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ABSTRACT

Genetic determinants such as the apolipoprotein E (APOE) gene can influence
the individual’s response to environmental factors. For example, the most
frequent human APOE genetic variants produce different vulnerabilities to
toxics such as pesticides. Organophosphate pesticides - especially chlorpyrifos
(CPF) - are used extensively worldwide. However, the massive use of these
pesticides can trigger detrimental effects in non-target organisms, thus
representing a risk to public health. Effectively, the general population is
primarily exposed to trace levels of CPF in food. Particular attention has been
paid to exposure during development, since higher vulnerabilities have been
reported during this period. The main aim of this thesis is to evaluate how the
APOE genotype contributes to the behavioral and biochemical effects of
postnatal exposure to chlorpyrifos at several stages of life. To do so, we used
apoE3- and apoE4-TR mice, as well as wild type C57BL/6 mice. These animals
were exposed to either 0 or 1 mg/kg/day of CPF from postnatal day (PND) 10
to PND 15. Gut microbiota composition and short-chain fatty acid (SCFA) levels
in the brain were studied in males at early ages, while recognition memory was
assessed in young adult males and females. We also examined the contribution
of the cholinergic and GABAergic system using a pharmacological strategy.
Spatial learning and memory were evaluated in middle-aged mice of both sexes,
as was the gene expression of elements involved in the cholinergic system.
Differences between APOE genotypes were observed throughout the study and
these differences modulated the response to the toxic effects of CPF. ApoE4
presented differences in core microbial communities, including Akkermansia
muciniphila. Exposure to CPF induced dysbiosis at early ages, with apoE4 mice
being the most affected. Mice treated with CPF and apoE3-TR mice presented
the highest levels of certain SCFAs in the brain. In terms of recognition memory,
apoE3-TR mice failed to recognize the novel object, while CPF-treated mice had
impaired discrimination. A pharmacological challenge revealed differences
between groups depending on postnatal exposure, sex and genotype. ApoE4

mice presented worse spatial memory than C57BL/6 mice but this result was
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modulated by CPF exposure in a sex-dependent manner. ApoE4 mice presented
an altered expression of cholinergic elements in the brain, which can also be
influenced by postnatal CPF exposure. Overall, the current results show that
postnatal exposure to CPF leads to long-lasting effects in adults. The different
characteristics conferred by the APOE genotype produce different levels of
vulnerability to CPF-elicited effects in a sex-dependent manner, which provides

further insight into gene-environment interactions at different stages of life.

Keywords:

Chlorpyrifos, Pesticide, APOE, Brain development, Gut microbiota, short-chain

fatty acids, Cholinergic system, Learning, Spatial memory, Recognition memory.
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ABBREVIATIONS

5-CSRTT. 5-choice serial reaction time task
Af3. Amyloid beta

Acetyl-CoA. Acetyl-coenzyme A
ACh. Acetylcholine

AChE. Acetylcholinesterase

AD. Alzheimer’s disease

ApoE. Apolipoprotein E

BChE. Butyrylcholinesterase
BDE-209. Decabromodiphenyl ether
ChAT. Choline acetyltransferase
ChE. Cholinesterase

CNS. Central nervous system

CPF. Chlorpyrifos

CPO. Chlorpyrifos oxon

DEP. Di-ethyl phosphate

DETP. Di-ethyl thiophosphate

GD. Gestational day

GF. Germ-free

GFAP. Glial fibrillary acidic protein
HDAC. Histone deacetylase

HDL. High-density lipoproteins
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LDL. Low-density lipoproteins
mAChRs. Muscarinic receptors
MWM. Morris water maze
nAChRs. Nicotinic receptors

NSE. Neuron-specific enolase
NFTs. Neurofibrillary tangles

OPs. Organophosphorus pesticides
PND. Postnatal day

PON1. Paraoxonase 1

SCFAs. Short-chain fatty acids
TCPy. 3,5,6-trichloro-2-pyridinol
TR. Targeted replacement

VAChT. Vesicular acetylcholine transporter

VLDL. Very low density lipoproteins
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1. INTRODUCTION

Individual differences associated with certain genetic factors lead to different
vulnerabilities to environmental insults. This is the case, for example, of the
APOE gene, whose polymorphisms confer different susceptibilities to cognitive
impairments, metabolic alterations and Alzheimer’s disease (AD). The APOE
genotype can influence the response to environmental toxics such as pesticides.
Also, individuals during development present higher vulnerability to toxic
exposure, as has been demonstrated with the pesticide chlorpyrifos. Much
interest has focused on studying the effects of developmental exposure to

pesticides and the influence of one’s genetic background.

1.1. Apolipoprotein E

Apolipoprotein E (APOE) is one of the ten most studied genes of all time (Dolgin,
2017). A member of the family of soluble apolipoproteins, apoE is mainly
involved in lipid transport in plasma and the central nervous system (CNS). Itis
associated with very low density lipoproteins (VLDL), chylomicron remnants
and certain high-density lipoproteins (HDL) (Huang and Mahley, 2014; Mahley
et al., 1984). Most apoE synthesis takes place in the hepatocytes of the liver,
followed by the astrocytes of the brain. However, it is also expressed in a wide
range of tissues, including the adrenal glands, spleen, lungs and kidneys
(Elshourbagy et al, 1985). Macrophages are also considered important

producers of apoE (Basu et al,, 1981).

1.1.1. Structure and polymorphisms

ApoE, a polymorphic 34 kDa protein composed by 299 amino acids, is encoded
in chromosome 19 (19q13). In humans, it mainly presents three isoforms

(apoE2, apoE3 and apoE4), which give rise to three homozygous (E2/E2, E3/E3,
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and E4/E4) and three heterozygous (E2/E3, E2/E4, and E3/E4) phenotypes (for
a review, see Huang and Mahley, 2014). The three isoforms are differently
distributed in the population. Specifically, the allele £3 is the one which is most
common in the human population worldwide, with a frequency of 73.3% (SD =
12.1), while the allele £4 is present in 14.5% (SD = 8.5) and the allele £2 is
present in only 6.4% (SD = 5.1) (Eisenberg et al., 2010).

The three different isoforms are generated by two single nucleotide
polymorphisms (rs429358 and rs7412) in the APOE gene (Bekris et al., 2010).
Isoforms apoE2 and apoE4 differ from apoE3 by a single aminoacid substitution
at position 112 or 158: apoE3 presents a cysteine at position 112 and an
arginine at position 158. ApoE4 differs from apoE3 by presenting an arginine at
position 112 whereas apoE2 differs from apoE3 by presenting a cysteine at
position 158 (Rall et al., 1982; Weisgraber et al,, 1981; Zhong and Weisgraber,
2009). These differences in the amino acid sequence lead to changes in
structure, that condition its function. ApoE4 is considered the ancestral
mammalian isoform because of its resemblance to the apoE in primates.
However, the sporadic mutations that produce apoE3 would have been selected
during evolution for various reasons, including ‘grandmothering’ (Finch and

Sapolsky, 1999; Mahley and Rall Jr., 1999).

Although apoE was discovered in the early 1970s, it was not until later that its
structure was fully elucidated (Chen et al., 2011). ApoE is composed by two
different domains united by a hinge region (Figure 1). The N-terminal domain
(residues 1-167) is made up of a 4-helix-bundle and contains the LDL receptor
binding site, whereas the C-terminal domain (residues 206-299) is made up of
three amphipathic a-helices and contains the lipoprotein-binding domain. The
hinge region (residues 168-205) regulates interaction between the two domains

(Chen etal., 2011; Phillips, 2014).
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Figure 1. Representation of apolipoprotein E (apoE).
The N-terminal domain (residues 1-167), the C-terminal domain (residues 206-299) and
the hinge region (residues 168-205) are represented. Adapted from Mahley (2017).

1.1.2. Functions

The main function of apoE is lipid transfer from circulating lipoproteins to cells
and tissues through binding to specific cell surface receptors, which leads to the
internalization of these lipoproteins. Interaction between apoE and the
receptors favors clearance of the lipoproteins, which maintains lipid
homeostasis (Mahley, 1988; Mahley and Huang, 2007). ApoE mainly interacts
with the LDL receptor family and with heparin sulfate proteoglycans (Libeu et
al., 2001; Morrow et al.,, 2000a). ApoE has been related to other functions apart
from lipid transport. For example, it is reported to play a role in lipid
accumulation in adipose tissue and in the differentiation of adipocytes (Lasrich
etal., 2015). It may also help to modulate inflammatory and immune responses
(Zhang et al,, 2011) and the maintenance of the blood brain barrier (Nishitsuji
etal, 2011).
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ApoE3 and apoE4 bind to LDL receptors with high affinity. However, the
cysteine-to-arginine substitution confers apoE2 defective binding, which is
associated with type-IIl hyperlipoproteinemia. This is a genetic disorder
characterized by elevated levels of cholesterol and triglycerides, which can lead
to the development of premature atherosclerosis (Mahley et al, 1999).
However, apoE2 has also been linked to enhanced neuroprotection, unlike
apoE4, which has been linked to cognitive decline and AD (Conejero-Goldberg
etal, 2014; Corder etal,, 1994). In apoE4, the arginine at position 112 alters the
orientation of the chain to form a salt bridge with glutamic acid at position 109.
The side chain of arginine 61 is then reoriented, which enables its interaction
with glutamic acid at position 255 (Dong and Weisgraber, 1996). This N- and C-
domain interaction is a unique feature of apoE4 and determines the preference
for specific classes of lipoprotein: apoE4 prefers to bind to large lipoprotein
particles such as VLDL and LDL, whereas apoE2 and apoE3 prefer the small HDL
(Weisgraber, 1990). The isoforms also differ in the stability of their N-terminal
domain: apoE4 is the most unstable, while apoE2 is the most stable (Morrow et
al., 2000b; Zhong and Weisgraber, 2009). All in all, these differences in apoE4
are considered the basis for its relationship with enhanced vulnerability to
metabolic and neurodegenerative diseases (which we discuss further in section

1.1.3.1).

