gestational day (GD) 14 to 17 by oral gavage (6 mg/kg/d) resulted

2

in delayed motor maturation and sexually dimorphic effects on ultrasonic vocalizations,
which were increased selectively in males and not females (De Felice et al., 2015).
Out of concerns for the potential dangers posed by developmental exposure to
CPF, in 2001 the EPA banned its use in residential areas in the US (Lemus and
Abdelghani, 2000). The ban was effective because CPF levels measured in maternal
personal air samples collected over 48 h during the third trimester of 1999 and 2002
pregnancies in New York dropped from 17.2 ng/m3 to 4.8 ng/m3 (Whyatt et al., 2005).
Likewise, CPF concentrations dropped from 6.9 pg/g to 1.3 pg/g in umbilical cord blood
sampled during deliveries in those same years (Whyatt et al., 2005). In parallel, infants
born after the ban had significantly better Mental Development Index and Psychomotor
Development Index scores compared to those born before the ban (Rauh et al., 2006).
Furthermore, the significant inverse correlations between CPF levels in umbilical cord
plasma and fetal growth indices (birth weight and length) observed in a cohort of children
born before the ban were not detected in a cohort of children born after the ban (Whyatt
et al., 2005).
In 2017 a petition presented to the EPA requesting CPF registration be cancelled
and tolerances be revoked was denied, allowing for continued use of CPF in agricultural
and commercial settings (US EPA, 2017). Therefore, CPF remains a relevant public
health concern in the U.S. for years to come.

1.2.

Mechanisms of CPF-Induced Toxicity

3

1.2.1. Inhibition of Acetylcholinesterase (AChE)
The acute toxicity induced by CPF results from irreversible inhibition of
acetylcholinesterase (AChE), the enzyme that hydrolyzes the neurotransmitter
acetylcholine (ACh). CPF itself is a poor AChE inhibitor. However, its metabolite
chlorpyrifos oxon (CPO), which is generated through oxidative desulfuration in vivo
(Chambers and Chambers, 1989), potently inhibits AChE activity by phosphorylating the
serine residue in the enzyme’s ACh binding site in the catalytic triad.
Accumulation of ACh secondary to OP-induced AChE inhibition causes
overactivation of metabotropic muscarinic acetylcholine receptors (mAChRs) and
ionotropic nicotinic acetylcholine receptors (nAChRs) in the peripheral and central
nervous systems (PNS and CNS, respectively) and triggers a cholinergic crisis syndrome
characterized by miosis, profuse secretions, diarrhea, incontinence, tremors, convulsions,
and cardiorespiratory paralysis. It is conventionally treated with atropine, a muscarinic
receptor antagonist, and pralidoxime, an oxime that reactivates OP-phosphorylated AChE
(Buckley et al., 2011; Peter et al., 2007). Benzodiazepines are also used, as needed, to
treat OP-induced convulsions. Currently, novel therapies are under investigation to
prevent the delayed neuropsychiatric and neurological deficits that arise after cholinergic
crisis is resolved (Albuquerque et al., 2011; Collombet, 2011; Kaur et al., 2014).

1.2.2. AChE-Unrelated Mechanisms
Based on the concept that AChE inhibition is the sole mechanism of action of OP
compounds, one would expect that mice with a null mutation in the gene that encodes
AChE (AChE-/- mice) would be resistant to the acute toxicity induced by those chemicals.
4

Instead, AChE-/- mice are more sensitive than wild-type mice to the acute toxicity of OP
compounds, including CPF-oxon (Lockridge et al., 2005). In addition, atropine is not an
effective OP antidote in AChE-/- mice (Duysen et al., 2001). If AChE were the sole
molecular target accounting for the acute toxicity of OP insecticides, one would also
expect that the LD50 of these insecticides would directly correlate with their IC50 to
inhibit the enzyme and/or with the rate of reactivation of the inhibited enzyme. However,
that is not always the case (e.g., Santhoshkumar et al., 1996).
Numerous lines of evidence support the notion that the developmental
neurotoxicity of OP compounds, particularly CPF, cannot be solely accounted for by
AChE inhibition. First, associations between cognitive deficits and prenatal exposure of
children to CPF have been reported even when CPF levels present in maternal or
umbilical cord blood are considered too low to cause biologically meaningful AChE
inhibition (Eaton et al., 2008; Reiss et al., 2015). Second, based on the assumption that
AChE inhibition is the common mechanism underlying the developmental neurotoxicity
of OP insecticides, one would anticipate that all OP compounds would produce identical
effects in a dose-dependent manner proportional to the degree of inhibition of the
catalytic enzyme activity. This, however, is not the case. The developmental
neurotoxicity induced by OP insecticides is compound specific. For instance, the
serotonin (5HT) receptor subtypes 5HT1 and/or 5HT2 are significantly upregulated in
different brain regions of adult rats neonatally exposed to CPF (1 mg/kg/day, s.c.), with
the effects being more pronounced among males than females (Aldridge et al., 2004). In
contrast, 5HT1 receptors are significantly downregulated in different brain regions of
adult male (but not female) rats neonatally exposed to another OP-pesticide, diazinon (0.5
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mg/kg/day, s.c. – a dose regimen that inhibits AChE to the same extent as the CPF dose
regimen studied by Aldridge et al.).
While there is no consensus regarding which molecular targets mediate the
developmental neurotoxicity of CPF, previous studies demonstrated that CPF can directly
interact with and modify the activity of: (i) serine hydrolases, including
carboxylesterases, (ii) muscarinic receptors, (iii) cannabinoid receptors, and (iv)
structural proteins such as tubulin, kinesin, and dynein (reviewed in Huff et al., 1994; Jett
and Lein, 2006; Terry, 2012), each of which play critical roles in neuronal differentiation,
synaptogenesis, and modulation of synaptic transmission.

1.3.

CPF Metabolism and the Developing Brain
As mentioned previously, the poor metabolic capacity of developing organisms

could contribute to their high sensitivity to the toxic effects of CPF, which is metabolized
and detoxified in the body through cytochrome p450 enzymes, carboxylesterases, and
oxonases like the A-esterase paraoxonase-1 (PON1) (Costa et al., 1999; Jokanovic, 2001;
Sams and Mason, 1999). Genetic variations of PON1 expression in the human population
exhibit varying sensitivities to CPF toxicity. Individuals expressing lower levels of PON1
are more sensitive to CPF than those expressing high levels of PON1 (Ginsberg et al.,
2009). Studies have also reported that maternal expression levels of PON1 are positively
correlated with normal head circumference, birth weight and size, and inversely
correlated with abnormalities in neonatal behavioral in children born to mothers exposed
to OP pesticides during gestation (Berkowitz et al., 2004; Furlong et al., 2006; Wolff et
al., 2007).
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Free, circulating CPF also can be adsorbed through binding to
butyrylcholinesterase (BuChE) (Doctor and Saxena, 2005), which is generally regarded
as a bioscavenger for OP compounds and is typically used as a biomarker of OP exposure
(Gazzi et al., 2014; Jalady and Dorandeu, 2013; Strelitz et al., 2014). Since expression of
BuChE at birth is one-fourth the level in adults (Sidell, 1992), it is possible that the
reduced ability of BuChE to bioscavenge influences the sensitivity of developing fetuses
and children to the toxicity of CPF and other OP compounds.
Similar to humans, murine models also exhibit age-specific sensitivity to CPF
(Moser, et al., 1998; Pope et al., 1991). For example, Pope et al. (1993) reported that: (i)
the lethal dose (LD50) of CPF is approximately 6 times higher in neonatal than in adult
rats, and (ii) when exposed to similar doses of CPF, neonatal rats exhibit twice the
amount of brain AChE inhibition compared to adult rats. This is in part explained
because the levels of PON1, carbyoxylesterase, and BuChE in rats and mice increase
with age after birth (Mortensen et al., 1996; Moser et al., 1998). In fact, the lower
carboxylesterase and PON1 levels in young rats inversely correlated with the sensitivity
of rats to CPF-induced brain cholinesterase inhibition (Moser et al., 1998).
Although poor metabolism could be sufficient to account for the high sensitivity
of the developing organism to CPF, it is conceivable that intrinsic characteristics of
developing cells also make them uniquely sensitive to the toxic effects of CPF.
Cell culture models have been used to investigate how different stages of cellular
differentiation define the sensitivity of cells to various toxicants. For example,
neuroblastoma cells induced to differentiate in vitro using retinoic acid (RA) or other
stimuli decreased apoptosis induced by staurosporine and thapsigargin (Jantas et al., 2013
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and 2014; Lombet et al., 2001). It is possible that progenitor cells and cells undergoing
differentiation are more sensitive to the cytotoxic effects of CPF than mature, postmitotic cells.

1.4.

Neurogenesis and Neuronal Differentiation in the Developing Brain
Brain development is a highly sequential process with cell proliferation,

migration, differentiation, synaptogenesis, and myelination occurring during gestation
through adulthood (Andersen, 2003). For example, in order to form its complex cellular
layers, the cerebral cortex requires timely generation of neurons and glia through stem
cell proliferation and differentiation (Higgenbotham et al., 2011). As such,
neurodevelopment is heavily influenced by the timing and context in which neural stem
cells are allowed to proliferate, differentiate into their final fate, and migrate to their final
destination.
The formation of the nervous system is a complex process that begins during
embryonic development and remains active through birth into early postnatal life (Fig. 1).
Genetic and environmental factors govern normal brain development, and disruption of
either can fundamentally alter functional and structural neural outcomes.
One key event during embryonic development is gastrulation during which the
endoderm, mesoderm and extoderm cell populations are formed. These subpopulations of
stem cells subsequently orchestrate the formation of specific tissues including muscle,
gut, bone, vasculature, and the nervous system (Stiles and Jernigan, 2010). The stem cell
type that produces the nervous system originates from a single line of neural stem cells,
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often referred to as neural progenitor cells. Stem cells are functionally defined by their:
(i) capacity for self-renewal and (ii) potential to differentiate into multiple cell types.
The formation of the neural tube (embryonic day (ED) 20-27 in humans) marks
the beginning of complex neural structure formation and a period of increased progenitor
cell proliferation. Stem cell division is typically characterized as: (i) asymmetric,
resulting in a multipotent daughter cell and a fate-restricted cell incapable of
differentiating into multiple cell types, or (ii) symmetric, resulting in two identical
daughter cells. From neural tube formation until mid-gestation (approximately GD 110 in
humans), neural progenitor cells undergo rapid symmetric cell division leading to a vastly
large progenitor pool (Bayer et al., 1993). This period is then followed by a period of
cellular differentiation, during which progenitor cells differentiate into neurons and glia,
with neurogenesis preceding gliogenesis. In mice, for example, cortical neurogenesis
begins around ED 12 while the first astrocytes are not detected until ED 16 (Jiang and
Nardelli, 2016). Following this initial spike in neurogenesis, progenitor cells begin to
gradually shift from symmetric division to asymmetric division as the first post-mitotic
neurons begin to be seen in the human brain around ED 42.
From the ninth gestational week through birth in humans, nervous system
development is dominated by neuronal differentiation, migration, and integration to form
brain regions such as the neocortex, midbrain, spinal cord and cerebellum. Neuronal
differentiation occurs on a cellular level as a cell undergoes morphological and chemical
changes to reach a terminal, post-mitotic state. Neuronal migration and integration occur
as a neuron communicates with its immediate, external environment to translocate and
eventually form synapses with neighboring neurons. Differentiation, migration, and
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integration are heavily regulated by extrinsic cues, including, neurotransmitters,
cytokines, and neurotrophins (Götz and Huttner, 2016; Jin, 2016; Martynoga, 2017), and
intrinsic cues such as gene expression and epigenetic modifications (Kiefer, 2007; Yao
and Jin, 2014). The neurotrophins brain derived neurotrophic factor (BDNF) and nerve
growth factor (NGF), for example, maintain cell survival during the neuronal
differentiation and migration process (Huang and Reichardt, 2001). This is achieved
through neurotrophin receptor activation and subsequent downstream signaling leading to
expression of pro-survival proteins. However, the expression of BDNF can be regulated
intrinsically by epigenetic mechanisms. The DNA promoter region for the gene encoding
BDNF can be methylated by DNA methyltransferases, leading to reduced BDNF
expression and reduced progenitor cell proliferation (Yao and Jin, 2014 and references
therein). As such, proliferation and differentiation of progenitor cells are regulated during
the embryonic and fetal periods through multiple intrinsic mechanisms.

Figure 1: Processes of neurodevelopment from conception through adulthood

Timeline of neurodevelopment from Kneusel et al., Nature Reviews Neurology, 2014
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Exposure to neurotoxicants during developmental windows in which neurogenesis
is highly active is known to cause cognitive and neurological deficits later in life. For
example, Balduini et al. (1991) reported that exposure of pregnant rats on GD 14 to 25
mg/kg of methylazoxymethanol (MAM), a neurotoxin that inhibits DNA synthesis in
proliferating cells, resulted in pups exhibiting hyperactivity. In contrast, exposure of
pregnant rats on GD19 to the same dose resulted in hypoactivity (Balduini et al., 1991).
In another study, administration of methyl mercury, a compound known to inhibit
neurogenesis (Bose et al., 2012), to mouse dams between GD 7 and 7 days after delivery
(0.5 mg/kg/day via drinking water) resulted in pups that presented depression-like
behavior and learning deficits that were more pronounced in male than female offspring
(Onishchenko et al., 2007).
Compounds need not be antimitotic to induce neurotoxicity. There are reports that
developmental exposure to agents that stimulate neuronal differentiation (e.g., RA and
valproic acid) also produce developmental delays and birth defects in the CNS (Rodier,
2004 and the references therein). Similar effects have been seen following in utero
exposure to other neurotoxicants including CPF (Antonelli et al., 2016 and references
therein; Mamczarz et al., 2016).
Due to the complexity of the neurodevelopmental process, it is difficult to identify
specific pathways upon which neurotoxicants act to modify proliferation, differentiation,
and migration. Investigation of potential mechanisms by which neurotoxicants like CPF
disrupt these processes may provide insights into the behavioral phenotypes observed in
humans and animals exposed to these toxicants early in life.
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1.5.

Effects of CPF on Neurogenesis and Neuronal Differentiation
1.5.1. CPF Effects on Expression of Neuronal and Glial Cell Fate Markers
Monitoring the dynamic cellular changes that occur during the process of

neuronal differentiation can be difficult because the expression of functional proteins and
cell morphology are cell-type and tissue dependent. However, the identification of
protein markers predominantly expressed during specific stages of neuronal
differentiation has led to breakthroughs in the understanding of the neuronal
differentiation process (Fig. 2).
The NeuN protein is a marker commonly used in studies of neuronal
differentiation to identify post-mitotic neurons. It characterizes post-mitotic neurons
because it is: (i) expressed exclusively in nervous tissue, (ii) not expressed by glial cells,
(iii) not expressed in immature neuronal progenitors actively in the cell cycle in vivo, and
(iv) expressed uniformly across the cell nucleus and to a small degree the cytoplasm for
simplified cell identification (as reviewed by Gusel’nikova and Korzhevskiy, 2015).
NeuN has now been identified as the nuclear splicing factor Fox-3, and activates neural
cell-specific alternative splicing through interaction with protein-associated splicing
factor (Kim et al, 2011; Kim et al., 2009). For these reasons, NeuN is a robust marker for
populations of post-mitotic neurons.
MAP-2 is a protein also used to identify post-mitotic neurons. MAP-2 acts to
stabilize dendrites in post-mitotic neurons (Soltani et al., 2005). MAP-2 expression in
neurons responds to growth factors, neurotransmitters, and neurotoxins and increases
during cell proliferation and differentiation (as reviewed by Johnson and Jope, 1992).
However, MAP-2 is not exclusively expressed in neurons and has been identified in the
differentiation of carcinomas and neoplasms. For example, increased MAP-2 expression
12

has been used as a diagnostic tool of cell differentiation in neuroendocrine neoplasms
(Liu et al., 2003). MAP-2 is expressed in neuronal and non-neuronal tissues and is
valuable tool for identifying cells undergoing differentiation, particularly in the nervous
systems.
GFAP is a class 3 intermediate filament protein found predominantly in mature
astrocytes but has been recently identified in populations of neuron and macroglia
producing progenitor cells in vivo (as reviewed by von Bohlen und Halbach, 2007 and
2011). Because GFAP is expressed in both progenitor cells and mature astrocytes, it can
be difficult to determine which of these populations GFAP-positive cells represent
without additional markers. As such, reduction of GFAP expression represents a shift
away from progenitor or glial cell type and, if accompanied by an increase in neuronal
markers, represents a shift towards a neuronal phenotype.
Nestin is a class 6 intermediate filament protein and is a marker for neural
stem/progenitor cells. Nestin is expressed by highly proliferative cells including many
populations of neural progenitor cells in vivo. Protein synthesis of nestin decreases during
differentiation (as reviewed by Gilyarov, 2008). Nestin expression has only been detected
in the adult brain within neurogenic niches actively undergoing neurogenesis or
gliogenesis. However, nestin is also detected in non-neuronal tissues including skin, liver,
and pancreas as well as in some populations of mature astrocytes. This may be explained
by the pluripotent capacity of nestin-positive cells. The expression of nestin is typically
very high in pluripotent, progenitor cells and decreases as cells reach their intended
terminal fate.
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Doublecortin is a microtubule-associated protein and is a marker for late mitotic
and early post-mitotic neurons actively undergoing differentiation and migration.
Doublecortin is critical in the stabilization of the microtubule network, as suggested by
the finding that RNAi-mediated knockdown of doublecourtin expression results in
complete arrest of migrating neurons (Weimer and Anton, 2006). Further, doublecortin
expression is associated with newly generated neurons because the majority of
doublecortin-positive cells lack antigens to glia, undifferentiated cells, or apoptotic cells.
CPF alters the expression of protein markers associated with neuronal and glial
differentiation in animal models. In pregnant rats, dietary exposure to 20 ppm of CPF
from gestational day 10 through postnatal day (PND) 21, a dose regimen that caused no
significant inhibition of brain AChE activity, resulted in offspring exhibiting decreased
numbers of doublecortin-positive neuronal progenitor cells in the hippocampus (Wang et
al., 2013). In rats exposed orally to 0.1and 0.3 mg/kg/d CPF from PND 1 to 6, forebrain
expression of GFAP mRNA was dramatically increased (Betancourt et al., 2006). Cell
culture models of CPF exposure provide similar results. An increased expression of
GFAP associated with glial differentiation is also reported in PC12 cells exposed to CPF
(Garcia et al., 2002; Zhang et al., 2015). Exposure to CPF leads to a reduction in
expression of various neuronal markers (Table 1). Although much of the data is
confounded by inconsistent exposure times, variable CPF concentrations, and an
insufficient number of differentiation markers, it is likely that CPF has a pronounced
effect on the expression of differentiation protein markers and neuronal differentiation.
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Figure 2: Neuronal differentiation marker expression during differentiation

Figure adapted from Lucassen et al. 2010. Expression of various protein markers during neuronal
differentiation in vivo (Neuronal nuclei – NeuN, Microtubule-associated protein 2 – MAP-2, Glial fibrillary
acidic protein – GFAP).
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Table 1: Effects of CPF on neuronal differentiation in cell culture models
Model

CPF

Test

hNPC

0 - 57 µM
24 or 72 h

Western blot

mADSC

0 - 500 µM
48 h

mRNA
ICC

mESC
hIPSC
PC12

0.1 - 1000 µM
(EC50 = 6 µM)
14 d
30 µM
4 days
5 µM
3d

Marker
MAP-2
Β-Tubulin III
Nestin
Sox-2
Β-Tubulin III
MAP-2
Nestin
NeuN

Change
NC
↓
NC
↓
↓
↓
↑
↑

Author

ICC

MAP-2

↓

Visan et al.,
2012

Western blot

Pax-6

↓

Western blot
Spectrophotometry

DNA Synthesis
TH

↓
↓

Yamada et
al., 2017
Jameson et
al., 2006

Kim et al.,
2016

Zarei et al.,
2015

Human induced pluripotent stem cells - hIPSC, Human neural progenitor cells - hNPC, mouse adiposederived stem cells - mADSC, mouse embryonic stem cells – mESC, paired box protein 6 – Pax-6, tyrosine
hydroxylase - TH, sex determining region Y-box 2 - Sox-2.