1.1.3. ApoE in the brain

The APOE gene has been linked to neurobiology and has important functions in
the CNS. As we mentioned earlier, the astrocytes in the brain are the second
major producer of apoE (Pitas et al., 1987), though apoE can also be produced,
to a lesser degree, by microglia and neurons under certain stimuli (Xu, 2006).
Note that exchange between liver- and brain-produced apoE does not exist
because of the presence of the blood-brain barrier (Liu et al,, 2012). ApoE is the
main lipid transport protein in CSF. Specifically, as the brain is the most
cholesterol-rich organ, its regulation by apoE is crucial to correct brain

functioning. ApoE helps to redistribute cholesterol and phospholipids
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throughout the brain for repair and remodeling (Mahley, 2016). In the central
nervous system, it has been related to neuronal plasticity, neurite growth and

synaptogenesis, and neuronal repair (Kim et al., 2014).

1.1.3.1. APOE and neurodegeneration

APOE4 is known to be the main genetic risk factor for the development of AD
(Corder et al, 1993; Roses, 1996). AD is one of the most common
neurodegenerative diseases. Characterized by progressive deterioration in
cognition, function and behavior, it is associated with pathological changes in
the brain, including extracellular amyloid-3 (Af3) plaques and the
hyperphosphorylated tau protein that forms intracellular neurofibrillary
tangles (NFTs) (Reitz and Mayeux, 2014), as well as cholinergic dysfunction
(Hampel et al., 2018). ApoE is reported to be related to the metabolism of Af3 in
an isoform-dependent manner. Indeed, apoE4 binds more efficiently under
certain conditions, and decreases the clearance of Af in mice, thus contributing
to the pathology of AD (Castellano etal., 2011). ApoE4 is also linked to enhanced
levels of tau in the brain and therefore to the formation of NFTs (Shietal,, 2017).
Moreover, apoE4’s unique conformation is reported to make it susceptible to
proteolytic cleavage, which produces truncated fragments that can produce
neurotoxicity. The greater presence of truncated fragments correlates with the
most affected brain regions in AD (Brecht, 2004). It has been shown that these
fragments are produced by neurons in response to brain injury, as part of the
repair response. ApoE4’s neurotoxic effect may be related to cytoskeletal
disruption and mitochondria dysfunction (Mahley and Huang, 2012), which
have also been detected in amyloid plaques and NFT-like inclusions of the brain

(Dafnis et al., 2016; Huang et al., 2001).
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1.1.3.2. APOE and cholinergic system

Cognitive decline and AD have been linked to alterations in cholinergic function
(Hrabovska and Krejci, 2014; Muir, 1997; Schliebs and Arendt, 2011, 2006).
ApoE4 has also been related to diminished cholinergic function (Allen et al,,
1997). Acetylcholine (ACh) is one of the main neurotransmitters in the brain,
where it is involved in functions such as cognition, learning, memory and stress
response (Ferreira-Vieira et al,, 2016). The cholinergic system is made up of
several elements that are involved in the synthesis, storage and release of the
system’s neurotransmitter to the synaptic cleft, where it can bind to the
receptors and transmit the signal, as well as elements implicated in its
degradation and re-uptake (Figure 2). The cholinergic system neurotransmitter
ACh is synthesized from choline and acetyl-coenzyme A (acetyl-CoA) in the
cytoplasm of cholinergic neurons by the enzyme choline acetyltransferase
(ChAT) and stored by the vesicular acetylcholine transporter (VAChT) into
synaptic vesicles. These vesicles are released into the synaptic cleft when
cholinergic neurons are depolarized. ACh then binds to the different receptors

(Abreu-Villaga et al., 2011; Ferreira-Vieira et al., 2016; Prado et al., 2013).

There are two main types of acetylcholine receptors: muscarinic (mAChRs) and
nicotinic (nAChRs) receptors. More specifically, mAChRs are G-protein-coupled
receptors made up of seven transmembrane domains. They account for five
different isoforms (M1-M5), which can activate different signaling pathways.
M1, M3 and M5, for instance, couple to GTP-binding proteins (Gq) and activate
phospholipase C, thus mobilizing intracellular calcium. The binding of M2 and
M4 to the protein G (Gi), on the other hand, inhibits adenylyl cyclase activity and
reduces intracellular cAMP levels (Jiang et al., 2014; Koch et al,, 2005). On the
other side, nAChRs are pentamericion gated receptor channels that are selective
for cations generated by the combination of different subunits o («2-a10) and
B (B2-B4). They can be heteropentameric, with a42 nAChR being predominant
in the mammalian brain, or homopentameric, with a7 nAChR being the most

highly expressed (Abreu-Villaca et al.,, 2011). Depending on the receptor and its
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neuronal localization, their activation by ACh can promote either stimulation or

inhibition and thus modulate CNS function (Ferreira-Vieira et al,, 2016).

The enzyme acetylcholinesterase (AChE) hydrolyses and inactivates the ACh
neurotransmitter in order to stop the transmission. This releases choline and
acetate, which is re-uptaken by the presynaptic neuron. AChE can produce three
different isoforms by alternative splicing: synaptic AChE-S, erythrocytic AChE-E
and readthrough AChE-R (Soreq and Seidman, 2001). The carboxy-terminal
sequences determine their configuration, with AChE-S normally being found as
tetramers indirectly attached to the cell surface. AChE-R, on the other hand, is
normally found in monomeric soluble form within the synaptic cleft. AChE-S is
the most prominent form in the mammalian brain, followed by AChE-R, whose
production normally increases in response to stress (Grisaru et al., 1999; Hartl
et al, 2011). Another enzyme, butyrylcholinesterase (BChE), can contribute to
the hydrolysis and inactivation of ACh, albeit in a less specific manner. BChE,
which is also known as serum cholinesterase, can also act as a molecular decoy

for anti-AChEs (Soreq and Seidman, 2001).

Studies in human and animal models showed different levels of cholinergic
elements depending on the genotype, which supports the hypothesis that
cholinergic system alterations exist in apoE4-carriers. Poirier et al,, (1995), for
example, observed alterations in several cholinergic markers in the postmortem
brains of AD patients depending on the apoE4 allele dosage. These markers
included a decrease in ChAT activity and nicotinic binding sites in the
hippocampus and temporal cortex in apoE4 carriers (Poirier et al, 1995).
Differences between genotypes were observed in old mice that express human
apoE, which shows that apoE4 targeted replacement (TR) mice presented
decreased levels of VAChT, AChE and BChE with age compared with apoE3 mice.
ACh release impairments in the hippocampus of old apoE4 mice have also been

observed (Dolejsi et al, 2016). Another study reported higher distribution
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volumes of labelled muscarinic selective agonists in older apoE4 patients, which
suggests a lower ACh in the synapse of these subjects (Cohen et al, 2003).
However, other studies found no APOE-genotype differences in the cholinergic

system (Bronfman et al., 2000).
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Figure 2. Schematic representation of the cholinergic system.

ACh is synthesized in the presynaptic neuron from choline and acetyl-CoA by the enzyme
ChAT. ACh is then stored in the synaptic vesicles by the VAChT until it is released into the
synaptic cleft. There, ACh binds to the mAChR and nAChR located either in the
presynaptic or postsynaptic neuron. To end the transmission, ACh is degraded by the
enzyme AChE. Abbreviations: ACh, acetylcholine; ChAT, choline acetyltransferase;
VAChT, vesicular acetylcholine transporter; mAChRs, muscarinic acetylcholine
receptors; nAChRs, nicotinic acetylcholine receptors; AChE, acetylcholinesterase.
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Recent studies in our laboratory attempted to shed more light on the link
between cholinergic elements and apoE4 allele using apoE3- and apoE4-TR
mice. Basaure et al. (2018) reported differences in the gene expression of
VAChT, a7 nAChR, AChE-S and AChE-R in the forebrain between genotypes in
the developmental period (PND 15 - PND 30). Specifically, apoE3-TR mice
showed higher levels of VAChT and AChE-S, whereas apoE4-TR mice presented
higher levels of a7 nAChR and AChE-R (Basaure et al.,, 2018). In another study
with apoE-TR mice at 6 months of age, differences were observed in ChAT and
VAChHT levels (which were higher in apoE4-TR mice than in apoE3-TR mice),
which suggests that age strongly influences the regulation of cholinergic

elements in apoE-TR mice (Basaure et al., 2019).

1.1.3.3. APOE and behavioral outcomes

Differences in behavior have been described between the various APOE allele
carriers in terms of learning and memory, stress, attention, impulsivity and
compulsivity. Several studies of non-demented elderly patients have observed
that memory declined faster in subjects with atleast one €4 allele (Mayeux etal.,
2001). Similarly, AD patients with €4 presented faster cognitive decline,
especially at early stages of the disease (Cosentino et al.,, 2008). Working and
recall memory were also influenced by the APOE genotype, with €4 homozygotes
exhibiting the worst performance (Reynolds et al., 2006). Also, non-demented
healthy elderly non-€4 carriers outperformed €4 carriers in object recognition
and spatial navigation tests (Berteau-Pavy et al,, 2007). A meta-analysis with
cognitively healthy adults revealed impaired performance of €4 in a range of
neurocognitive functions, including episodic memory, executive functioning and

overall global cognitive ability (Wisdom et al., 2011).

Studies in transgenic mice helped shed more light on the differences observed
in humans. Meng et al. (2017), for instance, reported higher anxiety-like

behaviors in the open field, light/dark test and elevated plus maze in 3-month-
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old GFAP-apoE4 transgenic mice compared with their apoE3 counterparts.
Similarly, studies with apoE-TR mice showed that apoE2- and apoE4-TR mice
performed less well in acquiring the spatial task Morris water maze (MWM)
than apoE3-TR mice. ApoE4-TR mice also showed decreased activity in the open
field, while apoE2-TR mice presented hyperactive behaviors at four months of
age (Reverte et al, 2012). Differences were also observed in attention and
inhibitory control since 8-month-old female apoE4-TR mice presented higher
levels of perseverative and premature responses but lower accuracy than
apoE2- and apoE3-TR mice in the five-choice serial reaction time task (Reverte

etal,, 2016).

Differences between genotypes may be influenced by other factors, such as sex
and age. Females are known to be more affected by the APOE4 genotype than
males (e.g. they show higher neurocognitive impairments) (Pontifexetal.,, 2018;
Toro et al,, 2019). Although enhanced AD risk with apoE4 is observed in both
males and females, female apoE4 carriers presented earlier onset and more
extended AD pathology than males. Moreover, Corder et al. (2004) observed
that women who carried the €4 allele presented a greater presence of NFT and
senile plaques beginning in middle age in a study of more than 5000 brain
samples. ApoE4 also presented lower hippocampal volume in female than in
male carriers with mild cognitive impairment (Fleisher et al., 2005). Animal
studies corroborate these observations obtained in human patients.
Grootendorst et al. (2005) observed effects on learning and memory capacities
at 4-5 months of age depending on the APOE isoform and gender, with apoE4
females being the most affected. When studying the same cognitive capacities at
15-18 months of age, apoE4 also showed the worst performance, as well as age-
dependent impairments (Bour et al, 2008). To sum up, age and sex are

important factors that can modulate APOE genotype-dependent differences.
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1.1.4. ApoE and metabolism

Different metabolic profiles have been observed between genotypes. Although
studies in humans have presented controversial results, probably due to the
potency of the study and possible confounder effects, most agree on a body mass
index distribution as follows: E2 > E3 > E4. This observation has been
corroborated in studies with adult (Gottlieb et al,, 2004; Kulminski et al., 2019;
Tejedor etal,, 2014; Volcik et al., 2006) and child participants (Ellis et al., 2011).
Ellis etal. (2011) observed that 8-year-old apoE4-carriers presented decreased
levels of adiposity. To shed more light on this subject, studies with apoE-TR mice
were performed, the results of which suggest that APOE can determine
susceptibility to obesity and insulin resistance. Karagiannides et al. (2008)
showed that female apoE3-TR mice were more sensitive to obesity and related
metabolic dysfunctions after exposure to a western diet. More specifically,
apoE3-TR mice presented a more obese phenotype and developed higher
hyperglycemia, hyperinsulinemia, glucose intolerance and insulin resistance
than wild type C57BL/6 mice. Interestingly, apoE KO remained resistant to
these conditions (Karagiannides et al, 2008). Other studies also obtained
similar results, with male apoE3-TR mice presenting higher net body weight
than their E4 counterparts after a high-fat western diet (Arbones-Mainar et al,,
2008; Huebbe et al.,, 2015; Segev et al., 2016). Huebbe et al. (2015) attributed
these differences to a more efficient use of nutrients by apoE3-TR mice.
However, it has also been reported that male apoE4-TR mice are more likely to
develop impaired glucose tolerance and are therefore more prone to developing
diabetes mellitus-like metabolic features (Arbones-Mainar et al., 2008; Segev et

al, 2016).

1.1.5. Experimental models - ApoE-TR

Animal models have become essential for acquiring a more complete
understanding of the role of apoE. Several mouse models have been designed

over the years. First, APOE-deficient mice were produced by gene targeting
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(Maeda, 2011; Zhang et al., 1992). Then, mouse models were generated that
lacked the murine apoE gene and expressed human isoforms under the
regulation of promoters such as the glial fibrillary acidic protein (GFAP)
promoter in the astrocytes (Hartman et al,, 2001). Another typical promoter is
the neuron-specific enolase (NSE) promoter in neurons (Raber et al,, 1998).
Other groups used these mice models to cross with other mice that carried
typical mutations of AD such as mutated forms of the APP gene (Graybeal et al.,
2015; Holtzman et al., 1999). However, these mice models generally produced
mice with varying levels of apoE that could ultimately result in imprecise spatial
and temporal expression in the brain and other tissues. To address this issue,
transgenic mice that express human apoE isoforms rather than the murine
protein, and therefore leave the APOE regulatory sequences intact, were
designed. ApoE-TR mice that express human apoE at physiological levels in a
similar pattern to wild-type mice and humans, emerged as a widely validated

apoE mice model (Sullivan et al,, 2004, 1997).

1.2. Chlorpyrifos

Chlorpyrifos (CPF) is a widely used pesticide belonging to the OP family.
Pesticides are a large, heterogeneous group of compounds used to control and
repel pests. However, they also represent a public health concern because of
their possible toxicity for non-target organisms. In the last century, new and
more potent pesticides increased the worldwide use of these chemicals. First,
chlorinated hydrocarbons, and then organophosphorus compounds,
methylcarbamates and pyrethroids were introduced into the marketplace. For
a period of time known as the golden age of pesticides, a large number of new
pesticides were synthesized, thus improving agricultural productivity. During
that period, pesticides were generally considered safe. However, their large-
scale use began to worry the population. This concern culminated in 1962 with
the publication of Rachel Carson’s book, the Silent Spring, in which the author

argued that a massive release of pesticides into the environment would have a
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huge negative impact on the welfare of humans and animals. This had a great
impact on the population and led to certain regulations being introduced. In the
early 1970s, persistent organochlorine insecticides, including the widely used
DDT, were restricted or banned in the US and other countries around the world
(Casida and Quistad, 1998). Later, less persistent but highly effective
organophosphorus pesticides (OPs) emerged as those most widely chosen.
However, since their discovery, OPs have been used not only as insecticides but
also as therapeutic agents, plasticizers, lubricants fuel additives and even agents
of warfare (Pope, 1999). OPs remain one of the most common pesticides in the
world. In fact, statistics reported that in 2015, 2280 tons of organophosphorus
pesticides were used for agriculture use in Spain alone (Food and Agriculture

Organization - FAO Statistics, 2015).

OPs include a wide range of chemicals obtained from phosphoric, phosphonic,
phosphinic and thiophosphoric acids (Balali-Mood and Saber, 2012; Naughton
and Terry, 2018). The general structure of OPs is shown in Figure 3, where the
X represents the group displaced when the OP phosphorylates the
acetylcholinesterase. Groups R1 and R2 are generally alkyl-, alkoxy-, alkylthio-
or amid groups (Balali-Mood and Saber, 2012; Costa, 2006).