1.5.2. CPF Effects on Signaling Mechanisms Associated with Neuronal
Differentiation: Erk, p38, and MSK Phosphorylation
Mitogen activated protein kinases (MAPKs), which are canonically activated
through phosphorylation, are cellular signaling proteins that transduce intracellular
signals through protein phosphorylation and are highly conserved across organisms. The
MAPK family includes extracellular regulated kinase (ERK), c-Jun n-terminal kinase
(JNK), and p38. The Erk pathway is typically activated by mitogenic stimuli (e.g.,
neurotrophins or growth factors) while JNK and p38 are typically activated through
cytokines and stimuli that induce cellular stress. Because Erk phosphorylation promotes
cell proliferation, Erk plays a significant role in the maintenance of cell viability during
differentiation (Frebel and Wiese, 2006; Shi et al., 2013; as reviewed by Takeda et al.,
2002). The p38 MAPK is activated in response to stress stimuli such as inflammatory
cytokines, oxidative stress, or ultraviolet light (as reviewed by Hotamisligil and Davis,
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2016; Martín-Blanco, 2000; Paul et al., 1997). Persistent activation of the p38 pathway
has been observed in many neurodegenerative diseases, including Alzheimer’s disease
and Parkinson’s disease (as reviewed by Kim and Choi et al., 2010). Recently, however,
p38 has been identified as playing a primary role in regulating neuronal differentiation
and proliferation during normal brain development (as reviewed by Nebreda and Porras,
2000). Transient phosphorylation of p38 induces differentiation of progenitor cells
towards neuronal phenotypes (Aouadi et al., 2006; De Genaro et al., 2013). Additionally,
p38 is required for nerve growth factor (NGF)-induced differentiation of PC12 cells
(Morooka and Nishida, 1998; Sarina et al., 2013). Binétruy et al. (2007) suggested that in
embryonic stem cells the effects of p38 phosphorylation are temporally regulated. In
neuronal progenitor cells, p38 phosphorylation inhibits cell commitment towards
differentiation, while in the later stages of neuronal differentiation it prevents apoptosis
(as reviewed by Binétruy et al., 2007). While cytotoxic concentrations of CPF are known
to induce p38 phosphorylation in neuroblastoma cells and primary cortical neurons
(Caughlan et al., 2004; Ki et al., 2013; Lee et al., 2012), the effects of non-cytotoxic
concentrations of CPF on p38 phosphorylation, particularly in undifferentiated cells,
remain unexplored.
Erk protein kinase is activated in response to growth factors and neurotrophins,
including vascular endothelial growth factor (VEGF) and BDNF (Fournier et al., 2012; as
reviewed by Numakawa et al., 2010; Ratto and Pizzorusso, 2006), and its activation is
generally associated with cell proliferation. However, Erk functionality is extremely
diverse and is reported to regulate cell proliferation, differentiation, survival and
apoptosis under certain conditions (Shaul and Seger, 2007). As such, the role of Erk
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activation within in a cell is dependent on cell type, duration of activation, and cross-talk
with other cell signaling pathways like p38. Erk is considered an oncogene because of its
cell proliferation actions in malignant tissues (reviewed by Dhillon et al., 2007;
Malumbres et al., 2003). Typically, Erk phosphorylation induces expression of antiapoptotic factors within the Bcl-2 family of proteins and, as such, it is viewed as a “prosurvival” signal (Balmanno et al., 2009; as reviewed by Chang et al., 2003). However,
sustained Erk phosphorylation can lead to apoptosis (Chang et al., 2003; as reviewed by
Chueng and Slack, 2004; Li et al., 2014). Because of its dual role in cell survival and
apoptosis, Erk phosphorylation has been studied in the context of neural progenitor cell
proliferation and differentiation. Of interest, numerous studies have demonstrated that
CPF concentration dependently alters Erk phosphorylation. Concentrations of CPF above
50 µM, which cause significant AChE inhibition and apoptosis, have been shown to
induce Erk phosphorylation in multiple cell lines and primary cortical neuron cultures
(Caughlan et al., 2004; Ki et al., 2013; Lee et al., 2012; Park et al., 2017; Sindi et al.,
2016). Other studies report that lower concentrations of CPF that do still significantly
inhibit AChE but do not induce apoptosis can also increase Erk phosphorylation (Sindi et
al., 2016). However, the effects of non-cytotoxic concentrations of CPF on Erk
phosphorylation are an area of active investigation.
p38 and Erk MAPK signaling cascades converge on many downstream substrates
including mitogen- and stress-activated kinase (MSK) (Deak et al., 1998). MSK is a
nuclear protein that regulates expression of immediate early genes through
phosphorylation of cAMP response element binding (CREB) protein and histone 3
residues (Cortés-Mendoza et al., 2013). MSK is expressed throughout brain and plays a
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role in neuronal proliferation and survival as well as learning and memory (as reviewed
by Reyskens and Arthur, 2016). In mice with a null mutation in the gene that encodes
MSK (MSK-/- mice), neural progenitor proliferation and neurite arborization are
significantly reduced (Choi et al., 2012; Karelina et al., 2015). In addition, deficient mice
present deficits in the Morris water maze, a spatial learning and memory task (Chwang et
al., 2007), supporting the notion that appropriate MSK signaling is essential for normal
brain functioning. While the effects of CPF exposure on MSK phosphorylation have not
been investigated, Schuh et al. (2002) reported that SH-SY5Y neuroblastoma cells
exposed to nanomolar concentrations of CPF exhibited significantly increased CREB
phosphorylation. This suggests that low levels of CPF may induce MSK phosphorylation,
leading to CREB phosphorylation, and, thereby, affecting expression of genes that
control neuronal differentiation.

1.5.3. CPF Effects on Histone Modifications
Chromatin remodeling is a process that intimately regulates gene expression
through modification of histone residues and methylation of DNA (CpG islands).
Histones are acetylated, phosphorylated, and methylated through families of
acetyltransferase, serine/threonine kinase and methlytransferase enzymes (as reviewed by
Kouzarides, 2007; Ng and Chueng, 2016; Wolffe and Guschin, 2000).
Histone modifications play an intimate role in the process of neuronal
differentiation and neurogenesis due to their regulation of global gene expression (as
reviewed by Mitrousis et al., 2015; Roidl and Hacker, 2014; Yao et al., 2016). In
particular, the acetylation and phosphorylation of histone 3 lysine 9 (H3 K9) and serine
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10 (H3 S10), respectively, are dependent on MSK and CREB phosphorylation, and the
phosphoacetylation of these residues induces differentiation (Sawicka et al., 2012; Tsai el
al., 2015). While reduction of histone 3 methylation of lysine 27 reduces the expression
of nestin (Burgold et al., 2008), the genes under selective regulation by these histone
modifications remain largely unknown.
Limited studies have assessed the effects of CPF on histone modifications. A
recent study reported that H3 S10 phosphorylation and H3 lysine 4 (K4) methylation
were increased in cultured human neural progenitor cells exposed to high concentrations
of CPF (≥57 µM) that are likely to inhibit AChE (Kim et al., 2016). However, the
concentration-dependent effects of CPF on other histone modifications and the potential
relationship between these effects and changes in neuronal differentiation remain
unexplored.

1.6.

The SH-SY5Y Cell Line as a Model for Developmental Neurotoxicity
The SH-SY5Y cell line is one of the most commonly used cell lines in the study

of neuroscience and neuroblastomas. SH-SY5Y cells are a subclone of SK-SN-SH cell
line, which was originally isolated from a bone marrow biopsy of a 4-year-old female
neuroblastoma patient. SK-SN-SH cells are comprised of a mixture of neurobasic N-type
cells and substrate adherent S-type cells, both of which can readily undergo
transdifferentiation. The SH-SY5Y subclone contains mostly N-type cells and a small
fraction of S-type cells (Ross et al., 1983). SH-SY5Y cells are unique in that they are an
immortal cell line with the capacity to differentiate into homogeneous, chemically and
morphologically mature neuronal populations (Påhlman et al., 1995; Shipley et al., 2016).
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Additionally, basal expression of neurotransmitter proteins essential for dopaminergic
and cholinergic signaling make the SH-SY5Y cell line ideal for the study of neuroscience
and cell signaling. The robust expression of neurotransmitter machinery also make SHSY5Y cells a useful in vitro model for a variety of different disease models, including
Parkinson’s disease and Alzheimer’s disease and others (Agholme et al., 2010;
Kovalevich et al., 2013; Xicoy et a., 2017; Xie et al., 2010).
SH-SY5Y cells can undergo differentiation to produce morphologically and
chemically homogenous cell populations that resemble mature neurons. In an
undifferentiated state, SH-SY5Y cells appear to be non-polarized with short processes
and rapidly proliferate (Shipley et al., 2016). During differentiation, SH-SY5Y cells
extend long processes, decrease in proliferation, and start to express mature neuronal
protein markers (Shipley et al., 2016). Differentiation is additionally accompanied by
increased synaptogenesis, electrical excitability of the plasma membrane, and expression
of various neurotransmitter receptors (Adem et al., 1987; Tosetti et al., 1998).
The most commonly used compound to induce differentiation of SH-SY5Y cells
is retinoic acid (RA). Typically, RA is applied to SH-SY5Y cultures at concentrations of
10 µM in standard media over multiple days. While many protocols supplement RA
treatment through addition of growth factors like BDNF or fibroblast growth factor
(FGF) and reduction of serum, treatment with RA alone for a minimum of 3-5 days
induces robust changes in SH-SY5Y morphology and protein expression that are
consistent with the differentiation of these cells into mature neurons (Cheung et al., 2009;
Shipley et al., 2016; Thompson et al., 2012).
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Differentiation regimens utilizing phorbol esters, RA, and growth factors have
been used to produce more specific neuronal subtype populations of adrenergic,
dopaminergic or cholinergic neurons (Påhlman et al., 1994; Xie et al., 2010). Due to their
basal expression of a multitude of cholinergic receptors and cholinesterase enzymes in
both a naive and differentiated state, SH-SY5Y cells are an ideal model for the study of
the potential effects of OP neurotoxicants on neuronal differentiation (Carlson et al.,
2008; Ehrich et al., 1995; Hong et al., 2003; Thompson et al., 2012). As mentioned
previously, the study of CPF toxicity must accurately consider its inhibition of
cholinesterase enzymes and the use of a cell culture system that has functional
cholinergic machinery is essential to understanding that relationship.
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Chapter 2: Objectives
This study was developed to test the hypothesis that, via AChE-unrelated
mechanisms, CPF affects neuronal differentiation and the activity of p38, Erk and MSK
MAPK in addition to histone 3 modifications known to be associated with the
differentiation process. To address this hypothesis, enzymatic assays, western blots, and
immunocytochemistry were applied to the SH-SY5Y cell line continuously exposed to
different concentrations of CPF. There were three specific aims.

2.1.

Aim 1: To demonstrate that SH-SY5Y neuroblastoma cells differentiate into
morphologically and chemically distinct cell populations and respond to CPF
in the context of cholinesterase inhibition and cell viability.
The first set of experiments was designed to characterize whether SH-SY5Y cells

could be used as a model to study neuronal differentiation. To analyze SH-SY5Y cell
morphology following differentiation, cells were treated with 10 µM RA for 7 days,
dialyzed with biocytin under the whole-cell patch-clamp technique, processed, and
imaged using neurolucida software. Neurite number, neurite length and neurite volume
were quantified in biocytin filled cells using neurolucida cellular tracing software. To
determine differences in chemical makeup of differentiated cells, RA-treated cells were
immunolabeled with anti-NeuN or anti-nestin antibodies or harvested for protein extracts
to determine NeuN, nestin, MAP-2 and GFAP protein expression. Morphological
differences, differences in chemical makeup and populations of cells expressing markers
for differentiation contributed to the understanding of the effects of RA treatment on SHSY5Y cell differentiation.
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Cholinesterase activity and cell viability were measured in RA-treated and
untreated SH-SY5Y cells following exposure to various concentrations of CPF. RAtreated and untreated cells were cultured for 7 days and then exposed to CPF for 24 h
before subsequent incubation with MTS reagent and colorimetric absorbance of formazan
production was recorded instantaneously at 493 nm. Analysis of formazan absorbance
provides a surrogate measure for cell viability that can be used as a proxy of cell health in
response to CPF. The colorimetric Ellman assay was used to measure AChE and BuChE
activity in cellular extracts instantaneously following incubation with CPF or vehicle
(DMSO). Changes in absorbance at 412 nm were measured over time (10 min or 1 h) and
the results were converted to cholinesterase activity via a conversion factor, as described
under the subsequent methods chapter. Use of pharmacological inhibitors to AChE,
BuChE and purified enzymes provided additional information about CPF selectivity to
each cholinesterase. Results of these experiments are presented in Chapter 4.

2.2.

Aim 2: To determine whether concentrations of CPF insufficient to inhibit
AChE in SH-SY5Y cells alter expression of markers of neuronal
differentiation, MAPK phosphorylation and histone 3 residue modification
SH-SY5Y cells were continuously exposed to CPF or vehicle (DMSO) for 7 days

at concentrations below which are significant to inhibit AChE and subsequently
evaluated for changes in gene expression, MAPK phosphorylation, and histone
modifications. SH-SY5Y cell extracts were evaluated for expression of neuronal protein
markers as described in section 2.1. using immunocytochemistry and western blots.
Western blots were analyzed for densitometry using ImageJ software. Phosphorylation of
Erk, p38, and MSK proteins were analyzed by normalizing phosphorylated MAPK
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protein band density to that of total MAPK protein. Phosphorylation, acetylation, and
methylation of histone 3 were analyzed through western blot in a similar manner by
normalizing modified histone 3 residue band density to that of total histone 3.
Immunofluorescent cells were imaged using NIS elements software and cell populations
were determined through identification of immunopositive cells above a minimum
threshold identified on the software. Results of these experiments are presented in
Chapter 5.

2.3.

Aim 3: To determine whether p38 activation plays a role in the CPFmediated changes in expression of NeuN and nestin
To address this aim, SH cells were treated with the p38 inhibitor SB203580 alone

and in conjunction with CPF. Expression of NeuN and nestin was analyzed in western
blots. Results of these experiments are presented in Chapter 6.
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Chapter 3: Methods
3.1.

Cell Culture
SH-SY5Y neuroblastoma cells were obtained as a generous donation from Dr.

Mervyn Monteiro (University of Maryland School of Medicine, Dept. of Anatomy and
Neurobiology). SH-SY5Y cells were expanded through 10 passages and plated for
experiments before reaching 90% confluence. Cells were counted via hemocytometer and
seeded onto sterile polystyrene 100 x 10 mm dishes (10 mL), 35 x 10 mm dishes (2 mL)
(Falcon, Tewksbury, MA), 24-well- (500 μL) or 96-well plates (100 μL; Corning,
Manassas, VA), in growth medium consisting of Dulbecco's Modified Eagle's Medium
(DMEM, Corning, Manassas, VA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS, Life Technologies, La Jolla, CA) and 1% Penicillin-Streptomycin (P/S,
Thermo Fisher, Waltham, MA). Plates were seeded at 2,000 cells/mL or 10,000 cells/mL
for experiments involving no differentiating stimulus or exposure to RA, respectively.
The cultures were maintained in a humidified 95% O2 / 5% CO2, 37°C incubator. An
average number of cells per mL for seeding calculations were generated from two
separate hemocytometer measurements.
SH-SY5Y cells were differentiated using 10 µM RA and manipulation of the cell
culture environment by altering: (i) FBS and (ii) incubation times. NeuN, MAP-2 and
GFAP protein expression visualized by western blot was used as an endpoint including
evaluation of cell health by phase contrast imaging. Protein expression as recorded
densitometrically and compared to corresponding protein expression levels of SH-SY5Y
cells grown in 10% FBS for the same number of days to get relative expression changes.
Cytotoxicity was determining by the inability of cells to proliferate and a change in
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morphology to that of a rounded cell body that appeared apoptotic. Table 2 summarizes
the findings. RA-treated cells were exposed to10 µM RA in 5% FBS and 1% P/S in
DMEM for 7 days beginning on day 0. Media was supplemented with 10 µM RA every
24 h and fresh DMEM media was exchanged for old media every 48 h. Treatment with
CPF began on day 0 and was repeated every 48 h with fresh CPF (0.1-300 µM)containing media for a total of 7 days. Whenever specified, SB203580 was added to the
culture medium for a final concentration of 20 µM (1000 fold binding IC50, 23 nM,
Thurmond et al., 2001) and AM4113 was added to the culture medium for a final
concentration of 0.1 µM (100 fold Ki, 0.89 nM, Sink et al., 2008) with media being
replaced every 48 h.
Table 2: Determination of differentiation protocol in SH-SY5Y cells
Days
FBS (%)
RA (µM)
NeuN
MAP-2
GFAP
CytotoxicA
3
10
10
↑
NC
NC
7
1
10
NA
NA
NA
Yes
7
3
10
NA
NA
NA
Yes
7
5
10
↑
↑
↓
7
7
10
↑
↑
↓
7
10
10
NC
NC
↓
NeuN, MAP-2 and GFAP measured by western blot. Densitometry was measured for each and expression
indicated as an increase or decrease of RA-treated cells compared to untreated, control cells grown in 10%
FBS for the respective number of days. A - Cytotoxic cells were unable to proliferate and exhibited
morphology similar to apoptotic cells; NA – Not applicable; NC – No change.

3.2.