R, 0 (S)

Figure 3. Schematic representation of OP structure.
The OP is composed by a phosphorus atom with a double bond to sulphur.
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OPs all share the same main toxicity mechanism: they target the enzyme AChE
and inhibit its catalytic activity in the central and peripheral nervous system.
This inhibition results in an increase in the synaptic levels of ACh, which in turn
leads to excessive stimulation of both nicotinic and muscarinic receptors
(Flaskos, 2012). Other non-acetylcholinesterase targets have been described for
OPs (Naughton and Terry, 2018) that trigger alterations in, for example,
oxidative stress (Abolaji et al, 2017; Eftekhari et al.,, 2018), inflammation
(Mohammadzadeh et al., 2018) and axonal transport (Terry et al., 2007). Cases
of occupational, accidental or intentional acute OP poisoning have been
reported worldwide, with effects ranging from mild cholinergic clinical
manifestations (e.g. nausea, blurred vision, salivation, lacrimation and
respiratory dysfunctions) to respiratory paralysis and even death (Balali-Mood
and Saber, 2012). Notably, chronic exposure to doses of OPs below the threshold
for toxicity has been linked to cognitive impairments, depression, metabolism
dysfunctions and neurotoxicity. Similarly, a greater sensitivity of younger
organisms to OP toxicity has been observed in numerous studies, which
underlies the danger of exposure to OPs during development (Burke etal., 2017;

Eaton et al., 2008).

1.2.1. CPF use

CPF is an insecticide and acaricide used worldwide, that was first introduced to
the marketplace in 1965. Until recently, it was used for both agricultural and
non-agricultural purposes. In agriculture it is mainly used to protect corn, tree
nuts and soybeans, though it is also used to protect fruit trees. Residential uses
formerly included the control of pests such as cockroaches and fleas, and the
manufacture of pet collars against tick and fleas. The main manufacturer of CPF
in the US is Dow AgroSciences, where it is frequently commercialized under the
names Dursban and Lorsban. However, regulations implemented in the US in
2001 banned the residential use of CPF and its use for this purpose dropped to
less than 3% of the total (Eaton et al,, 2008). Debate on whether to ban CPF in

Europe has been continuing for years. EU approval for CPF will continue at least
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until 2020. Remarkably, the Spanish Ministry of Agriculture, Fisheries and Food
allows products whose active substance is CPF to be used for several purposes
in Spain, including domestic outdoor gardening (Ministerio de Agricultura,

Pesca y Alimentacion, 2019, Saunders et al., 2012).

1.2.2. Structure and chemical properties of CPF

CPF [0,0-diethyl 0-(3,5,6-trichloropyridin-2-yl) phosphorothioate] is a
colorless-to-white crystalline solid with a faint mecaptan-type odor. It is barely
soluble in water but is soluble in most organic solvents such as acetone, xylene
and methylene chloride. CPF is stable in neutral and acidic aqueous solutions,
and its stability decreases as pH increases. It is moderately volatile with a vapor
pressure of 1.87x10-> mmHg at 252C (Eaton et al, 2008). The physical and
chemical properties of CPF are shown in Table 1. CPF is composed by a
pentavalent phosphorus atom with a double bond to sulphur. The phosphorus
atom presents two more stable unions with ethyl groups and an unstable union
to an aromatic structure that is released during the biotransformation process

(Karalliedde et al., 2003).

1.2.3. Exposure pathways

After the introduction of the regulations in 2001, non-agricultural exposure to
CPF was greatly reduced. Once CPF is applied to crops, it can bind soil and plants
and undergoes rapid degradation. However, residual levels may remain for
longer periods of time. CPF in the environment is subjected to a number of
degradation pathways, e.g. photodegradation, volatilization, hydrolysis and
microbial degradation. CPF half-life in the environment is approximately three
days, though a range of two to 120 days has been reported under field
conditions. Half-life may increase or decrease depending on soil carbon content,
moisture, application rate and microbial activity (Eaton et al., 2008; Solomon et

al., 2014). CPF has also been detected in locations far removed from sites where
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it has been applied to agriculture, which demonstrates that it is potentially

subject to long-range transport (Mackay et al., 2014).

Table 1. CPF properties

Molecular structure
S
Cl_N_O— ||=—o— CH,
o
c "¢ |
CH;
Molecular formula CoH11CIsNO3PS
Chemical name | 0,0-diethyl-0-(3,5,6-trichloro-2-
(IUPAC) pyridyl)phosphorothioate
Cas number 2921-88-2
Molecular weight 350.6 g/mol
Density (202C) 1.44 g/cm?3
Vapor pressure | 1.87x10-> mmHg
(2520)
Boiling point No boiling point at normal pressure, decomposes at
160°C
Melting point 41 - 42°C
Solubility in water | 1.4 mg/L
(2520)

Adapted from National Center for Biotechnology Information (NCBI), 2019

Exposure pathways to CPF include inhalation, oral and dermal exposures.
Occupational workers present a higher risk of exposure because they are
directly exposed to CPF, predominantly by inhalation or contact with the skin
following application. Families are also considered a high-risk group. For the

general population, the main pathways are dietary exposure to trace levels of
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CPF in food and, to a lesser extent, residence in the vicinity of agricultural
applications (Eaton et al., 2008; Reiss et al, 2015). Oral exposure mainly
involves fruit and vegetables, water, milk and derived products. Pre- and
postnatal exposure can also occur since CPF can easily cross the placenta and be
transferred via breastfeeding (Abdel-Rahman et al., 2002; Mansour and Mossa,
2010; Saunders et al., 2012). In view of the above factors, it is difficult to
calculate average daily exposure to CPF. However, several years ago, the US
Department of Agriculture and the FDA (US Food and Drug Administration)
were able to estimate ‘typical’ average daily exposure to CPF throughout diet in
several age groups. Estimated average exposure was 0.005 pg/kg/day for
adults, 0.014 pg/kg/day for toddlers, and 0.009 pg/kg/day for infants (Eaton et
al. 2008). In 2014, the European Food Safety Authority established an
acceptable daily intake of 0.001 mg/kg/day (Human health risk assessment of
the active substance chlorpyrifos, EFSA).

1.2.4. Absorption, distribution, biotransformation and excretion

CPF is normally well absorbed from the intestine, the skin and the lungs after
inhalation. Due to its lipophilic nature, chlorpyrifos is absorbed through the
skin, though less efficiently than via the respiratory or oral routes. With oral
exposure, recovery as urine metabolites accounts for 70-93%, compared to 1%
after dermal exposure (Griffin et al.,, 1999). However, not all the absorbed CPF
is excreted in the urine. Although CPF is well absorbed from the intestine, the
absorbed percentage may depend on the physical form and formulation
properties. CPF is found in high concentrations in fat tissue, with a half-life of
62h, compared to the half-life of 18h reported in plasma (Suratman et al.,, 2015).
CPF can be found attached to proteins such as albumin, which is the most
abundant protein in plasma. The amount of albumin attached to CPF can be used

as a biomarker for CPF exposure (Marsillach et al., 2013).
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CPF is biotransformed by

INTRODUCTION

cytochrome P450-mediated oxidative

desulphurization reaction to the highly toxic form CPF-oxon (CPO), which
irreversibly inhibits AChE. Alternatively, CPF can be detoxified by dearylation
by specific cytochrome P450 and produce 3,5,6-trichloro-2-pyridinol (TCPy)
and di-ethyl thiophosphate (DETP), which are eliminated in the urine. CPO can
undergo spontaneous or enzymatic hydrolysis by paraoxonase 1 (PON1) and
result in the formation of two metabolites: TCPy and di-ethyl phosphate (DEP),

which are also eliminated in the urine (Figure 4) (Marsillach et al., 2016).
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Figure 4. Schematic representation of CPF biotransformation.
Adapted from Marsillach et al. (2016)
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Detoxification enzymes include PON1 and cytochrome P450. PON1 is a
polymorphic A-esterase enzyme synthesized in the liver and involved in CPO
detoxification. PON1 efficiency is modulated by a polymorphism (Q192R) and
differences in PON1 phenotype modulate susceptibility to CPF toxicity (Furlong
et al., 2005). Several studies have demonstrated the protective effect of PON1
against CPF and especially against CPO. For example, a study with a PON1
knockout model showed that the animals presented higher sensitivity to CPO
(Shih et al., 1998). On the other hand, cytochrome P450 also present several
isoforms that differ in their ability to metabolize CPF, with CYP2B6 being
associated with low CPF concentrations and CYP3A4 being associated with

higher CPF concentrations (Croom et al., 2010).

CPF metabolites are excreted, mainly through the urine. Chlorpyrifos
metabolites such as TCPy (62%), DETP (40%) and DEP (4%) can be detected in
the urine hours after CPF exposure, with the maximum peak at 12 h (Timchalk
etal., 2007). TCPy, which is the main CPF metabolite identified in urine, has been
used as a common biomarker. However, it can be misleading because, as well as
representing exposure levels to the parent pesticide, it can be modified by direct
exposure to the CPF metabolites, which are present in the environment (Morgan
etal.,, 2011). Moreover, CPF metabolites can also be excreted by biliary and fecal

elimination, while they have been detected in breast milk (Sanghi et al., 2003).

1.2.5. Toxicity

The primary target of CPF toxicity is the central and peripheral nervous system.
Like most OPs, the toxic effect of CPF is mediated by the irreversible inhibition
of the cholinesterase enzymes. As we discussed earlier, the oxon form, CPO, is
largely responsible for the inhibition. Cholinesterase enzymes AChE and BChE
were the first targets described. Inhibition of AChE above 50% generally leads
to cholinergic symptoms including anatomic dysfunction, involuntary

movements, respiratory depression, and death (Pope, 1999). Inhibition of AChE
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is triggered by the formation of a covalent P-O bond in the catalytic active site of
the enzyme (Gorecki et al, 2016). Inhibition of the enzymes responsible for
hydrolyzing the neurotransmitter ACh leads to greater accumulation of ACh in
the cholinergic synapsis, resulting in cholinergic overstimulation. This would
ultimately lead to a downregulation of the muscarinic and nicotinic cholinergic
receptors (Terry et al., 2007). Although inhibition of AChE is the main toxic
effect, several other mechanisms have been reported at sub-toxic doses. For
example, CPF can induce oxidative stress (Elsharkawy et al.,, 2013; Verma et al,,
2007), cause histopathological alterations in the liver (Ezzi et al,, 2016), alter
gene expression in the hippocampus (Lee et al, 2016) and inhibit hepatic

carboxylesterase and fatty acid amide hydrolase (Howell et al., 2018).

1.2.6. CPF and the cholinergic system

The cholinergic system is subject to the toxic effects of CPF since a direct effect
is exerted on two of its cholinesterase enzymes (AChE and BChE). These
enzymes are involved in signal transmission in the nervous system, where they
are responsible for breaking down the neurotransmitter ACh and terminating
the transmission. It has been suggested that, in humans, BChE is more sensitive
to CPF than AChE (Eaton et al.,, 2008). As we discussed in the previous section,
this inhibition can alter ACh levels and trigger a downregulation of AChRs.
Altered levels of cholinergic system elements have therefore been reported after
exposure to CPF. One of the most common parameter studied is the percentage
of inhibition of ChEs, normally using the Ellman method (Ellman et al,, 1961).
Huffetal. (2001) found that a high dose of CPF (30 mg/kg) inhibits AChE activity
in the brain and BChE activity in plasma at similar levels. Similarly, chronic
exposure to CPF (18 mg/kg every other day) for 30 days significantly inhibited
cerebral AChE and plasmatic ChE. This effect was still evident after a 14-day
wash-out period in adult rats (Terry et al, 2007). Exposures during
development triggered similar effects. For example, gestational exposure to CPF
(10 mg/kg/day) inhibited ChE at 3 and 8 months in mice (Pallotta et al., 2017).
Consistent findings are that ChE inhibition strongly depends on CPF dosage and
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that inhibition percentages are normally highest after higher doses. The
anticholinesterase effect of CPF was also corroborated using SN56 cells, a
cholinergic neuroblastoma cell line. In addition to a decrease in AChE activity,
they also reported that CPF induced cell death in this cholinergic model after
acute and long-term exposure to the pesticide (del Pino et al., 2015). Karanth et
al. (2006) reported higher ACh levels in the striatum 1 to 7 days after exposure
to CPF in adult rats, depending on the dose administered. This is in line with
AChE inhibition and highlights the fact that tissues with higher AChE activity

take more time to recover their normal function (Karanth et al., 2006).

Other cholinergic elements reported to be altered by CPF exposure include
ChAT and VAChHT. Terry et al. (2007) found a decrease in VAChT levels in the
hippocampus after a 2-week wash-out period following 30-day-exposure to CPF
in adult rats. The same trend was observed in rats exposed to CPF from PND 1
to 21. Indeed, the higher dose group presented a decrease in VAChT activity at
PND 30. Moreover, a decrease in ChAT activity was also observed (Richardson
and Chambers, 2005). In another study, Slotkin et al. (2001) found lower levels
of ChAT in several brain regions at PND 30 and PND 60 in rats exposed
postnatally to CPF (1 or 5 mg/kg/day).

Both nAChR and mAChR cholinergic receptors are reported to be vulnerable to
CPF exposure. Nostrandt et al. (1997) observed a downregulation in muscarinic
receptor density in the striatum, pons and medulla in male adult rats after
exposure to the highest dosage of CPF (100 mg/kg). Lower mAChR density was
also observed in rats postnatally (PND 1 to 21) exposed to CPF (assessed at PND
12 and PND 22) (Richardson and Chambers, 2005). Lower levels were also
reported at PND 4 and PND 8 in rats postnatally exposed to different doses of
CPF, depending on the dose and region of the brain studied (Guo-Ross et al.,
2007). Deficits in nicotinic receptors, particularly a7 nAChR in the forebrain and

cerebellum, were observed after postnatal exposure (PND 11 to PND 14) to CPF
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(5 mg/kg/day) in rats (Slotkin, 2004). All in all, these results highlight the

cholinergic system as the main target for CPF effects.

1.2.7. CPF and behavioral alterations

Epidemiological studies have found a link between exposure to OPs and human
chronic diseases, including Parkinson’s disease and autism (Mostafalou and
Abdollahi, 2018). Animal studies have also found neurobehavioral effects after
CPF exposure in a wide range of parameters. Several studies have described a
significant effect of the pesticide on anxiety-like behaviors. For example, adult
rats exposed to CPF (1 mg/kg/day) for 5 days showed decreased levels of
anxiety when assessed by the marble burying test (Savy et al., 2015). Similarly,
male rats exposed to a single dose of CPF (250 mg/kg) presented an anxiolytic-
like effect determined in the open field (Lopez-Crespo et al,, 2007). On the other
hand, increased levels of anxiety were observed in rats exposed to an acute high
dose of CPF (166 mg/kg or 250 mg/kg) during adulthood when assessed in the
plus-maze (Sanchez-Amate etal., 2001). Exposure during development (PND 10
to PND 16) produced diminished anxiety behaviors in rats assessed at PND 25.
Compared to controls, CPF-treated rats presented less preference to remain in
the safe area, which suggests an anxiolytic effect of CPF at different doses (0.5,
0.75 and 1 mg/kg/day) (Carr et al,, 2017). CPF exposure from PND 27 to PND
36 was reported to induce depressive-like behaviors, since a higher immobility
time was observed in the treated group during the forced swimming test. Also,
altered latencies were observed in the novelty-suppressing feeding test. These
results are in line with epidemiologic evidence linking exposed populations with

a higher incidence of depression (Chen et al.,, 2014).

Middlemore-Risher et al. (2010) described the detrimental effects of CPF on
attention and inhibitory control in 2-month-old rats after exposure to the
pesticide (18 mg/kg) every day for 14 days or every other day for 30 days.

Results of the 5-choice serial reaction time task (5-CSRTT) showed that both
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treatment protocols induced lower accuracy and a higher percentage of
omissions, thus indicating altered attention. Moreover, alterations in inhibitory
control were also detected since they presented higher premature responses
(Middlemore-Risher etal,, 2010). Another study in rats exposed to a single dose
of CPF (250 mg/kg) and assessed in the 5-CSRTT observed higher perseverative
responses, which suggests that CPF induces long-term compulsivity in these
animals (Montes de Oca et al., 2013). The performance of mice exposed to CPF
through diet was also affected in the 5-CSRTT. On this occasion, attention was
affected in the treated group (Peris-Sampedro etal., 2016). CPF-treated rats also
showed a more impulsive choice in the delay-discounting task (Cardona et al,,

2011).

Exposure to CPF can also lead to alterations in spatial learning and memory.
Lopez-Granero etal. (2016) observed detrimental long-term effects in male rats
several months after 6-month-dietary exposure to CPF. Results obtained in the
MWM showed thigmotaxis behavior, which suggests that CPF leads to altered
search patterns. In a similar study of male rats conducted several months after
CPF exposure, the authors observed an increase in the time needed to find the
platform, which indicates that CPF is able to trigger long-term alterations in
spatial working memory (Lopez-Granero et al, 2013). Alterations in the
acquisition of MWM were observed by Terry et al. (2012), who found modest
impairment in the task acquisition in the first part of the experiment in male rats
after a washout period of 140 days. On the other hand, retention impairments,
including more time to reach the former location of the platform and less time
spent in the target quadrant were observed in adult rats exposed to different
doses of CPF for four consecutive weeks, which suggests spatial memory
retrieval impairments (Yan et al, 2012). Other studies with transgenic mice
(Tg2576) showed that exposure to CPF (two weekly doses of 25 mg/kg for 4
weeks) impaired MWM retention, since the animals did not show any
preference for the target quadrant in any of the retention sessions (Peris-

Sampedro et al., 2014). Altogether, these studies suggest that spatial learning
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and memory is susceptible to the detrimental effects of CPF depending on the
dosage and the exposure protocol. Note that the toxic effects of CPF can also be
influenced by other factors, such as sex. Several studies have confirmed that
subjects can present different sensitivities to the toxic effects of the pesticide
depending on sex. Gomez-Giménez et al. (2017), for instance, observed spatial
learning and memory impairments in males but not in females after

developmental exposure to different doses of CPF.