Cell Morphology
3.2.1. Biocytin Staining
RA-treated and non-treated cells were seeded onto polylysine-coated coverslips in

35 x 10 mm dishes at previously described densities. Micropipettes for electrophysiology
were pulled from 1.2-mm diameter borosilicate capillary tubes (World Precision
Instruments Inc, Sarasota, FL) using a P-97 Flaming-Brown Puller (Sutter Instruments
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Company, Novato, CA). The diameter of the pipettes was such that, when filled with
internal solution, the pipette resistance was 3-6 MΩ. A standard internal solution that
included cesium methanosulfonate (130 mM), cesium chloride (10 mM), magnesium
chloride (2 mM), ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA, 10 mM), cesium hydroxide (20 mM) and 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES, 10 mM) was made that included biocytin (final
concentration, 0.5% w/v; Sigma-Aldrich, St. Louis, MO). The pH of the internal solution
was to 7.3-7.4 using HEPES. Coverslips containing adherent non-RA- or RA-treated cells
were placed in a bath of standard artificial cerebrospinal fluid (ACSF) consisting of NaCl
(125 mM), KCl (2.5 mM), CaCl2 (2 mM), MgCl2 (1 mM), NaH2PO4 (1.25 mM), dextrose
(25 mM), and NaHCO3 (25 mM). The cell-containing coverslips were superfused with
ACSF continuously aerated with 95% O2 and 5% CO2. The whole-cell mode of the
patch-clamp technique was used to dialyze individual cells. Following approximately 10
min, the pipette was lifted slowly as not to damage the cell membrane and removed from
the bath. Coverslips containing biocytin-filled SH-SY5Y cells were then incubated in 4%
paraformaldehyde (J.T. Baker, Center Valley, PA) for 72 h at 4°C.
Following incubation in 4% paraformaldehyde solution, cells were washed three
times in phosphate buffered saline (PBS) for 5 min and permeabilized in PBS solution
containing 0.2% Triton X-100 (Sigma, St. Louis, MO) for 15 min. Cells were then
washed three times in PBS for 5 min and then blocked in PBS containing 5% FBS for 1 h
before being incubated in streptavidin-conjugated peroxidase (VECTASTAIN ABC kit,
Vector, Burlingame, CA) antibody at 4°C for 12 to 16 h overnight. Biocytin was then
visualized using the DAB peroxidase substrate kit (Vector, Burlingame, CA). Cells were
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developed for 10 min using a pre-set concentration of 3,3'-diaminobenzidine (DAB) with
nickel followed by a PBS wash for 5 min. Cells were then coverslipped using
VECTASHIELD hard set mounting media (Vector, Burlingame, CA).

3.2.2. Neurolucida Analysis
Biocytin-stained cells were visualized using the Neurolucida software
(MicroBrightField, Colchester, VT, USA), an image-combining computer microscopy
program, which allowed for analysis of neurite extensions and cell morphology in threedimensional space. Neurites were manually traced outward, beginning at the point the
dendrite extends from the cell soma extending outward until neurite termination.
Dendritic branching was measured and neurite volume was approximated using
neurolucida software that assumes a dendritic morphology that is perfectly cylindrical.
Parameters of average neurite length (μm), average neurite volume (μm2), and neurite
number/cell were measured for each cell stained with biocytin. Mean neurite length was
calculated as ratio of total neurite length to neurite number per cell. Three to five cells
were analyzed per coverslip which represented a single measurement. Three independent
cell cultures were grown for each treatment group. Statistics were analyzed using a twoway ANOVA using treatment and coverslip as fixed factors.

3.3.

Western Blotting
Cell cultures were exposed to CPF, RA, and/or SB203580 for 7 days beginning

on day 0 as previously described. On day 7, cells were detached using citric saline and
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pelleted by spinning at 1,000 RPM for 5 min. Cell pellets were resuspended in protein
lysis buffer (0.1 M PBS, 0.5 mM EDTA, 0.5 mM EGTA, cOmplete roche, PHOSstop in
dH2O) at 4°C. Lysates were then heavily vortexed, rocked at 4°C for 2 h, and, then,
centrifuged at 13,500 RPM for 10 min. Supernatant-containing cytosolic protein fractions
were collected and stored at -80°C for analysis of MAPK proteins and neuronal
differentiation markers. The remaining pellet was dissolved in a strong acid histone
extraction buffer (0.03 N hydrochloric acid in 0.33 mM phenylmethylsulfonyl fluoride),
homogenized using a tissue grinder, and, then, rocked at 4°C overnight. The lysates were
subsequently centrifuged at 13,500 RPM for 10 min, and the supernatant containing the
histone fraction was collected for analysis of histones. 20 µg of protein from each lysate
was prepared in Laemmli Sample buffer (Bio-Rad, Hercules, CA) with βmercaptoethanol (5% v/v, 710 mM final concentration, Sigma, St. Louis, MO) and
loaded into the lanes of a mini PROTEAN TGX (Bio-rad, Hercules, CA) gel. A buffer
consisting of 1x TRIS/Glycine/SDS (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3,
Bio-rad, Hercules, CA) was poured over the gels and into the gel box and gels were
subjected to electrophoresis at 150 mV for 1.5 h. PVDF membranes (0.45 µM pore,
Millipore, Billerica, MA) were briefly activated with methanol and then submerged in
Toubin buffer (25 mM Tris, 192 mM Glycine, 10% Methanol (v/v)) at 4°C for 5 min.
PVDF membranes were sandwiched with TGX gels and filter paper and inserted into the
Bio-Rad Mini Trans-Blot (Bio-Rad, Hercules, CA). Wet transfer was performed at 4°C
for 16 h at 20 V. The PVDF membranes were then cut according to corresponding
molecular weights identified by the Precision Plus Protein Kaleidoscope Ladder (BioRad, Hercules, CA) for protein visualization.
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Cut membranes were blocked in blotting milk (5% m/v, Bio-Rad, Hercules, CA)
or bovine serum albumin (BSA, 5% m/v, Sigma, St. Louis, MO) to reduce the nonspecific binding of antibodies to the membranes. BSA was used for blots probed for
MAPK proteins to avoid contamination with phosphatase enzymes typically found in
blotting milk. Blotting solution was dissolved in Tris-buffered saline (Bio-Rad, Hercules,
CA) containing 1% TWEEN (TBS-T, Sigma, St. Louis, MO) for 1 h. Following
blocking, membranes were incubated in primary antibody dissolved in TBS-T containing
2% BSA or milk for 12-16 h overnight at 4°C. Antibody dilutions can be found in Table
3. Membranes were then washed three times in TBS-T for 5 min and then incubated in a
horseradish peroxidase conjugated secondary antibody dissolved in TBS-T containing
2% milk or BSA for 1 h at room temperature (RT). Following the secondary antibody
incubation, membranes were washed five times in TBS-T for 5 min and developed in
Supersignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL)
for 5 min before being imaged for chemiluminescence on the ChemiDoc XRS system
(Bio-Rad, Hercules, CA) using the Quantity One analysis software (Bio-Rad, Hercules,
CA). Images were captured at 1-min intervals before reaching a maximum exposure time
of 20 min on the ChemiDoc XRS system. If oversaturation of protein bands was
identified by the Quantity One software then the image was discarded and not used.
Densitometry of protein bands appearing on captured images were measured using
ImageJ software (National Institutes of Health, Washington, D.C.). Protein band intensity
was determined by band measurement subtracted by the background measurement of the
space immediately below the band. Cell cultures were run in triplicate and statistics were
analyzed using two-way ANOVAs with gel run and treatment as fixed factors.
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3.4.

Immunocytochemistry
3.4.1. Fluorescent Staining
SH-SY5Y cells were cultured and treated as previously described in 24-well

clear-bottom plates containing polylysine-coated coverslips. On day 7, coverslips
containing SH-SY5Y cells were washed three times with PBS for 2 min and then fixed in
4% paraformaldehyde for 10 min. Cells were again washed three times in PBS for 2 min
and then permeabilized in 0.3% Triton X-100 for 20 min. Cells were washed three times
in PBS for 2 min and subsequently blocked in PBS containing 5% FBS for 1 h to
minimize non-specific binding of primary and secondary antibodies. Following FBS
block, cells were incubated in a primary antibody solution containing PBS with 2% FBS
for 12-16 h overnight at 4°C. In order to identify signal fluorescence in cells expressing
both NeuN and nestin, two separate secondary antibodies were used in separate antibody
incubations. Antibody dilutions are found in Table 3. Following primary antibody
incubations, cells were washed three times for 2 min in PBS and then incubated for 1 h at
room temperature (RT) in a Alexifluor 488-conjugated goat anti-mouse antibody
dissolved in PBS with 2% FBS . This was followed by three, 2-min washes with PBS and
subsequent 1-h incubation at RT with an Alexifluor 594-conjugated donkey anti-goat
antibody dissolved in PBS with 2% FBS. Cells were then washed in PBS and mounted
onto slides using VETCASHIELD DAPI Mounting Media (Vector Labs, Burlingame,
CA). Cells were visualized using a Nikon E1000 Microscope Eclipse/video-based Image
1 analysis system (Nikon, New York, NY) with analytical scion Image software
(Scanalytics, Nikon Inc. Fairfax, VA) and NIS Elements Advanced Research software
(Nikon, Melville, NY).
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Table 3: Antibody dilutions
Test

Antibody

Antigen

Company

Species

Weight
(kDa)

Dilution

Secondary
Dilution

NeuN
MilliporeA
Mouse
1:500
1:1000
Nestin
Santa CruzB
ICC
Goat
N/A
Mouse
Secondary
Life TechC
N/A
Goat
Donkey
NeuN
Mouse
48
1:500
1:1000
Millipore
MAP2
Rabbit
250
1:2500
1:2000
Nestin
Santa Cruz
Goat
240
1:750
1:1000
GFAP
SigmaD
Mouse
50
1:250
1:250
MSK
R&D SystemsE
Goat
70
p-MSK
Santa Cruz
1:500
1:1000
Rabbit
Erk
Cell SignalingF
1:2000
1:5000
Primary
42 / 44
p-Erk
Santa Cruz
Mouse
1:500
1:333
Western
p38
1:250
1:250
Blot
Cell Signaling
38
p-p38
Rabbit
1:5000
H3S10P
Millipore
1:2000
H3K4M
Active MotifG
Mouse
1:10,000
17
H3K9Ac
Cell Signaling
1:2000
Rabbit
Pan H3
Millipore
1:5000
1:10,000
Mouse
Sigma
Donkey
Secondary
Rabbit
N/AH
Goat
Life Tech
Rabbit
A – Millipore (Billerica, MA); B – Santa Cruz Biosciences (Dallas, TX); C – Life Technologies (Frederick,
MD); D - Sigma-Aldrich (St. Louis, MO); E – R&D Systems (Minneapolis, MN); F - Cell Signaling
(Danvers, MA); G – Active Motif (Carlsbad, CA); H – Not applicable
Primary

3.4.2. Data Analysis
Researchers were blinded to treatment groups and slides containing mounted
coverslips were imaged using a 20x objective. A minimum of 3 images was taken per
coverslip and 3 coverslips were used per treatment group. Captured images were
subjected to background subtraction and an arbitrary threshold above the intensity of
1000 or 800 for nestin and NeuN respectively was used to identify positive cells. NeuNand Nestin-positive cells were identified by the implementation of a fluorescence
threshold and by continuous staining of cell nuclei or cell soma, respectively. Cell counts
were normalized to total number of DAPI-positive cells. The ratio of NeuN- or nestinpositive cells to DAPI-positive cells allows for the percentage of NeuN and nestin
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positive cells to be approximated. Overlapping staining of NeuN- and nestin-positive
staining per cell was determined by complete staining of soma by nestin and complete
staining of cell nucleus by NeuN. Numbers of NeuN-plus-nestin-positive cells were
subtracted from number of NeuN-positive only or nestin-positive only cells to reach final
determinations of NeuN+ nestin-, NeuN- nestin+ and NeuN+ nestin+ cell populations.

3.5.

Cell Viability
The CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega,

Madison, WI) was used to determine cell viability following 24-h exposure to CPF. NonRA and RA-treated cells were cultured as previously described in a 96-well clear-bottom
plate without CPF. On day 7, RA- and non-RA-treated cells were exposed for 24 h to
CPF-containing medium supplemented with 1% FBS and 1% P/S. Lower FBS
concentrations were used to minimize potential binding of CPF to serum proteins.
Whenever specified, cells were also pre-treated with atropine (25 µM, Sigma, St. Louis,
MO) or mecamylamine (25 µM, Sigma, St. Louis, MO) 30 min before being exposed to
CPF. Cells then received DMEM media containing CPF with or without atropine or
mecamylamine for 24 h. Following 24-h CPF exposure, 20 µL of fixed concentration 3(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2Htetrazolium (MTS) solution from the CellTiter 96® AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI) was added to each well. Following 30-min
incubation in a humidified 95% O2 / 5% CO2, 37°C incubator, absorbance was measured
at 493 nm in a SpectraMax PC340 microplate reader (Molecular Devices, Sunnyvale,
CA) using the SoftMax® Pro 4.0 software (Molecular Devices, Sunnyvale, CA).
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Absorbance data were transferred to Excel spreadsheets (Microsoft, Redmond, WA) for
analysis. Each treatment was performed in triplicate wells on each plate and 3 plates were
used per experiment. Cells receiving no treatment were used as the 100% cell viability
benchmark. Absorbance recorded in cells exposed to CPF and DMSO (vehicle) was
normalized to those cells receiving no treatment.

3.6.

Cholinesterase Activity
A colorimetric assay was used to measure cholinesterase activity in cell extracts

and solutions containing purified AChE from electric eel (Sigma, St. Louis, MO) and
BuChE from bovine serum (Sigma, St. Louis, MO; Ellman et al., 1961). SH-SY5Y cell
protein extracts were prepared as previously described. Purified AChE and BuChE was
stored at -20°C and thawed at 4°C 1 h before experimentation. Cell extracts (0.025 mL)
were transferred to the wells of three 96-well plates, and phosphate buffer (PB, 100 mM,
pH 8, 0.025 mL) was added to the wells of the plate. CPF or DMSO dissolved in PB was
added to wells (0.025 mL) followed by addition of 0.10 mL of 5-5′-dithiobis(2nitrobenzoic) acid (DTNB, 2 mM) in HEPES buffer (100 mM, pH 8) and allowed to
equlibrate for 15 min. In experiments using purified BuChE and AChE as enzyme source,
PBS (100 mM, pH 8, 0.022 ml) containing the BuChE inhibitor tetraisopropylpyrophosphoramide (iso-OMPA; final concentration, 100 µM) was added to determine
activity independent of BuChE, while the AChE inhibitor 1,5 bis(4
allyldimethylammoniumphenyl)pentan-3-one dibromide (BW284c51: final
concentration, 5 µM) was added to determine BuChE activity. To ensure the observed
changes in absorbance were due to cholinesterase enzymes, the pan cholinesterase
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inhibitor eserine salicylate (final concentration, 5 µM) was added to wells. An equivalent
volume of PB (0.025 or 0.022 mL) was added to wells that were not exposed to CPF,
DMSO or enzymatic inhibitors. Following 15-min incubation with DTNB, 0.05 mL of
acetylthiocholine iodide (ASChI, 4 mM) in phosphate buffer (100 mM, pH 8) were added
to the remaining reaction plates. The change in absorbance at 412 nm was immediately
measured at 15-s intervals for 10 min (purified AChE and BuChE samples) or at 1-min
intervals for 60 min (SH-SY5Y cell extracts) in a SpectraMax PC340 microplate reader
(Molecular Devices, Sunnyvale, CA). Baseline absorbance changes were measured in
samples free of substrate and used as a blank. Each assay was repeated in triplicate.
Results were captured using the SoftMax® Pro 4.0 software (Molecular Devices,
Sunnyvale, CA) and transferred to Excel spreadsheets (Microsoft, Redmond, WA) for
analysis. The conversion factor 26 nmoles/AU was used to convert the rates of change in
absorbance (AU/min) to rates of change in substrate (nmoles/min) at 412 nm. This value
was determined empirically using the reaction of L-cysteine standards with DTNB [Ref.
Thermo Fisher Scientific Inc. (2011). Instructions, Ellman’s Reagent 22582.
https://tools.thermofisher.com/content/sfs/manuals/MAN0011216_
Ellmans_Reag_UG.pdf ].
Protein concentrations for SH-SY5Y cell protein extracts and purified AChE and
BuChE were determined using the bicinchoninic acid assay (Pierce Chemical, Rockford,
IL) were used to normalize the results of enzyme activity protein content. Results are
presented as mean ± standard error of the mean (SEM). Statistical analysis was
performed using a two-way ANOVA with treatment and plate as fixed factors.
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3.9.

Chemicals
Chlorpyrifos (97% purity, Sigma, St. Louis, MO) was dissolved in dimethyl

sulfoxide (DMSO, Sigma, St. Louis, MO). DMSO concentrations used in cultures were
less than 0.1%. Primary antibodies for anti-NeuN, anti-MAP-2 (Millipore, Billerica,
MA), anti-GFAP, anti-beta actin (Sigma, St. Louis, MO), anti-doublecortin, and antinestin (Santa Cruz Biotechnology, Dallas, TX), and secondary antibodies Alexa Fluor
594 conjugated anti-goat and Alexa Fluor 488 conjugated anti-mouse (Thermo Fisher,
Waltham, MA) were stored at 4°C or -20°C, according to the manufacturer’s
recommendations. All-Trans Retinoic Acid (98% purity, Sigma, St. Louis, MO) was
reconstituted in 100% ethanol and stored at -80°C. SB203580 (98% purity, Cell
Signaling, Danvers, MA) was dissolved in DMSO and kept at -80°C. Tris (Bio-rad,
Hercules, CA), Glycine (J.T. Baker, Center Valley, PA), and Methanol (VWR, West
Chester, PA) were dissolved in deionized water to be used in western blot transfer. Final
concentrations of DMSO and ethanol used as compound vehicles were less than 0.01% in
culture media.
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Chapter 4: SH-SY5Y neuroblastoma cells as a model to assess the
effects of CPF exposure on neuronal differentiation
4.1.

Introduction
When considering an in vitro model for the study of neurotoxicity, the target of

the toxin/toxicant and the measurable output must be adequately accounted for.
Pluripotent stem cell models generally express very low levels of receptors, if any, for the
major neurotransmitter systems including cholinergic, dopaminergic, glutamatergic and
GABAergic (Ulrich and Majumder, 2007). This does not reflect what is observed in vivo.
For example, it is known that some neural progenitor cells in the cortex and the
hippocampus of the rat express the M1 muscarinic receptor extensively (Williams et al.,
2004) and that many neural progenitor cells respond to glutamate, y-aminobutyric acid,
ACh, dopamine, and serotonin to dictate differentiation (Nguyen et al., 2001; Ruediger
and Bolz, 2007).
In in vitro models for neurotoxicity, it is critical that cells express functional
proteins of the system targeted by the toxicant under investigation. If an in vitro model
does not express the toxicant target, it can lead to overestimation of the concentrations of
toxicant deemed cytotoxic. For example, while numerous studies report that
concentrations up to 100 µM CPF are sufficient to induce cytotoxicity in SH-SY5Y
neuroblastoma cells (Park et al., 2017; Raszewski et al., 2014) or in human neural
progenitor cells (Kim et al., 2016), Zarei et al. (2015) report that 500 µM CPF has no
effect on cell viability in undifferentiated adipose-derived stem cells (ADSC). Because
ADSCs are isolated from non-neuronal tissue, they typically require differentiation
before they express functional amounts of neurotransmitter proteins, in particular
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cholinergic proteins such as AChE (Liu et al., 2012; Marei et al., 2017). In the case of
CPF, this results in inflated cytotoxic concentrations that are not physiologically relevant
given that cells expressing cholinesterase enzymes and acetylcholine receptors have
proven to be sensitive to much lower CPF concentrations.
This is not a concern with SH-SY5Y cells. Studies report that SH-SY5Y cells
express cholinergic proteins, including AChE, nicotinic receptor subunits (α3, α4, α5, β2,
β4), muscarinic receptors, and the vesicular acetylcholine transporter, even in an naive
state (Thompson et al., 2012). Additionally, SH-SY5Y cells express non-cholinergic
targets of OP insecticides such as neuron target enolase (NTE) (Ehrich, 1995) and noncholinergic receptors such as the cannabinoid receptor 1 (Marini et al., 2009), with which
CPF is known to interact (Quistad et al., 2002). For these reasons, SH-SY5Y
neuroblastoma cells have long been considered an appropriate in vitro model for the
study of OP-induced neurotoxicity.
BuChE and AChE inhibition are used as clinical biomarkers for OP exposure and
OP toxicity, respectively. In recent studies using animal models, AChE inhibition in the
brain has been measured in order to determine if AChE-related and/or –unrelated
mechanisms underlie the neurotoxicity of CPF exposure in the developing brain. Clinical
and preclinical studies have provided evidence that doses of CPF that do not significantly
inhibit brain AChE still cause significant cognitive deficits, including spatial learning and
memory impairments (reviewed in Burke et al., 2017). The present study was designed to
test the hypothesis that the sensitivity of SH-SY5Y cells to CPF-induced cytotoxicity
decreases as the cells differentiate into mature neurons and that this decreased sensitivity
is unrelated to the cholinesterase-inhibiting action of CPF.
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SH-SY5Y neuroblastoma cells have long been used as a cell model to investigate
neuronal differentiation (Kovalevich et al., 2013; Shipley et al., 2016; Thompson et al.,
2012). Although there is no universal protocol for the differentiation of SH-SY5Y cells
towards a neuronal phenotype, RA is widely regarded as the most effective stimulus to
differentiate these cells into neurons. RA induces neuronal differentiation through
activation of RA receptors in the pluripotent cells leading to cell cycle arrest and
increased expression of cytoskeletal proteins, neuropeptide hormones, growth factors,
and cell surface receptors (Encinas et al., 2000; Maden and Hind, 2003; Teppola et al.,
2016).
Following the establishment of a protocol that reliably and reproducibly resulted
in the neuronal differentiation of SH-SY5Y cells, differentiating and naive cells were
exposed to CPF to determine the concentration-response relationships for CPF to inhibit
cholinesterase activity and to reduce cell viability. By identifying non-cytotoxic CPF
concentrations that also have no significant effect on AChE activity, particularly in naive
SH-SY5Y cells, this study provided the foundation for the subsequent studies aimed at
testing the hypothesis that, via cholinesterase-unrelated mechanisms, CPF can affect
neuronal differentiation.

4.2.

Experimental Design
To characterize the ability of SH-SY5Y cells to differentiate into chemically and

morphologically defined neurons, SH-SY5Y cells in culture were continuously exposed
to 10 μM RA dissolved in ethanol for 7 days and then were harvested for protein extracts
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or stained with biocytin as described in the methodology of Chapter 3. Morphology and
expression of neuronal differentiation proteins identified differences between RA-treated
and untreated cells.
To define the concentration-response relationship for CPF to induce cell death,
RA-treated and untreated SH-SY5Y cells were exposed for 24 h to CPF (0.1 – 3000 μM)
dissolved in DMSO. Cell viability was evaluated using the MTS proliferation assay, as
detailed in the Methods section. To determine the concentration-response relationship for
CPF to inhibit AChE and BuChE, purified AChE, purified BuChE, and SH-SY5Y cell
extracts were assayed, by means of the colorimetric Ellman assay detailed in the Methods
section, immediately following their 15- min incubation with CPF (1 – 375 μM).
To determine the effects of continuous CPF exposure on cholinesterase activity,
concentrations of CPF that caused no acute cytotoxicity or cholinesterase inhibition in
SH-SY5Y cells were applied to cells for 7 days in the presence or absence of RA. Protein
extracts from these cells were analyzed using the Ellman assay to determine changes in
total cholinesterase activity in response to continuous exposure to low levels of CPF.

4.3.

Results
4.3.1. Retinoic acid differentiation of SH-SY5Y cells
SH-SY5Y cells exposed for 7 days to 10 µM RA developed into morphologically

and chemically distinct cell populations. Both RA-treated and untreated cultures grew to
cell confluence, however the growth rate was slower in RA-treated cultures and a higher
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seeding density was needed for RA-treated cultures to reach a similar density as untreated
cultures at day 7 after plating.
Measurements obtained using the Neurolucida software revealed that RA-treated
SH-SY5Y cells had a statistically significantly longer neurite length and greater neurite
volume compared to untreated cells. However, RA treatment had no significant effect on
the number of neurites per cell (Fig. 3).
Figure 3: Effect of RA treatment on the morphology of SH-SY5Y cells

(A) Phase-contrast images of biocytin-labeled cells taken using bright field visualization (left) are
immediately adjacent to the image reconstruction (right) of its cellular profile using Neurolucia software
tracing. B and C. Analysis of average neurite length and number per cell (B) and average neurite volume
(C) of RA-treated and control (i.e., RA-untreated) cells labeled with biocytin. Graph bars and error bars
represent mean and SEM, respectively, of three cells from 3 plates that were used per treatment. Two-way
ANOVA using individual culture plates and treatment as fixed factors followed by Holm-Sidak post-hoc
test revealed that neurite length was significantly longer and neurite volume was significantly higher in
RA-treated cells compared to control cells (* p < 0.05 compared to control).

In addition to differences in morphology, western blot analysis of SH-SY5Y cell
extracts revealed differences in expression of protein markers of neuronal differentiation
between RA-treated and -untreated cells. Specifically, compared to RA-untreated cells,
RA-treated cells expressed significantly higher levels of the neuronal markers NeuN and
MAP-2 (Fig. 4). On the other hand, compared to untreated cells, RA-treated cells
expressed significantly lower levels of nestin, a marker of progenitor cells, and GFAP, a
marker of progenitor cells and mature glial cells (Fig. 4).
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Figure 4: Effect of RA treatment on SH-SY5Y cell expression of protein markers of
neuronal differentiation

Expression of protein markers of neuronal differentiation is significantly affected by 7-day exposure of SHSY5Y cells to RA (10 µM). (A) Representative immunoblot showing protein bands immunolabeled with
anti-NeuN, anti-MAP2, anti-nestin, anti-GFAP, and anti-β-actin antibodies. (B) Expression of different
proteins normalized to expression of β-actin. Graph and error bars represent mean and SEM, respectively,
of results obtained from triplicate runs of extracts from three cell culture plates/treatment. Two-way
ANOVA using individual culture plate and treatment as fixed factors followed by Holm-Sidak post-hoc test
revealed that NeuN and MAP-2 expression was significantly higher, while nestin and GFAP expression
was significantly lower in RA-treated cells than in control (untreated) cells. (* p < 0.05, ** p < 0.001
compared to control).

Previous studies have provided evidence that neuronal differentiation of different
cell lines by distinct stimuli results in increased expression of AChE that, in some cases,
is accompanied by increased catalytic activity (Curtin et al., 2006; Tojima et al., 2000).
Since up-regulation of AChE expression can make cells resistant to the cytotoxic effects
of OP compounds (Curtin et al., 2006), experiments were designed to determine whether
the degree of AChE activity is altered after the 7-day exposure of SH-SY5Y cells to RA.
As shown in Fig. 4, total cholinesterase activity as well as AChE and BuChE activity
measured in cell extracts obtained from untreated SH-SY5Y cells were comparable to
those measured in cell extracts obtained from SH-SY5Y cells harvested on the 7th day of
exposure to RA.
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Figure 5: Effects of RA treatment on SH-SY5Y total cholinesterase activity and on
AChE and BuChE activities

Cholinesterase activity from extracts of SH-SY5Y cells cultured for 7 days with or without the presence of
10 µM RA. (A) Treatment with RA did not significantly alter total cholinesterase activity in SH-SY5Y cell
extracts. (B) Application of selective AChE inhibitor BW284c51 to SH-SY5Y cell extracts was used to
determine fraction of total cholinesterase activity is due to AChE and BuChE enzymes. Approximately
72% of cholinesterase activity is derived from AChE and 28% derived from BuChE and other pseudocholinesterase enzymes. Graph and error bars represent mean and SEM, respectively, of results obtained
from triplicate runs of three extracts for each treatment.

4.3.2. CPF reduces cell viability
The concentration-response relationship for CPF to reduce the viability of RAtreated and untreated SH-SY5Y cells was assessed using the MTS proliferation assay
(Fig. 6). This assay is based on the reduction of MTS tetrazolium by viable cells to
generate a soluble formazan product that absorbs at 490 nm. This reduction is thought to
be carried out by NAD(P)H-dependent dehydrogenase enzymes in metabolically active
cells and, therefore, the amount of the formazan product is proportional to the number of
viable cells. MTS tetrazolium assays measure cell cytotoxicity of many toxicants with
high sensitivity and specificity compared to established reference values from in vitro and
in vivo experiments (Malich et al., 1997).
The MTS assay was performed following the 24-h incubation of RA-treated and
untreated cell cultures with a range of CPF concentrations (0.1 to 3000 μM) or DMSO
vehicle. Shown in Fig. 6, as the concentrations of CPF increased from 1 µM to 3 mM, the
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viability of RA-treated cells and untreated cells decreased. The concentration-response
relationships were fit using the Hill equation, which revealed that the IC50s of CPF to
reduce the viability or RA-treated and untreated cells were 471.9 µM and 129.2 µM,
respectively. SH-SY5Y cells treated for 7 days with RA tolerated approximately 3-fold
more CPF before exhibiting a decrease in cell viability similar to that of control cells.
Cell viability was significantly decreased in control cells exposed to concentrations ≥100
µM CPF and in RA-treated cells exposed to concentrations ≥ 300 µM CPF.
Figure 6: Effects of CPF on SH-SY5Y cell viability

Cell viability of SH-SY5Y cells cultured for 7 days in the presence or absence of RA, exposed to CPF for
24 h, and analyzed for tetrazolium formation via the MTS proliferation assay. (A) Concentration-response
relationship for CPF to reduce viability of control cells (filled circles) and RA-treated cells (open circles).
(B) Co-treatment of the cells with CPF and atropine (ATR) or mecamylamine (MEC) attenuated cell death
induced by 100 µM but not by 300 µM CPF. Three-way ANOVA with treatment, inhibitor and plate as
fixed variables revealed a significant main effect of CPF treatment [F(3,24) = 479.189, p < 0.001] and
inhibitor [F(2,24) = 13.577, p < 0.001] with a significant interaction of CPF treatment and inhibitor
[F(6,24) = 4.967, p = 0.002]. Holm-Sidak post-hoc analysis revealed that MEC and ATR significantly
attenuated the CPF-induced cell death induced by 100 µM CPF. There was no effect of MEC and ATR at
other concentrations of CPF. Scatter plot and bar graph values and error bars are expressed as mean and
SEM, respectively, of results obtained from triplicate runs of three separate cultures per treatment (* = p <
0.05 compared to 100 µM CPF alone).

mAChRs and nAChRs are known to mediate the acute toxicity of CPF exposure
in vivo (as reviewed by Paudyal, 2008). Thus, experiments were designed to determine
whether inhibition of mAChRs and nAChRs with atropine and mecamylamine,
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respectively, can prevent CPF-induced cell death in control SH-SY5Y cultures, which,
according to the results presented in Fig. 6A, are more sensitive than differentiated cells
to the acute toxicity of CPF. Untreated SH-SY5Y cultures were incubated with 25 µM
atropine or 25 µM mecamylamine prior to and during exposure to CPF (30 - 300 µM).
While treatment with atropine or mecamylamine improved cell viability in cells exposed
to 100 µM CPF, the inhibitors were ineffective in cells exposed to 300 µM CPF (Fig.
6B). Atropine and mecamylamine had no effect on cell viability in the absence of CPF
(Fig. 6B).

4.3.3. CPF-induced AChE and BuChE inhibition in SH-SY5Y cells
A modified Ellman colorimetric assay was used to measure cholinesterase activity
in extracts that were obtained from RA-treated and -untreated SH-SY5Y cells cultured
for 7 days (Fig. 7). Total cholinesterase activity in extracts from untreated SH-SY5Y
cells were significantly inhibited by CPF concentrations ≥ 10 µM. To measure the
catalytic activity of BuChE and AChE separately, SH-SY5Y cell extracts were incubated
with the AChE-selective inhibitor BW284C51 (5 µM) and the BuChE-selective inhibitor
iso-OMPA (100 µM), respectively. The catalytic activity of BuChE was significantly
inhibited by CPF concentrations ≥3 µM, whereas the catalytic activity of AChE was
significantly inhibited by CPF concentrations ≥ 30 µM. The IC50s for CPF to inhibit total
cholinesterase, AChE, and BuChE in control SH-SY5Y cell extracts were 198.1 µM,
216.7 µM, and 120.8 µM, respectively. The differential sensitivity of BuChE and AChE
to CPF was confirmed using commercially available aliquots of purified electric eel
AChE and bovine serum BuChE (Fig. 8).
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Figure 7: Effects of CPF on cholinesterase activity of SH-SY5Y cell extracts

Cholinesterase activity in protein extracts from control SH-SY5Y cells measured for cholinesterase activity
using the Elman colorimetric assay. The catalytic activity of AChE and BuChE in SH-SY5Y cell protein
extracts were measured in the presence of the selective AChE inhibitor BW284C51 and the BuChE
inhibitor iso-OMPA. BuChE was more potently inhibited compared to AChE at lower concentrations of
CPF. Scatter plot values and error bars are expressed as data means and SEM, respectively from runs in
triplicate on three plates for three independent treatment groups.

Figure 8: Effects of CPF on purified AChE and BuChE cholinesterase activity

Purified AChE and BuChE were analyzed for cholinesterase activity using a colorimetric Ellman
assay. (A) CPF more potently inhibited BuChE activity compared to AChE activity. (B) ISOOMPA (ISO) successfully abolished total BuChE activity and BW284c51 (BW) successfully
abolished total AChE activity as expected. Eserine salicylate treatment abolished all cholinesterase
activity for both samples. Scatter plot values and errors bars are expressed as means and SEM,
respectively, from runs in triplicate on three plates from three independent cell cultures.

47

As shown in Fig. 8, BuChE activity is markedly more sensitive to inhibition by
CPF than AChE activity. Two-way ANOVA analysis with experiment plate and CPF
concentration as fixed factors identified that activity from purified bovine serum BuChE
was significantly inhibited by concentrations of CPF ≥10 µM. On the other hand, the
catalytic activity of purified electric eel AChE was significantly inhibited by CPF
concentrations ≥ 100 µM. The concentration-response relationships for CPF to inhibit
purified BuChE and AChE were fit by the Hill equation, which revealed that the IC50s of
CPF were 21.9 µM and 986.5 µM, respectively. The selective AChE inhibitor
BW284C51 (5 µM) abolished the catalytic activity of purified AChE but had no effect on
the catalytic activity of purified BuChE, which was selectively inhibited by iso-OMPA
(100 µM). The pan cholinesterase inhibitor eserine salicylate (5 µM) completely inhibited
the catalytic activity of both purified AChE and BuChE.

4.3.4. Effects of prolonged CPF exposure of SH-SY5Y cells on total
cholinesterase activity
To determine how low level, continuous exposure to CPF affected total
cholinesterase activity, SH-SY5Y cells were continuously exposed to 1 or 3 µM CPF,
concentrations that do no significantly inhibit cholinesterase activity, for 7 days in the
absence or in the presence of RA and cell extracts were examined for cholinesterase
activity. As shown in Fig. 9, SH-SY5Y cells exposed to CPF exhibited increased total
cholinesterase activity compared to cells that were not exposed to CPF.
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Figure 9: Effects of low level, continuous CPF exposure on cholinesterase activity of
RA-treated and untreated SH-SY5Y cells

Cholinesterase activity of SH-SY5Y cell extracts is significantly increased following continuous exposure
to low concentrations of CPF in the presence and absence of RA (10 µM). Two-way ANOVA with CPF
treatment and plate as fixed variables using Holm-Sidak post-hoc analysis revealed a significant main
effect in activity of RA-treated cells exposed to CPF [F(1,12) = 10.853 p = 0.002] and near significant
effect in untreated cells exposed to CPF [F(1,12) = 3.745 p = 0.054] with no significant interactions. Bar
graph values and error bars expressed as data means and SEM, respectively, from runs in triplicate on two
plates from 3 independent cell cultures (* p < 0.01, + p = 0.054 compared to control).

Table 4: Summary of the effects of CPF on SH-SY5Y cholinesterase activity and cell
viability
IC50 for CPF to Inhibit
Enzyme Activity in
untreated SH-SY5Y cellsA
(µM)
BuChE

120.8

AChE

216.7

IC50 for CPF to Reduce
SH-SY5Y Cell Viability in
24 h (µM)
RA-untreated
cells (Control)

129.2

RA-treated cells
TotalB

ChE Activity Following 7-Day
Exposure to CPFC
Control

RA

Vehicle

0.123

0.122

1 µM CPF

0.131ǂ

0.129*

3 µM CPF

0.141ǂ

0.133*

471.9

198.1

A - Cholinesterase enzyme activity was measured following a 15 min incubation of protein extracts with
CPF or vehicle; B - Total cholinesterase activity without inhibitors; C - units nmol*mg/min; ǂp = 0.054, * p
= < 0.05 compared to vehicle.

4.4.

Discussion
The present study characterized the RA-induced chemical and morphological

differentiation of SH-SY5Y cells into phenotypic neuronal populations and the sensitivity
of the SH-SY5Y cells to CPF-induced cytotoxicity and AChE and BuChE inhibition.
Results presented here demonstrate that 7-day exposure of SH-SY5Y cells to RA resulted
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in: (i) increased neurite length and volume with no change in the total number of neurites,
(ii) increased expression of the neuronal markers NeuN and MAP-2, and (iii) decreased
expression of the progenitor cell marker nestin and of GFAP, a protein present in
progenitor cells and mature glial cells. These findings, which are in line with previous
studies that report increased expression of NeuN and MAP-2 and reduced expression of
GFAP following RA treatment of undifferentiated pluripotent cells (Chueng et al., 2009;
Encinas et al., 2000; Påhlman et al., 1984; Xie et al., 2010), indicate that RA can reliably
and reproducibly differentiate cells into phenotypic mature neurons.
CPF concentration dependently induced cytotoxicity in RA-treated and -untreated
SH-SY5Y. A detailed analysis of the effects of CPF in RA-untreated cells revealed that,
in SH-SY5Y cells, cytotoxic concentrations of CPF overlapped with concentrations of
CPF that significantly inhibited AChE activity. The notion that ACh plays a role in CPFmediated cytotoxicity in these cells was confirmed by the finding that the nAChR and
mAChR antagonists mecamylamine and atropine, respectively, reduced cytotoxicity
induced by 24 h exposure to 100 μM CPF. The finding that atropine and mecamylamine
had no effect on the cytotoxic effect of a higher concentration of CPF (300 μM) led to the
conclusion that cytotoxicity induced by high concentrations of the insecticide likely
results from both AChE-related and –unrelated mechanisms.
It is noteworthy that RA-untreated SH-SY5Y cells exhibited 3-fold increased
sensitivity to CPF-induced cytotoxicity compared to RA-treated SH-SY5Y cells.
Although previous studies have reported that RA treatment increased SH-SY5Y and SKSN-SH cell resistance to apoptosis induced by numerous toxicants (Jantas et al., 2013 and
2014; Lombet et al., 2001), the results presented here, to our knowledge, are the first
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demonstration that RA confers increased resistance to CPF-induced cytotoxicity in these
cells. Because cholinesterase activity in RA-treated and -untreated cells was similar, it is
unlikely that the observed differential sensitivity of these cells to CPF-induced
cytotoxicity is due to differential expression of catalytically active cholinesterase
enzymes.
The mechanism underlying the increased resistance to CPF is unknown. It has
been proposed that an increased bioenergetic reserve capacity from increased expression
of mitochondrial proteins, including the antioxidant manganese superoxide dismutase
(MnSOD), in differentiated SH-SY5Y cells makes them more resistant than naive SHSY5Y cells to a number of toxicants, including oxidative stressors (Schneider et al.,
2011). This is relevant because a previous study demonstrated that CPF concentration
dependently inhibits MnSOD (Kim et al., 2015). Thus, it is tempting to speculate that
higher expression of MnSOD in differentiated SH-SY5Y may contribute to their
heightened resistance to the cytotoxic effects of CPF.
Although an imperfect comparison, concentrations of CPF that inhibit AChE and
BuChE activity and reduce cell viability may be valuable biomarkers for approximating
corresponding exposures that occur in vivo. Based on the results presented here, CPF
concentrations below 30 μM caused insignificant inhibition of AChE and minimal
reduction of cell viability. For this reason, the subsequent studies in this thesis of the
effects of CPF on neuronal differentiation will use CPF concentrations below 30 μM.
These concentrations are likely to be toxicologically relevant, particularly to the
developmental CPF neurotoxicity, which has been associated with doses that are
considered too low to induce a significant degree of brain AChE activity (reviewed in
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Burke et al., 2017). In addition, these concentrations include the median prenatal burden
of approximately 18 μM CPF, which has been detected in the first stool (meconium) of
newborn infants born from mothers exposed to the insecticide during gestation (Ostrea et
al., 2002).
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Chapter 5: Continuous exposure to CPF alters expression of
protein markers of neuronal differentiation and induces MAPK
phosphorylation and histone 3 modifications in SH-SY5Y cells
5.1.