1.2.8. CPF and metabolic alterations

There is increasing evidence for the potential effect of CPF on metabolic
disorders. Several studies have reported a significant increase in body weight
after chronic exposure to CPF. For instance, 6-month-old rats exposed to CPF (5
mg/kg/day) over a 4-month-period presented higher body weight gain from
month 2 onwards. They also presented higher perinephric fat pads, a marker of
total body fat (Meggs and Brewer, 2007). The same effect was observed in adult
male rats exposed to CPF (0.3 and 3 mg/kg/day) for 9 weeks (Fangetal., 2018).
CPF-treated male rats presented a dose-dependent increase in body weight
after gestational and postnatal exposure to different doses of CPF, but female

rats did not (Lassiter and Brimijoin, 2008).

Chronic exposure to CPF (5 mg/kg/day) in mice revealed a potential effect on
glucose homeostasis and insulin sensitivity, since higher concentrations of
fasting glucose and insulin were observed. As well as greater body weight and
fat pad weight compared to controls, CPF-treated mice presented impaired
intestinal integrity. The authors of the study suggest that an increase in LPS,
which can be underlying insulin resistance and obesity, may have been triggered
(Liang et al., 2019). An acute single exposure to a high dose of CPF (50 mg/kg)
was enough to trigger hyperglycemic and hyperlipidemic effects in adult rats
(observed 2-24 h after exposure) including higher plasma glucose, LDL and
triglyceride levels and lower HDL levels (Acker and Nogueira, 2012). Chronic
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exposure triggered similar effects. Elsharkawy et al. (2013), for example,
reported higher glucose and cholesterol levels after exposure to CPF (30 mg/kg)
twice a week for 90 days. Developmental exposure (PND 1 to PND 4) increased
the levels of cholesterol and triglycerides in a sex-dependent manner since only
males were affected. Male mice also presented hyperinsulinemia (Slotkin et al.,
2005). Reygner et al. (2016) reported dose-dependent metabolic effects after

gestational and postnatal exposure to CPF.

1.2.9. Developmental exposure to CPF

The last few decades have seen increased interest in the effects of
developmental exposure to CPF. Epidemiologic studies based on populations
living in agricultural areas have observed a link between higher exposure levels
during early childhood and adverse neurodevelopmental effects, with boys
apparently being more sensitive to exposure than girls (Guo et al, 2019).
Another study found that exposure to CPF during pregnancy may increase the
risk of autism spectrum disorder. This effect may be further increased and
associated with intellectual disability if the exposure takes place during the
postnatal period (Von Ehrenstein et al, 2019). Moreover, three-year-old
children prenatally exposed to high doses of CPF scored lower on psychomotor
and development assessment tests and presented a higher incidence of
attention problems and attention-deficit/hyperactivity disorder (Rauh et al,
2006). In the same line, another study reported a link between prenatal CPF
levels and poorer performance on the Working Memory Index and Full-Scale IQ

in 7-year-old children (Rauh et al,, 2015).

Studies in animal models further corroborated these epidemiologic results,
demonstrating that young animals are more sensitive to the toxic effects of CPF
than older animals (Moser, 2000; Pope, 1999). Pope et al. (1991) compared the
response to CPF of young (7-day-old) rats and adult rats and observed that the

maximal tolerance dose was higher in adults (279 mg/kg) than in neonates (45
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mg/kg), which suggests that neonates are more sensitive to acute CPF toxicity
than adults. Moser and Padilla (1998) observed similar results, since young rats
received a 5-7 times lower CPF dose than adult rats to obtain a similar effect,
thus suggesting higher sensitivity in young subjects. Interestingly, these authors
found that ChE activity tended to recover more rapidly in young subjects,
probably due to higher protein synthesis during development (Moser and

Padilla, 1998).

Differences in sensitivity between young and adult animals can be explained by
differences in absorption, biotransformation and distribution. Moreover,
children’s detoxification systems need several years to fully develop. For
instance, PON1 levels change with age. It has also been reported that PON1
activity in serum and the liver is very low at birth and increases with age (Costa
et al, 2013), so it may be considered a potential factor behind the greater
sensitivity of younger subjects to CPF. Another factor that accounts for this age-
dependent vulnerability is the lower metabolic detoxication observed in young
animals in comparison with adults (Costa et al., 2013). Moser (1998) observed
differences in the levels of carboxylesterase and A-esterase in plasma and the
liver depending on age. These enzymes, which are known to play a role in the
detoxification of OPs, presented significantly lower activity in preweaning rats

than in adult ones.

Exposure during development may also lead to changes in the normal
maturation of several systems, and is especially relevant during
neurodevelopment. A single oral dose of CPF (5 mg/kg) on PND 10 was enough
to modify the levels of important proteins in mice hippocampus. More
specifically, CPF decreased the levels of CaMKII and synaptophysin, two
proteins that are involved in synaptogenesis, neuronal proliferation and
myelination and play a key role in memory and learning. These differences may

be behind the long-term cognitive impairments observed after 2 and 4 months
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(Lee et al,, 2015). Gestational and postnatal exposure to CPF in rats was also
reported to alter the normal development of the serotoninergic system and
cause effects in adulthood that can be linked to appetite control or affective
disorders (Aldridge et al,, 2004). Another study showed that developmental
exposure to different doses of CPF can induce dose-dependent downregulation
in genes that are involved in important processes such as synaptic transmission,
plasticity and GABAergic, dopaminergic and glutamatergic signaling. These
differences were clearly observed in 3-month-old mice and, to a lesser extent, in
8-month-old mice, which suggests long-lasting effects (Pallotta et al, 2017).
Studies including developmental exposure to CPF showed differences in several
aspects. For instance, postnatal exposure to CPF (1 or 3 mg/kg/day) induced
higher locomotor activity on PND 25, as well as more active behavior in mice
exposed to new environments during novelty seeking (Ricceri et al,, 2003). In
another study, with both gestational (GD 15 to GD 18) and postnatal (PND 11 to
PND 14) exposure, CPF increased motor activity in the open field (OF) during
adulthood and induced aggressive behaviors in males. Postnatal exposure to
CPF also enhanced maternal response in females and decreased anxiety
response in both males and females in the plus maze test (Ricceri et al., 2006).
Similarly, behavioral alterations in lactating females were observed in mice
postnatally exposed to 3 mg/kg/day of CPF. A reduction in anxious-like
behaviors was observed in the Light/Dark paradigm (Venerosi et al., 2008).
Social behaviors also seem to be susceptible to CPF effects, since female mice
exposed to CPF (6émg/kg/day) during gestation (GD 14 to GD 17) presented

longer social investigation times (De Felice et al., 2014).

It is worth noting that the cholinergic system plays a key role in
neurodevelopment. As we previously suggested, the cholinergic system can be
targeted by exposure to CPF, which suggests that developmental exposure to
CPF may trigger long-lasting neurotoxic effects. For instance, a study in rats
reported long-lasting effects of gestational exposure (GD 6 to GD 20) to the

cholinergic neurons at two different doses of CPF. Results in the offspring

53



UNIVERSITAT ROVIRA I VIRGILI
POSTNATAL CHLORPYRIFOS EXPOSURE INFLUENCES THE GUT MICROBIOTA AND THE EXPRESSION
OF BIOLOGICAL AND NEUROBEHAVIORAL CHARACTERISTICS OF THE APOE GENOTYPE IN AN
AGE-DEPENDENT MANNER

. . . INTRODUCTION
Laia Guardia Escoté

treated with the higher dose revealed ChE inhibition and lower mAChR levels,
both of which lasted until PND 6. On the other hand, ChAT activity was
unaffected until PND 9 when its activity presented a decrease at least until PND
30 (Richardson and Chambers, 2004, 2003). Another study reported that,
during postnatal period (PND 1 to PND 21), developmental exposure to an
increasing dose of CPF altered mAChR levels and ChAT activity in rats assessed

on PND 30 (Richardson and Chambers, 2005).

Interestingly, numerous studies have reported various sex-dependent
vulnerabilities to developmental CPF exposure. For example, gestational
exposure (GD 12 to GD 15) to 5 mg/kg/day of CPF produced social preference
impairments only in male mice but social conditioned place preference
impairments in both males and females (Lan et al, 2019). Another study of
gestational and postnatal exposure (GD 7 to PND 21) to different doses of CPF
in rats observed sex-dependent behavioral deficiencies. That is, adult males
exposed to higher doses of CPF (1 mg/kg/day) presented decreased learning
and impaired retention during the MWM and the 8-arm radial maze task,
whereas females performed in a similar way to controls. The authors found a
link between these effects and increased levels of pro-inflammatory cytokines
(IL-1b) and subunits of NMDA receptors in male hippocampus that may be
behind these differences (Gomez-Giménez et al, 2017). Levin et al. (2001)
exposed neonatal rats to CPF during two postnatal periods: PND 1 to PND 4 (1
mg/kg/day),and PND 11 to PND 14 (5 mg/kg/day). These are both periods with
higher CNS events and critical phases of susceptibility to CPF in rodents.
Exposure between PND 1 and PND 4 reduced the number of errors in females
butincreased the number in males during the first stages of training in the radial
maze. Exposure between PND 11 and PND 14 slowed the response latency in
the T-maze only in males, which suggests that these exposures resulted in
alterations in cognitive performance that depended on the exposure period and
sex (Levin et al,, 2001). Motor activity and coordination can also be altered in a

sex-dependent manner by developmental exposures (GD 7 to PND 21) to
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different doses of CPF in rats. For instance, females exposed to CPF spent less
time in the rotarod, which suggests that there are detrimental effects on motor
coordination. This was not observed in their male counterparts. However, CPF
exposure increased spontaneous motor activity in both males and females at 2-
3 months of age. Biochemical tests determined a sexual-dimorphic distribution
of NMDA receptors in the hippocampus after CPF exposure, which may influence

the previously observed effects during adulthood (Gomez-Giménez et al., 2018).