Introduction
CPF has been reported to reduce neurogenesis in vivo. Prolonged exposure of

adult mice to CPF (5 mg/kg/d, i.p. injection, 10 days) reduced the number of
doublecortin-positive cells in the subgranule zone (SGZ) of the dentate gyrus in the
hippocampus (Ojo et al., 2014). As previously mentioned, doublecortin is a protein found
in immature, migrating neurons (Chapter 1.5.1.). Prenatal and neonatal exposures to CPF
have resulted in similar outcomes. Specifically, male mice exposed to CPF (20 and 100
mg/kg, dietary exposure) from gestation day (GD) 10 until PND 21 exhibited on PND 22
decreased numbers of doublecortin-positive cells and expression of doublecortin mRNA
in the SGZ (Wang et al., 2013). These effects were not seen in adult mice (PND 77)
following the developmental CPF exposure, suggesting that: (i) given time, animals may
recover from decreased neurogenesis associated with developmental CPF exposure, or
(ii) the effects of CPF on neurogenesis wax and wane as the animals age. It should be
noted that the doses of CPF used in these studies increased basal ACh levels in the
hippocampus and decreased NeuN-positive cells in the dentate gyrus of the hippocampus,
but did not elicit any observable overt symptoms of toxicity (Ojo et al., 2014; Wang et
al., 2013). This suggests that concentrations of CPF below those which cause overt
toxicity are sufficient to inhibit neurogenesis.
The study of CPF exposure in in vitro models provides important insight into
CPF’s effects on neuronal differentiation (Table 1). Unfortunately, the use of variable
concentrations and exposure times for CPF make the results of these studies difficult to
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interpret. In a similar manner, the majority of in vitro studies of CPF exposure provide no
analysis of the activity of cholinesterase, the primary target of OP compounds.
Monitoring differentiating cell populations during neuronal differentiation is best
achieved by using the expression of protein markers. Of these, NeuN, MAP-2, nestin,
GFAP have been verified by multiple experimental models and laboratories and are
highly accurate descriptors of differentiation. CPF has been reported to alter expression
of some of these markers. In studies carried out using adipose tissue-derived stem cells,
mouse embryonic stem cells and human neural progenitor cells, concentrations of CPF
below 100 µM decreased expression of neuronal markers such as β-Tubulin III, MAP-2,
and tyrosine hydroxylase (Kim et al., 2016; Visan et al., 2012; Zarei et al., 2015). Based
on these studies, CPF concentrations that are sufficiently high to elicit substantial AChE
inhibition suppress neuronal differentiation.
Exposure of cells in vitro to high, cytotoxic concentrations of CPF typically
results in apoptosis, which has been reported to be partially dependent on
phosphorylation of MAPK proteins. Concentrations of CPF that induce apoptosis in SHSY5Y and PC12 cells correlate with an increase in phosphorylation of MAPK proteins
through the production of reactive oxygen species (ROS) (Ki et al., 2013; Lee et al.,
2012). The inhibition of these MAPKs revealed that CPF-induced apoptosis is mediated
by JNK and p38 phosphorylation, but not by ERK1/2 phosphorylation. JNK and p38
MAPKs are canonically activated in response to stress and, as suggested by these studies,
clearly play a role in CPF-mediated cell death.
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Exposure of cells in vitro to CPF at concentrations below those which induce
cytotoxicity induces protein phosphorylation of transcription factors as well. Schuh et al.
(2002) found that nanomolar concentrations of CPF and CPO induced CREB
phosphorylation in SH-SY5Y cells independent of AChE inhibition. Because MAPK
activation is thought of as a transient phenomenon, persistent MAPK activation following
CPF exposure is less well examined. Persistent activation of p38, JNK, and Erk MAPKs
leads to cell death in in vitro models (Chen et al., 1996; Cheung and Slack, 2004; Kim
and Choi, 2010; Stanciu et al., 2000). However, the effects of persistent MAPK
phosphorylation on neuronal differentiation are less known and are under active
investigation. For example, differentiation of neuro-2A cells into a neuronal phoenotype
is dependent on persistent activation of Erk in response to RA treatment (Marcucci et al.,
2010). Additionally, while long-term p38 phosphorylation is often associated with
neurodegenerative disease states (Kim and Choi et al., 2010), p38 phosphorylation
persisting during neuronal differentiation has been proposed as necessary in inhibiting
programmed cell death (Binétruy et al., 2007). The present study is designed to determine
whether persistent MAPK phosphorylation results from continuous exposure of SHSY5Y cells to CPF at concentrations that have a clear effect on neuronal differentiation.
Histone modifications, while known to regulate gene expression, recently have
been investigated following CPF exposure. Histone methylation, phosphorylation, and
acetylation relax chromatin folding to allow gene activator or repressor proteins to bind
DNA that induce or silence expression of particular gene loci. In this context, gene
expression resulting from histone modification is often the result of crosstalk between
extracellular stimuli and intracellular signaling (Jobe et al., 2012). In general, histone
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acetylation and phosphorylation are indicative of “loosely packed” chromatin and an
active gene expression environment. Histone acetylation, particularly at the histone 3
lysine 9 (H3K9) residue, is critical for neuronal and glial differentiation. For example,
adult mice haploinsufficient for CREB-binding protein (CBP+/- mice), a histone
acetyltransferase enzyme, exhibit reduced numbers of differentiating neuron populations
expressing β-Tubulin III and astrocyte populations expressing GFAP (Wang et al., 2010).
Phosphorylation of serine 10 on histone 3 is often observed concurrently with H3K9
acetylation and, as such, is considered to be coupled as a synergistic modification
(Cheung et al., 2000).
While modification of H3 phosphorylation and acetylation appears to be
codependent and consistently leads to states of active gene expression, methylation of H3
residues is more complex. Methylation, dimethylation and trimethylation can occur at
multiple histone 3 lysine residues and produce differing outcomes. For example,
trimethylation of H3 lysine 27 typically leads to an inactive gene expression state while
H3 lysine 4 metyhlation leasd to an active gene expression state (Yao and Jin, 2014).
Additionally, the ratio of relative methylation between these two modification sites can
dictate the degree of gene expression, referred to as a “bivalent domain” (Sui et al.,
2012). As such, methylation of several histone 3 residues should be considered when
determining their effects on gene expression.
As reported in the previous chapter (Chapter 4), cytotoxic concentrations of CPF
overlap with concentrations of CPF that cause marked inhibition of AChE. However,
cytotoxicity was only partially dependent on mAChR and nAChR overactivation as
saturating concentrations of the mAChR and nAChR antagonists atropine and
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mecamylamine, respectively, were unable to reduce the cytotoxicity induced by 300 µM
CPF. This finding is in agreement with the concept that both AChE-related and -unrelated
mechanisms contribute to the detrimental outcomes of CPF exposure in SH-SY5Y cells
(Burke et al., 2017). In this regard, the cannabinoid receptor type 1 (CB1) is a likely
target of CPF as CPF has been shown to displace binding of the CB1 receptor ligand
[3H]CP559940 to mouse brain membranes (Quinstad et al., 2002).
The role of CB1 activation in apoptosis and neuronal differentiation has been
investigated in different systems (Maccarrone and Finazzi-Agró, 2003). For example,
exposure of PC12 cells to high concentrations (> 10 µM) of anandamide (AEA), an
endogenous CB1 receptor agonist, induces apoptosis (Sarker et al., 2000). On the other
hand, exposure of PC12 cells to low AEA concentrations (≤10 µM) for less than 4 days
restricted neuronal differentiation, while exposure of neural progenitor cells to similar
AEA concentrations for over 4 days induced neuronal differentiation (Rueda et al., 2002;
Soltys et al., 2010). As such, it appears that chronic activation of CB1 receptors induces
neuronal differentiation, while acute activation does not.
The present study is designed to test the hypothesis that continuous exposure of
naive SH-SY5Y cells to concentrations of CPF that do not induce substantial inhibition
of AChE leads to changes in expression of neuronal differentiation protein markers
through CB1 receptor activation and induces MAPK phosphorylation and altered histone
3 modifications at low concentrations.
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5.2.

Experimental Design
Neuronal differentiation was evaluated on day 7 following exposure of naïve SH-

SY5Y cells to CPF concentrations below those which cause cytotoxicity or inhibition of
AChE (0.1-30 µM). Neuronal differentiation was assessed through immunocytochemistry
and western blot analysis of NeuN, nestin, GFAP and MAP-2 expression, as described in
the Methods chapter (Chapter 3). The density of western blot bands for each marker was
normalized to that of the housekeeping gene β-actin. The density of Erk42, Erk44, p38 and
MSK phosphorylation was normalized to that in bands identified by the respective pan
antibodies. To determine whether the exposure caused changes in total MAPK protein
expression, density of Erk42, Erk44, p38, and MSK bands were normalized to β-actin.
Histone modifications were analyzed in a similar manner. Each histone residue was
normalized to the density of total H3 bands. Cells were identified as NeuN+ nestin-,
NeuN- nestin+, NeuN+ nestin+ and NeuN- nestin- by immunofluorescence and
normalized to DAPI-stained nuclei to determine the percentage of cells of each
phenotype. A threshold was applied to each image so that cells immunofluorescently
labeled with nestin in their cell soma or NeuN in their cell nuclei were marked as nestin+
or NeuN+ and used to determine the numbers of different cell populations.

5.3. Results
5.3.1. Effects of CPF on neuron-specific differentiation markers
Following a 7-day exposure of naive SH-SY5Y cells to CPF, expression of NeuN
and nestin was altered in a concentration-dependent manner (Fig. 10). Exposure of SHSY5Y cells to 3 µM CPF resulted in a statistically significant increase in the expression
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of NeuN and decreased expression of nestin. On the other hand, exposure of the cells to
10 or 30 µM CPF resulted in increased expression of nestin and decreased expression of
NeuN. Expression of GFAP and MAP-2 was not significantly affected by any
concentration of CPF.
Figure 10: Effects of continuous CPF exposure on the expression of protein markers
for neuronal differentiation in SH-SY5Y cells

SH-SY5Y cells were exposed to CPF continuously for 7 days and then protein fractions were isolated from
harvested cells for analysis via western blot. Exposure to CPF induced differential protein expression of
NeuN and nestin dependent on concentration (A). There were no significant changes in MAP-2 and GFAP
protein expression (B). Two-way ANOVA of gel and CPF exposure revealed significant main effect of
CPF treatment for NeuN (1 - 3 µM [F(1,15) = 4.984 p = 0.022]; 10 - 30 µM [F(1,18) = 18.410 p < 0.001])
and nestin (0.1 - 0.3 µM [F(1,18) = 8.277 p = 0.003]; 1 - 3 µM F(1,18) = 5.968 p = 0.01]; 10 - 30 µM
[F(1,18) = 23.732 p < 0.001] expression with no main effect of gel or significant interactions. There was no
significant main effect of CPF treatment for MAP-2 or GFAP expression. Holm-Sidak post-hoc anaylsis
revealed significant differences in NeuN and nestin expression dependent on CPF concentration. Points and
error bars in the scatter plots represent means and SEM of results from triplicate runs of cellular extracts
from three different cultures exposed to any given concentration of CPF (* p < 0.05, ** p < 0.01, *** p <
0.001 compared to control).
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Figure 11: Effects of continuous CPF exposure on populations of SH-SY5Y cells
immunolabeled for NeuN and nestin

(A) Representative photomicrographs of cells subjected to different treatments (vehicle, 3 μM, or 10 μM
CPF). Nestin- (red), NeuN- (green), and DAPI- (blue) positive cells were counted, and percentages of
NeuN- and/or nestin-positive cells were estimated with respect to DAPI staining. (B) Treatment with 3 µM
CPF resulted in a significant increase of NeuN+ nestin- populations and reduced NeuN- nestin+
populations without changing NeuN+ nestin+ or NeuN- nestin- populations. Two-way ANOVA with
coverslip and CPF concentration as fixed variables revealed a significant main effect of CPF exposure for
NeuN+ nestin- cell populations [F(1,18) = 4.943 p = 0.019] and NeuN- nestin+ cell populations [F(1,18) =
7.154 p = 0.005] with no significant interactions. Holm-Sidak post-hoc analysis revealed only 3 µM CPF to
be significantly different from DMSO control. There was no significant main effect in NeuN+ nestin+ or
NeuN- nestin- cell populations. Graph and error bars represent mean and SEM of results obtained from 3
independent cell cultures subjected to any given treatment (* p < 0.05, ** p < 0.01 compared to control).

Following the 7-day exposure to CPF or DMSO (vehicle), SH-SY5Y cells were
immunolabeled for nestin and NeuN to determine the populations of cells expressing
each marker. This experiment was essential to demonstrate whether CPF-induced
changes in expression of markers of differentiation reflected changes in the number of
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cells expressing the different markers as this would support the notion that CPF altered
neuronal differentiation. In this experiment, SH-SY5Y cells expressing only NeuN or
only nestin were scored as NeuN+ nestin- and NeuN- nestin+, respectively, while those
expressing both NeuN and nestin were scored as NeuN+ nestin+. Images were
normalized for background fluorescence and a minimum threshold for fluorescent output
determined in the NIS Elements software was applied. Cells exhibiting nestin
immunofluorescence in the cell soma and NeuN immunofluorescence in the cell nucleus
were recorded as positive cells (Fig. 11A). Percentages of cells in each category were
obtained through normalization of NeuN- and/or nestin-positive cell counts to DAPIpositive cell counts.
Cultures exposed to 3 µM CPF exhibited a higher percentage of NeuN+ nestincells and a lower percentage of NeuN- nestin+ cells compared to DMSO control (Fig.
11). There was no change in NeuN+ nestin+ or NeuN- nestin- cell populations. The
results obtained from the immunofluorescence experiments confirm the observed changes
in protein expression found via western blot.

5.3.2. Effects of CPF on MAPK activation and histone modifications
Following a 7-day exposure of naive SH-SY5Y cells to 3 µM CPF, cell extracts
were subjected to Western blot for analysis of the expression and phosphorylation of p38,
Erkp44, Erkp42 and MSK. While expression of the individual kinases was not significantly
altered by the exposure of the cells to CPF, phosphorylation of p38, Erk44, and MSK was
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significantly increased (Fig. 12A-C). In contrast, phosphorylation of Erk42 remained
unaltered (Fig. 12).
Figure 12: Effects of continuous exposure of SH-SY5Y cells on expression and
phosphorylation of p38, Erk44, Erk42, and MSK

Phosphorylation of p38, Erk44, Erk42 and MSK proteins in SH-SY57 cell extracts exposed to CPF were
visualized by immunoblot and analyzed by densitometry. (A). Representative immunoblots obtained from
control and CPF-exposed cultures. (B) The ratio of phospho-p38, phospho-Erk44, phospho-Erk42 and
phospho-MSK bands using phosphor-specifc antibodies to pan antibodies for each protein. The ratio for
kinases from control cultures was used to normalize CPF-treated cultures. A two-way ANOVA with gel
and CPF treatment as fixed variables revealed a significant main effect of CPF exposure in phosphorylated
p38 [F(1,11) = 35.953 p < 0.001], MSK [F(1,10) = 37.924 p < 0.001] and Erk 44 [F(1,12) = 8.142 p = 0.015]
with no significant interactions. (C) The ratio of p38, Erk44, Erk42 and MSK bands identified with pan
antibodies for each protein and those identified with an anti-β-actin antibody for each experimental
condition. The ratio for kinases from control cultures was used to normalize CPF-treated cultures. A twoway ANOVA revealed that there was no significant main effect of CPF treatment or gel. In B and C, Graph
and error bars represent mean and SEM of results obtained from triplicate runs of three independent cell
extracts (** = p < 0.01, *** = p < 0.001).

SH-SY5Y cells exposed to 3 µM CPF exhibited increased histone 3 (H3) Serine
10 (S10) phosphorylation, H3 lysine 4 (K4) methylation, and H3 lysine 9 (K9)
acetylation (Fig. 13). SH-SY5Y cells exposed to 10 µM CPF also exhibited significantly
increased level of H3 K4 dimethylation compared to control cells. In contrast, H3 S10
phosphorylation was significantly reduced and H3K9 acetylation remained unaltered
following the 7-day exposure of the cells to 10 µM CPF compared to DMSO controls.
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Figure 13: Concentration-dependent effects of CPF exposure on histone 3
dimethylation, acetylation, and phosphorylation in SH-SY5Y cells

Levels of different histone 3 modifications from extracts of SH-SY5Y cells exposed to CPF (3 or 10 µM)
or vehicle for 7 days were analyzed via Western blot. Upper panels are representative immunoblots
showing the bands visualized with a pan anti-histone 3 (H3) antibody and anti-H3K4me2, anti-H3K9Ac,
and H3S10P antibodies. The ratio of density of bands identified with antibodies specific for each histone
modification and the density of the band identified with the pan anti-H3 antibody were determined for each
experimental condition. Graph and error bars represent mean and SEM of results obtained from triplicate
runs of three independent extracts for each treatment. SH-SY5Y cells exposed to 3 µM CPF exhibited
increased dimethylation (A), acetylation (B), and phosphorylation (C). A two-way ANOVA with gel and
CPF treatment as fixed variables revealed a significant main effect of CPF exposure in phosphorylated
H3S10 [F(2,26) = 117.352 p < 0.001], H3K9 acetylation [F(2,26) = 25.124 p = 0.008] and H3K4
dimethylation [F(2,26) = 39.365 p = 0.002] with no significant interactions. Cells exposed to 10 µM
exhibited increased histone 3 dimethylation and decreased phosphorylation with no change in acetylation
(*, p < 0.05; **, p < 0.01; ***, p < 0.001).

5.3.3. Effects of continuous CPF exposure with or without AM4113 on
expression of NeuN or nestin
SH-SY5Y cells coexposed to neutral CB1 receptor antagonist AM4113 (0.1 µM)
and 3 µM CPF for 7 days exhibited NeuN expression and nestin expression similar to that
of control cells. Exposure of SH-SY5Y cells to AM4113 for 7 days alone had no effect
on NeuN or nestin expression, while SH-SY5Y cells exposed to CPF alone exhibited
significantly increased NeuN expression and decreased NeuN expression compared to
cultures co-exposed to CPF and AM4113 and DMSO controls.
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Figure 14: Effects of continuous CPF exposure with or without AM4113 on
expression of NeuN or nestin

Protein extracts were obtained from SH-SY5Y cells exposed to CPF in the presence or absence of neutral
CB1 receptor antagonist AM4113 (AM4; 100 nM) for 7 days. (A) Representative immunoblot probed with
anti-NeuN and anti-nestin antibodies. (B) AM4113 attenuated the increased expression of NeuN induced
by CPF exposure. (C) AM4113 attenuated the reduction nestin expression induced by CPF exposure.
Three-way ANOVA using CPF, AM4113, and gel as fixed variables revealed a significant main effect of
AM4 treatment on NeuN [F(1,24) = 17.715, p < 0.001] and nestin [F(1,24) = 4.512 p = 0.044] expression
and a significant main effect of CPF exposure on nestin expression [F(1,24) = 5.800 p = 0.024] as well as a
significant interaction between CPF exposure and AM4 treatment for each (NeuN [F(1,24) = 6.712 p =
0.016]; nestin F[(1,24) = 6.157 p = 0.020]). There was no significant main effect of gel with significant
interactions. Holm-Sidak post-hoc analysis revealed that AM4 significantly blocked reduction of nestin and
increase of NeuN in CPF exposed cells with no effect on NeuN or nestin expression. Graph and error bars
represent mean and SEM, respectively, obtained from triplicate runs of three independent samples for each
treatment. (*** p < 0.001 compared to control, † p < 0.05 compared to CPF alone).

5.4.

Discussion
The results presented here demonstrate concentration-dependent effects of CPF

on the expression of nestin and NeuN in SH-SY5Y cells and on the percentage of NeuNand nestin-expressing SH-SY5Y cells in culture. Following a 7-day exposure of the
neuroblastoma cells to 3 µM CPF, significant increases in the expression of NeuN and in
the number of NeuN-positive cells were accompanied by reductions in the expression of
nestin and in the number of nestin-positive cells. As CPF concentrations increased to
30 µM, the effects reversed. 30 µM CPF reduced in the expression of NeuN and
increased in the expression of nestin.
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Markers expressed in mature neurons, including NeuN, have been used in
numerous studies not only to identify post-mitotic neuronal populations but also to assess
viability (Alekseeva et al., 2015). For example, in a rat model of ischemia, reduction of
NeuN immunoreactivity was correlated with the increase in number of apoptotic cells
(Davoli et al., 2002). Additionally, Kim et al. (2016) reported decreased expression of
mature neuronal markers β-Tubulin III and proliferating cell nuclear antigen (PCNA)
following exposure of human neural progenitor cells to CPF (57 µM, 72 h), which
induced significant apoptotic cell death. In the present study, the decreased number of
NeuN-immunopositive cells and the decreased expression of NeuN observed following 7day exposure of SH-SY5Y cells to 30 µM CPF could also be accounted for by the
decrease in cell viability that this CPF concentration was shown to induce (see Chapter
4), rather than by a reduction of neuronal differentiation. Because NeuN is a post-mitotic
neuronal marker and nestin is a progenitor cell marker, NeuN+ nestin- and NeuNnestin+ cells likely represent mature neuronal and progenitor cell populations
respectively.
Exposure of SH-SY5Y cells to concentrations of CPF below that which cause
significant reduction of cell viability or cholinesterase inhibition resulted in a robust
increase in NeuN expression and reduction of nestin expression. This finding is likely a
result of increased neuronal differentiation because the number of NeuN+ nestin- cells
increased, while the number of NeuN- nestin+ cells decreased following exposure to SHSY5Y cells to 3 μM CPF. An increase in post-mitotic neuronal marker NeuN
accompanied by a decrease in progenitor cell marker nestin in CPF (3 μM)-exposed SHSY5Y cells was unexpected because previous in vitro studies have reported a decrease in
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neuronal markers of differentiation in mASCs and NSCs exposed to CPF. However,
because CPF is administered for a longer time and at concentrations that are below levels
that inhibit AChE, the effects of CPF reported in our experiments likely operates through
a different mechanism.
CPF had no effect on NeuN+ nestin+ populations. NeuN+ nestin+ cell
populations likely represent populations of cells undergoing differentiation into a
neuronal phenotype in which nestin expression is not fully suppressed. In developing
mice (PND 2-30), populations of cells positively immunolabeled for NeuN and nestin
were identified in neurogenic zones of the deep cortex and the hippocampus during the
PND 2-7 time window; however, they were no longer seen past PND14 (Wei et al.,
2002). Post-mitotic NeuN+ nestin+ cells have also been identified in the healthy rat and
human brain (Hendrickson et al., 2011). While the function of these cells in vivo is
unknown, nestin expressing NeuN+ cells do exhibit increased neuroprotection against
toxicants specific to cholinergic neurons compared to NeuN+ cells not expressing nestin
(Hendrickson et al., 2011). In our study, the function of the NeuN+ nestin+ population
cannot be fully understood without additional experiments.
Previous studies have shown that animals with cognitive and neurological deficits
exhibit lower progenitor cell populations or lower proliferative capacity in the
hippocampus (Charvet, 2010; Coras et al., 2010) and that enhancement of proliferation or
transplantation of new progenitor cells into the hippocampus can correct for these deficits
(Jurado-Arjona, et al., 2016; Liu et al., 2013). In addition, there is evidence that increased
neurogenesis does not always result in improved brain function. This evidence is
provided by studies of adult neurogenesis. For example, while chronic stress of adult
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male tree shrews decreased neurogenesis, it improved performance of the animals on a
spatial navigation task (Bartolomucci et al., 2002). Therefore, CPF-induced neuronal
differentiation and reduction of neural progenitor cells could contribute to the cognitive
impairments associated with prolonged exposure of the developing mammalian brain to
the insecticide (reviewed in Burke et al., 2017).
Antagonism of the CB1 receptor through treatment with AM4113 was found to
attenuate the CPF-induced expression of nestin and NeuN. Endocannabinoids (eCBs) are
important signaling molecules during neurodevelopment that contribute to cell
proliferation, differentiation, and survival (Díaz-Alonso et al., 2012; Galve-Roperh et al.,
2013). As mentioned previously, CPF is reported to directly bind to the CB1 receptors in
the mouse brain and induces effects similar to CB1 receptor agonists, inhibiting ACh
release in rat brain slices ex vivo (Baireddy et al., 2011; Quistad et al., 2002). In addition,
CPF potently inhibits eCB degradation by fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAG) as well (Quistad et al., 2006), resulting in prolonged
CB1 activation secondary to accumulation of eCBs. The ability of CPF to increase eCB
production through FAAH and MAG inhibition and directly activate CB1 receptors likely
results in robust activation of the downstream CB1 signaling cascade and regulation of
gene expression. In support of this, exposure of neural stem cells to the eCB AEA in vitro
for longer than 3 days reduced nestin expression and promoted neuronal differentiation
(Compagnucci et al., 2013).
In agreement with previous studies carried out in different cell lines, results
presented here indicate that p38, Erk44 and MSK phosphorylation is significantly
increased following 7-day exposure of SH-SY5Y cells to CPF (Ki et al., 2013; Lee et al.,
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2014; Park et al., 2017). MAPK phosphorylation can occur rapidly and transiently to
induce cellular changes that persist for days/weeks. As mentioned previously, transient
p38 phosphorylation induces differentiation of progenitor cells (Aouadi et al., 2006; De
Genaro et al., 2013) while persistent p38 phosphorylation is proposed to aid in cell
survival during differentiation (Binétruy et al., 2007). Persistent Erk activation, on the
other hand, can result in unfavorable cell activity. For example, because of its role in cell
cycle regulation and promotion of cell proliferation, persistent Erk activation is an
oncogenic target in a majority of cancers (Roberts and Der, 2007) and is associated with
neurodegenerative diseases including Parkinson’s disease and Alzheimer’s disease
(Colucci-D’Amato et al., 2003). While Erk activation regulates CPF-induced apoptosis in
cortical neurons in vitro (Caughlan et al., 2004), its role in non-apoptotic CPF exposure is
not fully understood.
The role of MSK in neuronal differentiation, learning, and memory was described
previously (Chapter 1.5.2.); however, to our knowledge this is first report that prolonged
exposure to low concentrations of CPF induces MSK activation. Exposure of SH-SY5Y
cells to 3 µM CPF resulted in approximately a 6-fold induction of MSK phosphorylation
compared to DMSO control. p38 and Erk represent upstream activators of MSK,
catalyzing MSK phosphorylation, and their activation likely mediates the MSK
phosphorylation observed following CPF exposure. Because p38 and Erk
phosphorylation are induced by CPF exposure and otheres report CREB, a downstream
kinase of MSK, is phosphorylated following treatment with nanomolar concentrations of
CPF (Schuh et al., 2002), significant induction of MSK was not unexpected. Reduced
neurogenesis in the subgranule zone of the hippocampus in mice with a null mutation in
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the gene encoding MSK (MSK-/- mice; Karelina et al., 2015) supports the role of MSK in
CPF-induced neuronal differentiation. This study, along with others that associated MSK
phosphorylation with increased expression of neuronal genes, indicates that MSK is
likely a positive regulator of neurogenesis in response to CPF exposure.
Histone 3 modifications play a role in regulation of neurogenesis as well. We
report that varying concentrations of CPF induce differential expression of histone 3
residue modifications. In response to exposure to 3 µM CPF, SH-SY5Y cells exhibit
significantly increased phosphorylation, demethylation, and acetylation of H3 residues.
Increased histone modifications are characteristic of “loosely packed” chromatin, which
results in an active gene expression state. Typically, an active state for gene expression is
associated with increased neurogenesis. For example, treatment with sodium butyrate, an
inhibitor of histone deacetylases, stimulates neurogenesis in the SGZ of the hippocampus
(Kim et al., 2013). While it is unclear if histone acetylation, phosphorylation, or
methylation associated with CPF exposure is associated with a particular gene locus, it is
tempting to propose they play a role in the increased NeuN and decreased nestin
expression observed following CPF exposure.
While exposure to 3 µM CPF increased H3S10 phosphorylation, H3K4
dimethylation, and H3K9 acetylation in SH-SY5Y cells, exposure to 10 µM CPF only
increased H3K4 dimethylation (Fig. 13). SH-SY5Y cells exposed to 10 µM CPF
exhibited decreased H3 phosphorylation and no changes in histone acetylation. It should
be noted that 10 µM CPF resulted in small, albeit significant inhibition of cholinesterase
activity in SH-SY5Y cell extracts, a mechanism that may account for differences in the
effects induced by 10 μM CPF on neurogenesis and those induced by a lower CPF
69

concentration (3 µM) that selectively blocks BuChE. While the results from 10 µM CPF
exposure require further investigation, they do suggest that the effects of CPF exposure
on neuronal differentiation are concentration dependent and may lead to variable
outcomes depending on levels of CPF-induced AChE inhibition.
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Chapter 6: Effects of CPF on nestin expression, MAPK
phosphorylation, and histone modifications in SH-SY5Y cells
depend on p38 activity
6.1.

Introduction
Previous studies have provided evidence that the MAPK proteins p38 and Erk

play a role in inducing and maintaining neuronal differentiation and neurogenesis in vivo
and in vitro (reviewed in Roux and Blenis, 2004). The Erk MAPK is canonically
activated by mitogenic factors and growth factors, while p38 is activated by cytokines,
ultraviolet radiation, cytotoxicity, heat shock and other stress events (Takeda and Ichijo,
2002). p38 was first identified as a serine-threonine kinase activated following
lipopolysaccharide and tumor necrosis factor alpha (TNFα) stimulation (Thurmond et al.,
2001 and references therein). As such, p38 is commonly referred to as a stress-activated
protein kinase (SAPK).
In PC12 cells, sustained p38 phosphorylation is required for nerve growth factor
(NGF)-induced neuronal differentiation and neurite outgrowth (Morooka and Nishida,
1998). In addition to NGF, bone morphogenic protein 2 (BMP2) is able to induce PC12
cell differentiation via a p38-dependent mechanism (Iwasaki et al., 1999). However,
activation through an external stimulus is not required for PC12 differentiation through
p38. Overexpression of MAPK kinase 6 (MKK6), an upstream activator of p38, through
transfection of a constitutively active form of MKK6 into PC12 cells also resulted in
phenotypic neuronal differentiation without the need for NGF or BMP2. Notably, the
application of the selective p38 inhibitor SB203580 was able to ablate cell differentiation
in each of these cases (Iwasaki et al., 1999; Morooksa and Nishida, 1998).
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The p38 protein has 4 separate isoforms that share similar sequence homology
(65-70%) and size (360-372 amino acids): p38α, p38β, p38γ/SAPK3, and p38δ/SAPK4
(Martín-Blanco, 2000). The primary p38 isoforms, p38α and p38β, are ubiquitous in all
tissues and contain a TGY amino acid sequence known as the “phosphorylation lip” that
must be phosphorylated by upstream MAPKs in order to render p38 active. The inactive
form of p38 is unable to bind adenosine triphosphate (ATP) with high affinity to catalyze
the kinase activity of the p38 enzyme until the TGY motif is phosphorylated on the
phosphorylation lip (Thurmond et al., 2001). Following activation, p38 activates a host of
downstream substrates by directly phosphorylating: (i) transcription factors including
activation transcription factor 2 (ATF2), C/EBP homologous protein and Elk-1 and (ii)
other kinase proteins, including MAPK activated kinase 2 (MK2), MK3 and MSK (Deak
et al., 1998; Martín-Blanco, 2000; Takeda and Ichijo, 2002).
SB203580 is a pyridinyl imidazole compound that competitively inhibits ATP
binding to the p38α and p38β isoforms and, thereby, blocks the catalytic activity of the
enzymes (Young et al., 1997; Thurmond et al., 2001). As such, SB203580 does not
inhibit the phosphorylation of p38’s phosphorylation lip; instead, it inhibits the ability of
p38 to bind ATP and phosphorylate downstream substrates. SB203580 appears to bind
equally to inactive and active forms of p38 in the nanomolar range (IC50 = 23 nM;
Thurmond et al., 2001; Young et al., 1997). The ability of SB203580 to inhibit
phosphorylation of p38’s downstream substrates such as MK2, and subsequently heat
shock protein 27 (HSP27), and ATF2 has been well described (Lee et al., 1999 and the
references therein). However, the inhibition of MSK phosphorylation, a downstream
substrate of both p38 and Erk, often requires inhibition of both Erk and p38 activity.
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SB203580 has been reported to inhibit neuronal differentiation in vitro. In PC12
cells, SB203580 ablates neurite outgrowth induced by differentiating stimuli such as
NGF and BMP2 (Morooka and Nishida, 1998). However, in the absence of a growth
stimulus similar to NGF or BMP2, SB203580 represses the expression of pluripotent
genes and induces expression of neuronal genes (e.g. Peripherin-1, Neuronatin, Marcks,
MAP-2) in mESCs (Trouillas et al., 2008). These findings suggest that p38 may play
separate roles in the maintenance of cell pluripotency and induction of differentiation
depending on the presence of differentiation stimuli.
Results presented in the previous chapter demonstrated that, via AChE-unrelated
mechanisms, CPF (1-3 μM) promotes neuronal differentiation of SH-SY5Y cells, as
evidenced by a significant increase in the expression of NeuN, a marker of mature
neurons, and a significant decrease in the expression of nestin, a marker of progenitor
cells. At similar concentrations, CPF increases phosphorylation of p38, Erk, and MSK, in
addition to increasing histone 3 acetylation, phosphorylation, and methylation. The
present study was designed to test the hypothesis that the effects of CPF on nestin
expression, Erk and MSK phosphorylation, and on histone modifications in SH-SY5Y
cells require p38 catalytic activity.

6.2.

Experimental Design
SH-SY5Y cells were exposed to 3 µM CPF for 7 days in the presence or absence

20 µM SB203580, as described in Methods (Chapter 3). SH-SY5Y cell extracts were
analyzed via western blot for NeuN and nestin expression in addition to p38, Erk and

73

MSK phosphorylation and expression and histone 3 modifications. Immunofluorescently
stained cells were identified as NeuN+ nestin-, NeuN- nestin+, NeuN+ nestin+ and
NeuN- nestin- and normalized to DAPI-stained nuclei to determine the percentage of
cells in each phenotype.

6.3.

Results
6.3.1. Effects of SB203580 on expression of protein markers of neuronal
differentiation
SH-SY5Y cells were exposed to the p38-selective inhibitor SB203580 alone (20

μM) or in conjunction with CPF (3 μM) to determine the role of p38 activity in CPFinduced increase in NeuN expression and decrease in nestin expression. The
concentration of SB203580 was selected based on previous studies that demonstrated its
effectiveness in blocking p38 activity without affecting the activity of other MAP kinases
(Thurmond et al., 2001).
Western blot analysis of SH-SY5Y cell extracts revealed that SB203580 (20 μM)
alone significantly increased NeuN expression and reduced nestin expression to the same
extent as did CPF (3 μM) alone (Fig. 15A-C). In SH-SY5Y cells that were co-exposed to
SB203580 (20 μM) and CPF (3 μM), nestin expression levels were not statistically
different from those measured in control cultures (Fig. 15A, B). In contrast, while
SB203580 significantly attenuated CPF-induced reduction of nestin expression, it had no
significant effect on CPF-induced increase in NeuN expression (Fig. 15C).
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Figure 15: Effects of continuous CPF exposure with or without SB203580 on
expression of NeuN and nestin protein markers

Protein extracts were obtained from SH-SY5Y cells that been exposed to CPF or DMSO for 7 days with or
without 20 µM SB203580. (A) Representative immunoblot probed with anti-NeuN and anti-nestin
antibodies. (B) SB203580 attenuated the reduction nestin expression induced by CPF exposure. (C)
SB203580 had no effect on increased expression of NeuN induced by CPF exposure. Three-way ANOVA
using CPF, SB203580, and gel as fixed variables revealed a significant main effect of CPF exposure on
NeuN [F(1,24) = 8.450, p = 0.008] expression and a significant interaction between CPF exposure and
SB203580 treatment for each (NeuN [F(1,24) = 6.126 p = 0.021]; nestin F[(1,24) = 22.615 p < 0.001]).
There was no significant main effect of gel on NeuN or nestin and no significant main effect of SB203580
on nestin expression. Holm-Sidak post-hoc analysis revealed that SB203580 significantly blocked
reduction of nestin in CPF exposed cells with no effect on NeuN expression. SB203580 significantly
increased NeuN expression and reduced nestin expression. Graph and error bars represent mean and SEM,
respectively, obtained from triplicate runs of three independent samples for each treatment. (** p < 0.01,
*** p < 0.001 compared to control, † p < 0.05 compared to CPF alone).