1.3. Interaction between apoE and CPF

Genetic background can influence one’s intrinsic response to certain
environmental toxics, thus conferring different vulnerabilities on the subject.
Several studies have confirmed the difference in sensitivities depending on the
apoE genotype after exposure to toxicants such as lead (Engstrom et al., 2017;
Pradaetal, 2016) or mercury (Tratnik et al., 2017), with €4 carriers being more
susceptible to the toxic effects. In the last few years, our group has specifically
studied the interaction between apoE isoforms and exposure to certain toxics.
First, we studied decabromodiphenyl ether (BDE-209) exposures and showed
that a single dose of 10 or 30 mg/kg on PND 10 was enough to trigger genotype-
dependent impairments in learning and memory, a delay in eye opening,
impaired cued fear learning and altered BDNF levels in the frontal cortex

(Reverte et al., 20144, 2014b, 2013).

We then focused on exposure to the widely used pesticide CPF both in adulthood
and in the developmental period and observed effects over a wide range of
behavioral and metabolic aspects depending on the apoE isoform. Our studies
with apoE-TR male mice exposed to CPF (2 mg/kg/day) throughout their adult
diet revealed genotype-dependent effects on spatial learning and memory,
when assessed in the Barnes maze. More specifically, we observed a basal
difference in performance between genotypes and a CPF effect during task

acquisition only with apoE2 mice. Indeed, these mice presented a higher
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velocity and a lower escape latency that were only detectable with this
genotype. Also, retention was slightly impaired in apoE3 mice, since they
performed fewer entries to the target hole, thus suggesting subtle memory

impairments (Peris-Sampedro et al,, 2015a).

A specific genotype-dependent effect of the pesticide was observed on
metabolic assessment. First, apoE3 mice presented a greater increase in body
weight after exposure to the pesticide than their counterparts (Peris-Sampedro
et al, 2015b, 2015a), suggesting that apoE3 is more susceptible to the
obesogenic effect of CPF. To gain further insight, metabolic biomarkers were
studied in the plasma (Peris-Sampedro et al., 2015b). Results showed higher
glucose levels, increased fasting plasma insulin and higher rates of insulin
resistance in all groups after exposure to CPF. However, these effects were
enhanced in apoE3-TR mice, which once more suggests the greater sensitivity
of this genotype to CPF. Moreover, higher levels of leptin that correlated
strongly with body weight were observed in E3. Overall, our results suggested
that there were metabolic alterations in both genotypes after exposure to CPF
but that these were more prominent in APOE3 (Peris-Sampedro et al,, 2015b).
We therefore designed another study to analyze the leptin and insulin signaling
pathways. Interestingly, CPF disrupted insulin and leptin homeostasis but
triggered a decrease in the expression levels of PON genes. Once again, apoE3-
TR mice were most affected by the pesticide’s toxic effects. In fact, CPF-exposed
apoE3 mice presented altered phosphorylation of elements involved in insulin
and leptin homeostasis. Effects on PON1 and PON3 levels were also observed,
with a decreased expression in apoE3-TR and C57BL/6 mice (Peris-Sampedro

etal., 2018).

Female apoE-TR mice were also tested in the 5-CSRTT in order to study the
effects of the pesticide and its interaction with the genetic background in terms

of attention, motivation and impulsivity. The animals were first trained in the
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apparatus in order to establish the baseline and then exposed to 3.75
mg/kg/day of CPF. During the baseline, differences between genotypes were
observed, with apoE4 mice performing the worst. Interestingly, differences
between genotypes were no longer observed when the animals were exposed to
CPF, which suggests that CPF has a specific effect on apoE4-TR mice. During the
wash-out period, the effects of CPF were detectable, with apoE3-TR mice
showing attentional disruptions (Peris-Sampedro et al., 2016). All these studies
reported an inhibition of plasma ChE, with activity values ranging from 17.76 to

32.12 % (Peris-Sampedro et al., 2015a, 2015b, 2016, 2018).

To assess whether these effects would also be observed after developmental
exposure to CPF, we used both male and female apoE-TR mice exposed to either
0 or 1 mg/kg/day of CPF from PND 10 to PND 15. First we studied the short-
term effects on development and the cholinergic system. For all groups, a
general delay in eye opening was reported after CPF exposure as were impaired
motor functions such as tail pull reflex and clinging and climbing ability. Study
of the gene expression of cholinergic elements in the brain revealed a pesticide
effect modulated by both APOE genotype and sex. For example: a7 nAChRs
expression decreased in CPF-treated males; VAChT levels decreased in both
CPF-treated apoE3-TR males and females; and PON2 levels decreased in CPF-
treated apoE4 males but increased in CPF-treated apoE3 females. All in all, these
results suggest that CPF exposure has a significant effect on the cholinergic
system on PND 15 and PND 30 that is dependent on APOE genotype and sex
(Basaure et al., 2018). The results of another study that included both postnatal
exposure to CPF and re-exposure at 5 months of age suggested that CPF had
detrimental effects on spatial learning and memory when the mice were
assessed in a Barnes maze. Indeed, postnatal CPF impaired task acquisition and
retention especially in apoE3-TR mice. Interestingly, adult CPF exposure
enhanced performance only in apoE4-TR mice. A study of how the treatment
affects the expression of cholinergic elements showed postnatal effects on ChAT

in apoE4-TR mice. Adult CPF exposure affected expression of a4 nAChR, AChE-
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Sand a7 nAChR in apoE4 females. These results suggest that the differences are
modulated by CPF exposure (both postnatal and adult), genotype and sex
(Basaure etal., 2019).

In general, these data show that the APOE genotype is involved in response to
environmental toxics, and specifically to the pesticide CPF. It is therefore
important to take into account the potential influence of genetic background and

sex in toxicological studies.

1.4. Microbiota and short-chain fatty acids

Recent evidence recognizes the critical role played by microbiota in multiple
aspects related to health and disease. Gut microbiota are the large number of
microorganisms (estimated at approximately 1014) that colonize the intestine in
a symbiotic relationship with the host. These microorganisms are involved in
numerous functions and can influence general health. Some microorganisms
can produce metabolites such as short-chain fatty acids (SCFAs), which are

important mediators of microbiota-gut-brain communication.

1.4.1. Microbiota

Microorganisms colonize the surfaces of the human body that are exposed to the
environment but the highest percentage of them are found in the intestinal tract.
Gut microbiota include not only bacteria but also archaea, viruses and
unicellular eukaryotes. The genes they encode constitute the microbiome
(Clemente et al., 2012; Sekirov et al., 2010). The composition of gut microbiota
can vary during one’s lifetime but becomes relatively stable in adulthood. The
diversity of microbiota in newborns is initially very low and it depends strongly
on the mode of delivery whether they resemble the microbes of the mother’s

vagina or those of the mother’s skin (Nicholson et al., 2012; Tamburini et al.,
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2016). During development, diversity increases, shifting from mainly
aerotolerant microorganisms to anaerobes characteristic of the adult gut
(Palmer et al.,, 2007). Although there is interpersonal variability in community
composition, the adult gut is largely dominated by Bacteroidetes and Firmicutes,
followed by Proteobacteria, Verrucomicrobia, Actinobacteria and Fusobacteria

(Eckburg et al., 2005).

Microbiota establish a symbiotic relationship with the host, being involved in
functions such as digestion, maintenance of the immune system and energy
homeostasis (Yadav et al, 2018). More specifically, microbiota may help to
control body weight and energy homeostasis by regulating the energy harvested
from the diet (Backhed etal., 2007; Turnbaugh etal,, 2006). Microbiota may also
interact with both the innate and adaptative immune systems and promote the
development of the normal immune functions and the maturation of immune
cells (Chow et al., 2010). Differences in microbiota composition exist between
healthy subjects, which may be influenced by environmental and genetic factors
and the interaction between them (Rothschild et al., 2018; Turpin et al., 2016).
Studies corroborating the genetic contribution have assessed a wide range of
genes, including APOE, which has been shown to be behind differences in

microbiota composition in both animals and humans (Tran et al., 2019).