As in the earlier experiments, exposure of SH-SY5Y cell cultures to CPF (3 μM)
induced a significant increase in the percentage of mature (NeuN+ nestin-) neurons and a
significant reduction in the number of NeuN-Nestin+ progenitor cells (Fig. 16). This
finding supported the concept that the exposure to CPF promotes neuronal differentiation
of SH-SY5Y cells.
The percentage of NeuN+ Nestin-, NeuN+ Nestin+, NeuN- Nestin+, NeuNnestin- cells in SH-SY5Y cell cultures exposed to SB203580 alone was comparable to
that seen in control cultures (Fig. 16). This finding suggests that SB203580, although
capable of increasing NeuN expression and suppressing nestin expression (as seen in Fig.
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15), does not affect the differentiation of immature (NeuN- nestin+) SH-SY5Y cells into
mature (NeuN+ nestin-) neurons.
The percentage of mature neurons (i.e., NeuN+ nestin- cells) in SH-SY5Y cell
cultures co-exposed to CPF and SB203580 was comparable to that in SH-SY5Y cell
cultures exposed to CPF alone (Fig. 16). In contrast, the percentage of immature (NeuNnestin+) cells in cultures co-exposed to CPF and SB203580 was significantly higher than
that observed in control cultures and in cultures exposed to CPF only. The population of
NeuN- nestin- cells was also reduced in cells coexposed to SB203580 and CPF. Thus,
treatment with SB203580 was sufficient to significantly block CPF-induced reduction of
NeuN- nestin+ expressing cells without having any effect on CPF-induced increase in
NeuN+ nestin- cells.
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Figure 16: Effects of SB203580 on CPF-induced neuronal differentiation of SHSY5Y cells

(A) Representative photomicrographs of SH-SY5Y cultures immunolabeled with anti-NeuN and anti-nestin
antibodies and counterstained with the nuclear marker DAPI. Nestin+ cells appear in red in the first
column. NeuN+ cells appear in green in the second column. DAPI+ nuclei appear in purple in the third
column. Finally, nestin+NeuN+ cells appear in yellow in the merged column. (B) Nestin (red), NeuN
(green), and DAPI (blue) positive cells (B) were counted and percentages of NeuN and nestin positive cell
populations were calculated through normalization of NeuN or nestin positive cell counts to that of DAPI
positive cell counts within each slide. Expressing colocalized for NeuN and nestin immunolabeling were
marked as such and subtracted from the total number of cells expressing NeuN or nestin alone. (B). Threeway ANOVA using CPF, SB203580 and culture plate as fixed variables revealed a significant main effect
of CPF exposure in NeuN+ nestin- [F(1,24) = 8.445 p = 0.008] and NeuN- nestin+ [F(1,24 = 13.729 p =
0.001] cell populations and a significant main effect for SB203580 treatment in NeuN- nestin+ [F(1,24) =
103.905 p < 0.001] cell populations. There was a significant interaction between treatment and SB203580
treatment for NeuN- nestin+ F[(1,24) = 83.735 p < 0.001] cell populations. Holm-Sidak post-hoc analysis
revealed that SB203580 treatment in cells exposed to CPF returned NeuN- nestin+ cell populations to
levels above control. SB203580 had a significant main effect on NeuN+ nestin+ cell populations [F(1,24) =
6.882 p = 0.015] with no main effect of CPF exposure or interactions between them. There was no
significant main effect of culture plate in any cell populations. Graph and error bars represent mean and
SEM, respectively, of results obtained from three images from three cultures for each treatment (** p <
0.01, *** p < 0.001 compared to control, ††† = p < 0.001 compared to CPF alone).
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6.3.3. Effects of SB203580 on CPF induced MAPK phosphorylation
Exposure of the SH-SY5Y cells to SB203580 (20 µM) and/or CPF (3 µM) had no
significant effect on the expression of total p38, Erk44, Erk42, and MSK (Fig. 17). As
reported in Chapter 5, CPF exposure increased phosphorylation of p38, Erk44, and MSK
in SH-SY5Y cells. Exposure of the cells to SB203580 alone increased phosphorylation of
Erk44 and MSK to the same extent as did their exposure to CPF (Fig. 17). However, in
contrast to CPF, SB203580 had no effect on p38 phosphorylation (Fig. 17). There was no
additive, synergistic, or antagonistic interaction between SB203580 and CPF at the
concentrations examined, given that the degree of phosphorylation of all three MAP
kinases were comparable between cells that had been co-exposed to CPF and SB203580
and those that had been exposed to either CPF or SB203580 alone (Fig. 17).

6.3.4. Effects of SB203580 on CPF induced histone 3 phosphorylation,
acetylation and methylation
Dimethylation of H3K4 was significantly lower in SH-SY5Y cells that had been
exposed to SB203580 than in control cells. On the other hand, phosphorylation of H3S10
and acetylation of H3K9 were significantly higher in SB203580-exposed cells than in
control cells (Fig. 18A, B). As reported in Chapter 4, compared to control cells, cells
exposed to 3 μM CPF presented a significant increase in H3S10 phosphorylation, H3K9
acetylation, and H3K4 dimethylation (Fig. 18). The levels of phosphorylated H3S10 and
acetylated H3K9 were comparable between cells co-exposed to CPF and SB203580 and
those exposed to either CPF or SB203580 alone. However, in the presence of SB203580,
CPF was unable to increase the levels of dimethylated H3K4 (Fig. 18).
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Figure 17: Effects of SB203580 on CPF-induced MAPK phosphorylation

Protein extracts from SH-SY5Y cells treated with SB203580 in the presence or absence of 3 µM CPF for 7
days were analyzed for p38, Erk and MSK phosphorylation via western blot. (A) A representative
immunoblot showing the protein bands immunolabeled with anti-phospho-MSK, anti-MSK, anti-phosphoErk, anti-Erk, anti-phospho-p38, anti-p38, anti- β-actin antibodies. (B) Relative phosphorylation levels of
MSK, Erk42, Erk44, and p38 in response to 3 µM CPF and/or 20 µM SB203580 exposure. C. Relative
expression of total p38, MSK or Erk proteins in response to 3 µM CPF and/or 20 µM SB203580 exposure.
Three-way ANOVA analysis using gel, CPF exposure and SB203580 treatment as fixed variables revealed
a significant main effect of CPF for the phosphorylated forms of MSK [F(1,24) = 10.012 p = 0.005], Erk44
[F(1,24) = 9.513 p = 0.005] and p38 [F(1,17) = 4.526 p = 0.048] and significant main effect for SB203580
treatment phosphorylated MSK [F(1,24) = 15.668 p < 0.001] and Erk44 F[(1,24) = 5.748 p = 0.025].
Phosphorylated MSK revealed a significant interaction between CPF exposure and SB203580 treatment
[F(1,24) = 5. 023 p = 0.036]. Holm-Sidak post-hoc analysis revealed that SB203580 alone induced
significant MSK phosphorylation (p < 0.001) but had no effect in the presence of CPF. There was no
significant main effect of CPF exposure for phosphorylated Erk42 or expression of total MSK, Erk42, Erk44,
and p38. There was no significant main effect of gel for any run and no significant interactions of CPF
exposure and SB203580 treatment for phosphorylated p38. Bar graph values and error bars are expressed
as data means and SEM, respectively, from triplicate runs on three gels from three independent cultures per
treatment group (* p < 0.05, ** p < 0.01 compared to control).
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Figure 18: Effects of SB203580 on CPF-induced histone 3 phosphorylation,
acetylation and methylation

Protein extracts from SH-SY5Y cells treated with SB203580 in the presence or absence of 3 µM CPF for 7
days were analyzed for histone 3 phosphorylation, acetylation and methylation via western blot. (A) A
representative immunoblot showing the protein bands immunolabeled with anti-phospho-H3S10, antiAcetyl-H3K9, anti-dimethyl-H3K4 and anti-H3 total antibodies. (B) Relative phosphorylation levels of
H3S10P, H3K9Ac and H3K4Me2 in response to 3 µM CPF and/or 20 µM SB203580 exposure. Three-Way
ANOVA using gel, CPF exposure and SB203580 treatment as fixed variables revealed a significant main
effect of CPF exposure in H3S10P [F(1,24) = 8.557 p = 0.007], H3K9Ac [F(1,24) = 15.071 p < 0.001], and
H3K4me2 [F(1,24) = 9.069 p = 0.006] and a significant main effect of SB203580 treatment in H3S10P
[F(1,24) = 35.327 p =0.007], H3K9Ac [F(1,24) = 25.927 p < 0.001] and H3K4Me2 [F(1,24) = 147.723 p <
0.001]. There was a significant interaction between CPF exposure and SB203580 treatment for
H3K4Me2[F(1,24) = 12.994 p = 0.001] and H3K9Ac [F(1,24) = 6.624 p = 0.017]. Holm-Sidak post-hoc
analysis revealed that SB203580 treatment alone induced H3K9 acetylation (p < 0.001) and had no effect
on CPF-induced H3K9 acetylation but reduced H3K4 dimethylation regardless of the presence of CPF.
There was no significant interaction of CPF exposure and SB203580 treatment in H3S10P and no
significant main effect of gels with any histone residue measure. Bar graph values and error bars are
expressed as data means and SEM, respectively, from triplicate runs on three gels from three independent
cultures per treatment group (* p < 0.05, ** p < 0.01 *** p < 0.001 compared to control, ††† p < 0.001
compared to CPF exposure alone).

6.4.

Discussion
The results presented here demonstrate that, under the culturing conditions used in

the present study, p38 activity in SH-SY5Y cells plays a significant role in regulation of
NeuN and nestin expression. Based on the Western blot analysis of cell extracts,
following a 7-day exposure of the cells to 20 µM SB203580 there was a significant
increase in NeuN expression that was comparable in magnitude to that induced by 3 µM
CPF. Since a saturating concentration of the p38 inhibitor was used in this study to ensure
that p38 activity was maximally inhibited (Davies et al., 2000), the finding that the
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effects of CPF and SB203580 on NeuN expression were not additive suggests that CPFinduced increased expression of NeuN in SH-SY5Y cells is p38 dependent. Exposure of
the cells to 20 µM SB203580 also induced a significant reduction in nestin expression
that was comparable in magnitude to the reduction observed in cultures exposed to 3 µM
CPF. However, the suppressive effect of CPF-plus-SB203580 on nestin expression was
significantly smaller in magnitude than the effect of CPF alone. These results suggest that
in SH-SY5Y cells: (i) under control conditions, nestin expression is sustained in part by
p38 activity, (ii) CPF-induced reduction of nestin expression depends on p38 activity, and
(iii) in the absence of p38 activity, CPF increases nestin expression. However, the results
obtained from the immunohistochemical analysis of SH-SY5Y cells subjected to different
treatments indicate that global changes in NeuN and nestin expression cannot be used to
predict cell fate. As discussed hereafter, the role of p38 activity in controlling neuronal
differentiation of SH-SY5Y cells is more complex than its role in controlling the
expression of proteins generally associated with specific cell phenotypes.
Differentiation markers are useful tools in identifying cell populations. However,
analysis of protein expression in a cellular network does not provide an absolute
determination of the types of individual cellular phenotypes that populate that cellular
network. This is because increased and/or decreased expression of these markers is not
necessarily associated with shifting of cellular phenotypes within a population of cells.
For example, in genetically modified mouse embryonic stem cells (mESC) expressing a
tetracycline-inducible repressor complex for Nanog, a protein important for maintaining
progenitor cell stemness and pluripotency, knock-down of Nanog expression resulted in
expression of early differentiation markers with no change in mESC pluripotency
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(MacArthur et al., 2012). Changes in expression Nanog can, instead, result in a cell state
“primed” for differentiation, upon which the threshold for stimulation towards
differentiation is significantly lower (MacArthur et al., 2012). In this case,
immunohistochemical identification of chemically defined cellular phenotypes within a
population of cells provides a greater understanding of shifting cell populations due to
differentiation in the system.
In the present study, four subgroups of chemically defined cellular phenotypes
were immunohistochemically identified as NeuN+ NeuN+, NeuN+ nestin-, NeuNnestin+, and NeuN- nestin-. Because nestin is a marker of progenitor cells and NeuN is a
marker for post-mitotic neurons (Gilyarov, 2008; Gusel’nikova and Korzhevskiy, 2017;
Lucassen et al., 2010), the populations of NeuN- nestin+ cells and NeuN+ nestin- cells
were interpreted as the populations of proliferating progenitor cells and mature neurons,
respectively. Interpretation of NeuN+ cell populations as mature neurons is supported by
evidence from the literature indicating that NeuN has not been found in actively
proliferating cells (see Gusel’nikova and Korzhevskiy, 2015 and references therein).
Based on this and other evidence from the literature (Lucassen et al., 2010), the NeuNnestin- cells were interpreted as non-self-renewing immature cells already committed to
becoming mature neurons.
SH-SY5Y cultures exposed to low levels of CPF for 7 days exhibited an increased
percentage of NeuN+ nestin- cells and reduced percentage of NeuN- nestin+ cells. The
percentage of NeuN+ nestin+ and NeuN- nestin- cells in the CPF-exposed cultures were
comparable to those seen in control SH-SY5Y cultures, as reported earlier (Chapter 5).
These results indicate that CPF exposure is likely promoting the exit of progenitor NeuN82

nestin+ cells from the proliferating stage and inducing the differentiation of these cells
into mature neurons (NeuN+ nestin- cells). As such, the increase in NeuN expression and
the reduction of nestin expression observed in immunoblots of CPF exposed cell extracts
likely reflect an increase of neuronal differentiation from progenitor cells into the mature
neurons in SH-SY5Y cultures.
Exposure of SH-SY5Y cultures to SB203580 alone had no effect on the
proportion of the immunohistochemically identified cells. This is in contrast to the
immunoblot results that revealed a significant increase in NeuN expression and a
significant reduction in nestin expression in SH-SY5Y cultures exposed for 7 days to
SB203580. These results suggest that, in the absence of a differentiating stimulus other
than the culture medium, blockage of p38 activity increases NeuN expression and
reduces nestin expression in SH-SY5Y cells that already express these proteins. This
change in localized protein expression occurs without promoting the differentiation of
phenotypic progenitor (NeuN- nestin+) cells into a mature neuronal (NeuN+ nestin-)
phenotype.
The percentage of NeuN- nestin+ was significantly higher in SH-SY5Y cultures
that were exposed to a mixture of CPF and SB203580 than in cultures exposed to CPF
only or DMSO vehicle. Likewise, the percentage of NeuN+ nestin- cells was significantly
higher in SH-SY5Y cultures exposed to CPF-plus-SB203580 than in control cultures, and
comparable to that seen in cultures exposed to CPF alone. Unlike cultures exposed to
CPF alone, however, SH-SY5Y cell cultures exposed CPF-plus-SB203580 had
drastically lower percentages of NeuN- nestin- cells. This finding suggests that, in the
absence of p38 activity, NeuN- nestin+ progenitor cells exposed to CPF do not exit the
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self-renewal stage. As such, the continuous stimulation resulting from CPF exposure
exhausts the pool of immature NeuN- nestin- cells by inducing their differentiation into
NeuN+ nestin- cells. p38 inhibition increases proliferation of nestin+ populations of adult
hippocampal NSCs in vitro in a similar manner (Yoshioka et al., 2015).
As mentioned in previous chapters (Chapter 5), the NeuN+ nestin+ population
may represent actively differentiating neurons or a subpopulation of mature neuronal
cells expressing nestin. Since the percentage of NeuN+ Nestin+ in cultures exposed to
CPF and/or SB203580 was comparable to that seen in control cultures, it is tempting to
speculate that p38 activity plays no major role in determining the fate of SH-SY5Y cells
to this phenotype.
As mentioned above, while p38 influences NeuN and nestin expression globally,
these changes do not appear to correlate with alterations in neuronal differentiation. The
question, then, arises as to why changes in NeuN and nestin expression do not necessarily
imply shifts in the differentiation process. This question may be answered by the fact that
p38-mediated regulation of neuronal differentiation depends on the presence or absence
of a differentiation stimulus and, as such, is context dependent. For example, p38
inhibition restricts neuronal differentiation in PC12 cells exposed to NGF or BMP-2
(Iwasaka et al., 1998; Morooka and Nishida, 1999). On the other hand, p38 inhibition
alone reduces progenitor cell gene expression and increases expression of pro-neuronal
genes in mESCs (Trouillas et al., 2008). Differentiation stimuli induce expression of an
extensive number of genetic targets in consecutive waves throughout the differentiation
process, creating a rich protein network guiding cell fate (Fathi et al., 2011). If inhibition
of p38 occurs in the absence of such protein framework, as it does in the absence of CPF,
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p38 inhibition may lack the influence it is otherwise granted in the presence an extensive
protein network driving the differentiation process.
p38 and Erk play significant roles in the maintenance of progenitor cell
proliferation, apoptosis, and cell differentiation (Martin-Blanco, 2000; Miloso et al.,
2008; Takeda et al., 2002,). Exposure of SH-SY5Y cells to SB203580 had no effect on
CPF-induced phosphorylation of p38, Erk, or MSK, suggesting that phosphorylation of
these kinases in CPF-exposed SH-SY5Y cells occurs independently of changes in p38
activity. The p38 and Erk pathways, while converging on common downstream
substrates, such as MSK, often compensate for one another through cellular crosstalk. .
For example, in PC12 cells exposed to NGF, inhibition of both p38 and Erk activity is
required to fully attenuate phosphorylation of downstream targets such as CREB (Xing et
al., 1998). While exposure of the SH-SY5Y cells to SB203580 alone caused a significant
increase in Erk44 phosphorylation, SB203580 was unable to reduce MSK phosphorylation
induced by CPF. Our results suggest that both p38 and Erk inhibition may be required to
attenuate MSK phosphorylation in CPF-exposed cells.
Histone modifications, which are controlled in part by the activity of MAP
kinases, are reported to influence progenitor cell proliferation and differentiation through
their regulation of global gene expression (as reviewed by Mitrousis et al., 2015; Roidl
and Hacker, 2014; Yao et al., 2016). In the present study, exposure of SH-SY5Y cells to
SB203580 and/or CPF altered histone 3 modifications. Specifically, either SB203580 or
CPF caused a robust induction of H3S10 phosphorylation and H3K9 acetylation. Because
H3S10 phosphorylation is regulated by active MSK1, and exposure of the cells to either
SB203580 or CPF resulted in an increase in MSK phosphorylation, it was not surprising
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that H3S10 phosphorylation was significantly higher in SB203580- or CPF-exposed cells
than in control cells. It is also important to note that the effects of SB203580 and CPF
were not additive, synergistic, or antagonistic. Therefore, it is tempting to speculate that
SB203580 and CPF act via a common pathway and that the activation or inhibition of
this pathway by either compound was already maximized.
In SH-SY5Y cells exposed to SB203580, H3K4 dimethylation was significantly
decreased, whereas in cells exposed to CPF, it was significantly increased. It is difficult
to anticipate how these alterations will impact gene expression and neuronal
differentiation. While methylation status of H3K27 appears to inversely correlate with
nestin expression in embryonic stem cells (Burgold et al., 2008), it is known that H3K27
and H3K4 operate as a bivalent domain, where relative ratios of methylation between
each residue dictates the local gene expression state. Although H3K4 methylation is
commonly associated with increased gene expression (Bernstein et al., 2006), without
understanding the state of H3K27 methylation it is difficult to determine whether or not
decreased methylation of H3K4 will produce a repressive or stimulating environment for
expression of genes associated with neuronal differentiation in SH-SY5Y cells. It is,
however, noteworthy that in the presence of SB203580, CPF was unable to increase
H3K4 methylation. This finding strongly suggests that the effect of CPF on H3K4
methylation is mediated by a p38-dependent mechanism. It is also tempting to speculate
that H3K4 dimethylation contributes to differentiation of SH-SY5Y cells by helping to
mediate their ability to transition out of the NeuN- nestin+ progenitor cell state.
These results suggest that p38 plays a complex role in the regulation of CPFinduced neuronal differentiation of SH-SY5Y cells. p38 inhibition through SB203580
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exposure altered NeuN and nestin expression induced by CPF exposure. Increased NeuNnestin+ progenitor cells and NeuN+ nestin- neuronal cells following CPF-plus-SB203580
exposure reflected these changes. Inhibition of p38, in the presence of CPF as a
differentiation stimulus, retained cells in a self-renewing progenitor cell state (NeuNnestin+) which resulted in differentiation and depletion of non-self-renewing
intermediary NeuN- nestin- cells into mature neuronal cells (NeuN- nestin+). However,
SB203580 exposure alone was not sufficient to shift populations of NeuN+ or nestin+
cells likely due to the lack of a strong differentiation stimulus. SB203580 exposure had a
negligible effect on MAPK phosphorylation and histone modification induced by CPF.
While p38 inhibition reduces histone methylation, it is unclear the role it plays in
regulating the transition of nestin-expressing cells into mature neurons.
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Chapter 7: Discussion
The results presented here support the hypothesis that continuous exposure of SHSY5Y neuroblastoma cells to concentrations of CPF that induce no cytotoxicity or AChE
inhibition result in increased neuronal differentiation in addition to MAPK
phosphorylation and histone 3 modifications.
The SH-SY5Y neuroblastoma cell line was first characterized as an appropriate
model for assessment of neuronal differentiation. Thus, following a 7-day treatment with
10 µM RA, SH-SY5Y cells were shown to differentiate into cells with morphologic and
chemical phenotypes characteristic of mature a neurons. RA-treated SH-SY5Y cells
exhibited increased neurite volume and length as well as increased expression of neuronal
markers NeuN and MAP-2, decreased expression of progenitor cell marker nestin, and
decreased expression of mature astrocytic and progenitor cell marker GFAP.
In RA-treated and in untreated SH-SY5Y cells, CPF induced the classical
concentration-dependent inhibition of AChE and BuChE activity. In addition, as in other
cells and tissues, in SH-SY5Y cells CPF was a more potent inhibitor of BuChE than
AChE. CPF also reduced SH-SY5Y cell viability in a concentration-dependent manner,
with its cytotoxicity being more pronounced in RA-treated than in non-treated cells. The
concentration-response relationships for CPF-induced cytotoxicity and CPF-induced
AChE inhibition in SH-SY5Y cells overlapped to a large extent. At concentrations above
3 μM, CPF induced significant cytotoxicity and AChE inhibition in both RA-treated and
untreated SH-SY5Y cells. Thus, with proper titration of CPF concentrations, it became
possible to use the SH-SY5Y cells to determine whether low concentrations of CPF can
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influence neuronal differentiation independent of AChE inhibition and, thus, via AChEunrelated mechanisms.
Exposure of SH-SY5Y cells for 7 days to CPF altered expression of markers of
neuronal differentiation in a concentration-dependent manner. Exposure to low
concentrations of CPF (3 µM) resulted in increased expression of neuronal markers
(NeuN) and decreased expression of progenitor cell markers (nestin). Exposure to higher
concentrations of CPF (30 µM), in which significant AChE inhibition occurred, resulted
in the opposite effect: increased nestin expression and decreased NeuN expression. The
percentage of cells immunolabeled for NeuN or nestin reflects their relative levels of
protein expression in SH-SY5Y cells exposed to 3 µM CPF. Increased percentages of
NeuN-positive (NeuN+) cells and decreased percentages of nestin-postitive (nestin+)
cells were recorded in SH-SY5Y cultures exposed to 3 µM CPF. As such, continuous
exposure of SH-SY5Y cells to low levels of CPF shifts protein expression and cell
populations towards a neuronal phenotype. This is the first demonstration, to our
knowledge, that CPF exposure has resulted in the promotion of differentiation towards a
neuronal phenotype. Exposure of SH-SY5Y cells to 3 µM CPF also resulted in higher
levels of p38, Erk and MSK phosphorylation and histone 3 phosphorylation, acetylation
and demethylation compared to those measured in control cells. Given their role in
regulating gene expression critical to neuronal differentiation, MAPKs and histone
modifications are likely contribute to CPF-induced NeuN and nestin expression.
The use of the p38 inhibitor SB203580 revealed that p38 plays a role in CPFinduced neuronal differentiation of SH-SY5Y cells. In the absence of a saturating
concentration of the p38 inhibitor SB203580, CPF (3 μM) reduced the pool of nestin+
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cells and increased the pool of NeuN+ cells, without having a significant effect on the
pool of nestin- NeuN- cells that are likely to represent immature intermediary cells
committed to the mature neuronal fate. However, in the presence of the p38 inhibitor,
CPF (3 μM) increased the pools of NeuN-positive cells and nestin-positive cells while
significantly reducing the pool of nestin- NeuN- intermediary cells. These results suggest
that, in the absence of p38 activity, exposure of SH-SY5Y cultures to CPF causes
progenitor cells (nestin+ cells) to be trapped in a self-renewing state, restricts their
differentiation, and subsequently exhausts the pool of intermediary nestin- NeuNnegative cells by promoting their differentiation into mature neurons (NeuN+ cells). p38
activity, in this case, likely prevents growth arrest of the nestin-positive cells, and,
thereby, their exit from the progenitor pool toward differentiation. This is the first study
to demonstrate that continuous exposure of SH-SY5Y cells to CPF concentrations that do
not significantly inhibit AChE or cause cytotoxicity is capable of inducing neuronal
differentiation and that this effect is mediated in part by p38.

7.1.

A novel role for CPF in the induction of neuronal differentiation

Irreversible inhibition of AChE in the peripheral and central nervous systems
contributes to the cholinergic syndrome induced by an acute exposure to high doses of
organophosphorus insecticides, including CPF (reviewed in Pereira et al., 2014).
However, evidence from clinical and preclinical studies support the notion that additional
mechanisms of action contribute not only to the acute toxicity of high doses of OP
insecticides but also to the neurotoxic effects that develop following continued low-level
exposures, particularly in the developing brain (reviewed in Burke et al., 2017). The
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notion that AChE-related and –unrelated mechanisms contribute to the effects of CPF in
the developing nervous system is also supported by the findings reported here.
Exposure of SH-SY5Y cells to concentrations of CPF that caused significant
inhibition of AChE (10-30 µM) resulted in increased nestin expression and reduced
NeuN expression, a phenotype typically found in neuronal progenitor cell types. In
contrast, exposure to SH-SY5Y cells to concentrations of CPF that were not sufficient to
cause significant inhibition of AChE (1 and 3 µM) resulted in cells exhibiting elevated
NeuN expression and reduced nestin expression, a phenotype typically found in mature
neuronal cells. These changes in protein expression paralleled the changes in percentage
of progenitor cells and mature neurons in CPF (3 µM)-exposed SH-SY5Y cultures. Thus,
while acting via AChE-unrelated mechanisms, CPF promotes neuronal differentiation
and via AChE-related mechanisms it suppresses neuronal differentiation.
The progenitor cell phenotype resulting from AChE-related mechanisms of CPF
exposure is similar to that previously reported in cell cultures exposed to concentrations
of CPF >50 µM that are likely to induce significant AChE inhibition (Kim et al., 2016).
ACh receptor activation is known to play a role in neurogenesis, primarily in cell
proliferation. P19 embrynomal carcinoma cells treated with muscarine or nicotine exhibit
significantly increased levels of nestin, a proliferative progenitor cell marker (Resende et
al., 2008). As such, it is tempting to suggest that increased nestin expression resulting
from concentrations of CPF that significantly inhibit AChE results from overstimulation
of mAChR and nAChR receptors by ACh accumulation secondary to AChE inhibition.
Regulation of neuronal differentiation is, however, governed by non-cholinergic
cell surface receptors as well, including those responding to other neurotransmitters (e.g.
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GABA, glutamate), neurotrophins, cytokines and endocannabinoids (eCBs) (as reviewed
by Gotz et al., 2016; Hirkany et al., 2013; Jin, 2016; Martynoga, 2017). Signaling
pathways downstream of these receptors converge on common intracellular signaling
pathways, including p38 and Erk, which share a diverse physiological role in cell
function, proliferation, and differentiation.
Low level, continuous exposure of SH-SY5Y cells to CPF increased p38 and Erk
phosphorylation. p38 is critically important for differentiation of cells towards neuronal
cell types. For example, p38 phosphorylation is required for neuronal differentiation in
PC12 cells in response to differentiation stimuli such as NGF or BMP-2 (Iwasaki et al.,
1999; Morooka and Nishida, 1998). As mentioned previously, transient p38
phosphorylation induces differentiation of progenitor cells (Aouadi et al., 2006; De
Genaro et al., 2013) while persistent p38 phosphorylation maintains cell survival during
differentiation (Binétruy et al., 2007).
The results presented here indicate that the role of p38 in differentiation of cell
populations exposed to CPF is rather complex. In SH-SY5Y cultures that were exposed
to CPF, the percentage of progenitor cells (i.e., NeuN- nestin+ cells) decreased and the
percentage of mature neurons (i.e., NeuN+ nestin- cells) increased. This finding reflects
the changes in global protein expression of NeuN and nestin induced by CPF exposure
and suggests that CPF induced progenitor cells to differentiate into mature neuronal cells.
In the presence of p38 inhibitor SB203580, however, CPF-exposure resulted in an
increase in the percentage of both of NeuN- nestin+ and NeuN+ nestin- cells. This was
accompanied by a robust reduction in the percentage of NeuN- nestin- cells. Thus, it is
tempting to speculate that inhibition of p38 suppressed the arrest of proliferation in
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progenitor cells induced by CPF exposure, but had no effect on the ability of CPF to
induce neuronal differentiation of non-self-renewing immature cells (i.e.,
NeuN- nestin- cells) already committed to neuronal differentiation. p38 inhibition
increases proliferation of nestin+ populations of adult hippocampal NSCs in vitro in a
similar manner (Yoshioka et al., 2015).
Upstream regulation of p38 phosphorylation by CPF likely originates from a cell
surface receptor that influences progenitor cell maintenance. In this context, reported
CPF targets of relevance are within the endocannabinoid (eCB) system. There are reports
that CPF potently binds to the CB1 receptors in the mouse brain and induces effects
similar to CB1 receptor agonists, inhibiting ACh release in rat brain slices ex vivo
(Baireddy et al., 2011; Quinstad et al., 2002). In addition, CPF potently inhibits eCB
degradation by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAG)
as well (Quistad et al., 2006), resulting in prolonged CB1 receptor activation secondary to
accumulation of eCBs.
Endocannabinoids are important signaling molecules during neurodevelopment
that contribute to cell proliferation, differentiation, migration, and survival (Díaz-Alonso
et al., 2012; Galve-Roperh et al., 2013). Activation of CB1 receptors with synthetic
cannabinoids HU210 and WIN55 212-2 is reported to increase progenitor cell
proliferation in the hippocampus and in embryonically derived neurospheres, respectively
(Aguado et al., 2005; Jiang et al., 2005). Aside from neuronal proliferation, the role of
CB1 activation in neuronal differentiation is still being defined. Exposure to anandamide
(AEA), an endogenous CB1 agonist, for less than 4 days restricted neuronal
differentiation of PC12 cells while AEA exposure for over 4 days in NPCs induced
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neuronal differentiation (Rueda et al., 2002; Soltys et al., 2010). As such, chronic
activation of CB1 receptors likely induces neuronal differentiation, while acute activation
does not. In support of this, exposure of neural stem cells to AEA in vitro for longer than
3 days reduced nestin expression and promoted neuronal differentiation (Compagnucci et
al., 2013). Continuous exposure to CPF induces similar effects on nestin expression in
SH-SY5Y cells, as evidenced in Chapter 5. Thus, CB1 receptor activation through direct
binding by CPF or by FAAH or MAH inhibition may underlie CPF-induced neuronal
differentiation in SH-SY5Y cells.
Regardless of downstream mechanisms, histone modifications may play a
significant role in mediating gene expression resulting from CPF exposure. A recent
study reported that H3S10 phosphorylation and H3K4 dimethylation were increased in
cultured human neural progenitor cells exposed to concentrations of CPF (≥57 µM) that
are likely inhibit AChE (Kim et al., 2016). Similarly, we find that, in response to
continuous exposure to lower concentrations of CPF, SH-SY5Y cells exhibit increased
H3S10 phosphorylation and H3K4 dimethylation as well as H3K9 acetylation. The role
of histone phosphorylation, acetylation, and methylation in neuronal differentiation is
often contextual and depends on whether histone modifications are localized within
particular gene loci and transcription factors are nearby. However, certain global histone
3 modifications are reported to associate with differentiating neurons. For example,
H3S10 phosphorylation colocalizes with NeuN in the dorsal horn of the spinal cord of
rats (Tochiki et al., 2016; Torres-Perez et al., 2017) and treatment with sodium butyrate,
which inhibits histone deacetylases, maintaining a state of increased histone acetylation,
stimulates neurogenesis in the SGZ of the hippocampus (Kim et al., 2013). It is likely that

94

these histone modifications positively regulate expression of pro-neuronal genes in these
cells.
In the present study, inhibition of p38 did not reduce H3K9 acetylation or H3S10
phosphorylation, and, as such, had no effect on CPF-induced NeuN expression. While
p38 inhibition did, however, result in reduced H3K4 dimethylation, the existence of a
cooperative bivalent domain between the H3K4 residue and the H3K27 residue muddles
the interpretation of the effects of methylation at the single site. As such, the association
between SB203580-induced rescue of nestin expression and reduction H3K4
dimetyhlation in CPF exposed SH-SY5Y cells cannot be determined. It is plausible,
however, that H3S10 phosphorylation and H3K9 acetylation may regulate CPF-induced
NeuN expression.
These results provide a framework for understanding how exposure of humans
and animals during critical periods of brain development to doses of CPF that are not
sufficient to inhibit AChE results in neurobehavioral deficits and disruption of the
structural integrity of the brain. The induction of neuronal differentiation by CPF
examined in this study provides a mechanism by which these deficits may occur.
Developmental exposure to compounds that stimulate neuronal differentiation (e.g., RA
and valproic acid) result in developmental delays and birth defects in the central nervous
system (Rodier, 2004 and the references therein). In-utero exposure to other
neurotoxicants including CPF produces similar effects (Antonelli et al., 2016 and
references therein). In guinea pigs, prenatal exposure to doses of CPF that cause
insignificant brain AChE inhibition resulted in offspring with structural abnormalities in
the striatum and amygdala as well as deficits in spatial learning and memory (Mamczarz
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et al., 2016; Mullins et al., 2015). Similar cognitive deficits have been observed in rats
exposed to low doses of CPF during the period of brain growth spurt (reviewed in Burke
et al., 2017). These deficits can be explained by changes in eCB signaling, because
developmental exposure of mice to FAAH inhibitors resulted in impaired memory and
increased depressive behaviors (Wu et al., 2014). FAAH and MAG inhibition and
subsequent CB1 receptor activation have also been reported to induce phosphorylation of
p38 (Turu and Hunyady, 2010). In fact, ablation of eCB degradation through genetic
knockout of FAAH in mice leads to birth complications, such as pre-term birth, in a p38
dependent manner (Sun et al., 2016). In a similarly manner, pregnant mothers exposed to
CPF during gestation in Egypt birthed children with, on average, a shorter gestational
age, decreased birth weight and smaller head circumference (Farahat et al., 2016).
It is, therefore, tempting to speculate that developmental exposure to low levels of
CPF may activate eCB signaling to induce premature neuronal differentiation that, in
turn, disrupts the maturation of synaptic integration and eventually leads to cognitive and
structural deficits. A diagrammatic representation of the proposed mechanisms
underlying CPF-induced neuronal differentiation is illustrated in Fig. 19. Further
experimentation is required to explore the causal relationships between the signaling
molecules presented in the proposed model.
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Figure 19: Proposed mechanism of CPF-induced neuronal differentiation in SHSY5Y cells
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Chapter 8: Conclusions and future directions
This is the first study to report that, via AChE-unrelated mechanisms, CPF
promotes neuronal differentiation. These results have a direct impact on: (i) the use of the
SH-SY5Y cell line as a model for investigating the effects of OP insecticides on neuronal
differentiation, (ii) investigating exposure paradigms that are toxicologically relevant,
(iii) identifying the mechanism(s) by which CPF induces toxicity at concentrations that
do not significantly inhibit AChE, (iv) and further probing how continuous, low level
CPF exposure influences neuronal differentiation.
Future directions for this work lie in further exploration of the mechanism(s) by
which CPF is acting in SH-SY5Y cells. M2 mAChR and the CB1 receptor are the most
obvious molecular targets to be studied in the context on CPF-induced p38 activation and
neuronal differentiation. In order to test this, the selective M2 mAChR antagonist
methoctramine and the CB1 receptor antagonist AM4113 would be applied to SH-SY5Y
cells in the presence or absence of CPF for 7 days. To assure that these compounds are
inhibiting their respective receptors in a biologically relevant manner, additional
experiments will be carried out administering carbachol and WIN55,212-2 in the
presence or absence of methoctramine or AM4113, respectively, to confirm M2 mAChR
and CB1 receptor antagonism. In addition to NeuN and nestin, a more diverse battery of
differentiation markers including doublecortin, neuron-specific enolase, and sox2 should
also be analyzed by Western blot and immunofluorescence to further identify populations
of cells actively undergoing differentiation. Histone trimethylation of H3K27 could also
be analyzed and the ratio of H3K4 and H3K27 methylation could be examined to
determine the state of the bivalent domain and if it contributes to changes in nestin
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expression following CPF exposure. Additionally, H3K4 dimethylation could be
immunoprecipitated and its local gene targets could be determined using a ChIP-Seq
analysis. Application of a selective MSK1 inhibitor H89 in the presence and absence of
CPF could provide insight into MSK1’s role in H3S10 phosphorylation and whether it
regulates CPF-induced expression of NeuN. These future studies would be instrumental
for the identification of additional components of the cell signaling cascade responsible
for CPF-mediated changes in gene expression and provide a more complete framework
for a better understanding of the potential effects of CPF in the developing nervous
system. Further, identification of a receptor system that mediates the effects of CPF on
neuronal differentiation may provide the basis for the identification of therapeutic
interventions to counter the developmental neurotoxicity of CPF.
In conclusion, the present study sets the foundation for a comprehensive analysis
for the effects of CPF on neuronal differentiation. Further experimentation is needed to
identify an upstream target of CPF and the cell signaling network required for CPF to
induce neuronal differentiation.
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