The composition of gut microbiota can be disrupted by several factors that lead
to an imbalance in the microbial community known as dysbiosis (Hawrelak and
Myers, 2004). Petersen and Round (2014) divided dysbiosis into three
categories: a) loss of beneficial microorganisms, b) increase in potentially
harmful microorganisms and c) loss of diversity. Factors that can induce
dysbiosis include use of antibiotics (Frohlich et al., 2016), dietary changes such
as the introduction of a high-fat diet (Miller et al., 2019), and stress (Golubeva
et al, 2015). Gut microbiota dysbiosis has been linked to a wide range of

diseases, including asthma (Abrahamsson et al.,, 2014), colorectal cancer (Ahn
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etal.,, 2013), Crohn’s disease (Manichanh etal., 2006), autism (Kang et al.,, 2013),
obesity (Turnbaugh et al,, 2009), type 2 diabetes (Wang et al.,, 2012), irritable
bowel syndrome (Carroll et al., 2012), cardiovascular affections (Katsimichas et
al,, 2019) and neurodegenerative diseases (Marizzoni et al.,, 2017). All the above
studies corroborate the important influence of microbiota on health and

disease.

Since microbiota can be directly exposed to pesticides throughout the ingestion
of treated food, they have been proposed as recipients of pesticide toxicity (Yuan
et al., 2019). Previous studies have reported alterations in the composition of
microbiota after exposure to pesticides and, more specifically, to the widely
used CPF both in animal models (Condette et al., 2015; Fang et al., 2018; Liang
et al,, 2019; Zhao et al, 2016) and the Simulator of the Human Intestinal
Microbial Ecosystem (SHIME®) (Joly et al., 2013; Réquilé et al., 2018; Reygner
et al, 2016a). Generally speaking, these studies agree on the potential capacity

of CPF to alter the composition of gut microbiota and induce dysbiosis.

1.4.2. Short-chain fatty acids (SCFAs)

SCFAs generally refer to fatty acids composed by 2-6 carbon atoms. They are
mainly produced by gut microbiota after the fermentation of non-digestible
carbohydrates in the gut. Acetate, propionate and butyrate are the most
abundant SCFAs in the human body though others have been described in lower
proportions. SCFA levels depend on factors such as diet and microbiota
composition (Dalile et al., 2019). Studies have shown that SCFAs (especially
butyrate) can be metabolized and used as energy substrate for colonocytes in
the intestine (Donohoe et al., 2011; Maslowski, 2019; Morrison and Preston,
2016). However, some SCFAs may leave the gut, enter the portal circulation, and
eventually reach the liver, where they can be metabolized. A small percentage
of SCFA can bypass portal circulation to reach systemic circulation and

ultimately peripheral tissues such as the pancreas, the liver, adipocytes and
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skeletal muscle (Boets et al,, 2017). In fact, SCFA receptors have been observed
in various tissues, which suggests they have a role in the crosstalk between the
gutand peripheral tissues (Canfora etal., 2015). Some SCFAs can reach the brain
by crossing the blood brain barrier though in minimal proportions of around 2-
3% (Frost et al,, 2014). SCFAs are not only produced by the microbiota in the
gut but can also be produced by endogenous synthesis during fatty acid
oxidation or glucose metabolism (Bourassa et al,, 2016; Pouteau et al,, 2003).
The diet is also a source of SCFAs for the organism. For example, butyric acid
and propionic acid are present in dairy products such as whole cow’s milk,

butter and cheese (Al-Lahham et al., 2010; Stilling et al., 2016).

SCFA are responsible for certain local effects in the gut, such as maintenance of
the intestinal barrier and regulation of intestinal inflammation. However, they
also play an important role in gut-brain-axis communication, since they can bind
to G-protein-coupled receptors. Importantly, SCFAs can also inhibit histone
deacetylases (HDACs), which remove the acetyl groups of the histones and lead
to condensed chromatin. The inhibition of HDACs by certain SCFAs can
therefore modulate transcription and gene expression (Dalile et al,, 2019).
SCFAs are also reported to influence inflammation and immune response and to
interact with vagal signaling (Tan et al., 2014). Other studies have demonstrated
a role for SCFAs in regulating the host metabolism, since they are involved in,
for example, glucose homeostasis, lipid metabolism and appetite regulation
(Morrison and Preston, 2016). The involvement of SCFAs in neurological
disorders has also been reported, e.g. a neuroprotective effect of butyrate
against vascular dementia (Liu et al.,, 2015) and cerebral injury (Sun etal., 2016)
was reported in mice. However, elevated levels of certain SCFAs such as
propionic acid have been observed in children with non-genetically related
Autism Spectrum Disorder (MacFabe, 2015). In summary, SCFAs may have

important beneficial and detrimental effects on host physiology.
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To sum up, SCFAs may be an important target for certain disorders mainly
related to metabolism. They may also be modulated throughout the diet, for
example by increasing dietary fiber or using prebiotics, with SCFAs acting as

mediators between diet, microbiota and the health or illness of the host.
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2. HYPOTHESIS AND OBJECTIVES

Genetic-driven differences in the response to toxic exposure have been the main
focus for our laboratory in the last few years. More specifically, we are
interested in the three most common human APOE genetic variants, which
confer not only different susceptibilities to cognitive impairments,
cardiovascular risk and AD but also different vulnerabilities to environmental
toxics such as pesticides. Organophosphate pesticides - particularly CPF - are
used extensively worldwide. While exposed workers and their families
constitute a high risk group, the general population is exposed to low doses of
the pesticide, mainly in the diet (Reiss et al,, 2015). Regulations have been
introduced aimed at reducing the use of CPF, especially in residential areas but
it is still used extensively. CPF residues have been found, for example, in fruit
and vegetables, water, and milk and its derivatives, so it reaches virtually the
whole population (Saunders et al., 2012). Epidemiological and experimental
studies have found a link between chronic exposure to non-toxic low doses of
CPF and metabolic and neurobehavioral disorders. Indeed, it has been
hypothesized that exposure to pesticides can be behind the growing incidence

of neurodegenerative diseases (Mostafalou and Abdollahi, 2018).

In a humanized apoE-TR mouse model, we have previously shown that APOE
genetic background may influence intrinsic response to CPF exposure during
adulthood, in terms of spatial learning and memory, metabolic alterations and
attention, motivation and impulsivity (Peris-Sampedro et al,, 2015a, 2015b,
2016, 2018). Certain sub-populations are reported to present higher
vulnerability to CPF exposure, for example when this exposure occurs during
development (Moser, 2000; Pope, 1999). Although several studies have focused
on the higher sensitivity to toxic effects at early ages, information on how this is
influenced by APOE genotype and sex is scarce. Our research has therefore

focused on the interaction between developmental CPF exposure, APOE
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genotype and sex (Basaure et al., 2018, 2019) in behavioral and biochemical

processes.

This thesis follows the work conducted in our laboratory using apoE-TR mice
carrying human APOE3 and APOE4 as well as wild type C57BL/6 mice. The
selected exposure period (PND 10-PND 15) coincides with important brain
maturation processes such as neurogenesis, synaptogenesis, differentiation and
myelination (Semple et al, 2013) and corresponds to the last trimester of
gestation or birth in humans (Watson et al,, 2006). Though significantly lower
than in other studies, the CPF dose used in the present study (1 mg/kg/day) is
still different from that estimated in humans. As we mentioned earlier, it is
difficult to determine the real average daily dose in humans, though it has been
estimated at 0.005 pg/kg/day in adults and 0.009 pg/kg/day in infants (Eaton
et al, 2008). Although the dosage used is several times higher, we should bear
in mind that extrapolation between species would reduce the initial difference.
According to the FDA, to calculate the human equivalent dosage we should
divide the mouse dosage by a factor of 12.3 (Nair and Jacob, 2016). In general,
this thesis follows the work previously established in our laboratory. It attempts
to provide further insight into the specific traits of the APOE genotype and
determine how, together with sex, this genotype influences response to

postnatal CPF exposure at different stages of life.

2.1. Hypothesis

The APOE genotype and sex confer different vulnerabilities to the detrimental
effects of postnatal exposure to CPF, leading to different neurobehavioral and
biochemical phenotypes expressed at different moments and situations during

lifespan.
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2.2. Objectives
2.2.1. Main objective

The main objective of this thesis is to assess how genetic background influences
the short-, mid- and long-term effects of developmental exposure to the

pesticide CPF on different biological and behavioral endpoints.

2.2.2. Specific objectives

1. To assess the specific changes in C57BL/6, apoE3- and apoE4-TR mice
induced by the short-term effects of developmental exposure to CPF on the
composition of gut microbiota and how this interaction influences SCFA levels

in the brain.

e To study the differences between genotypes.
e To study the interactions between genotype and treatment.
e To study the possible relationship between gut microbiota and SCFA in

the brain.

2. To determine the detrimental effects of CPF exposure during development

and the influence of APOE genotype and sex on recognition memory in young

adult mice.

e To study the response to the cholinergic drugs scopolamine and
rivastigmine depending on sex, genotype and treatment.
e To study the response to the GABAergic agonist alprazolam depending

on sex, genotype and treatment.

3. To study the involvement of the APOE4 genotype and sex in the long-term

response to postnatal exposure to CPF in spatial learning and memory and the
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long-term effects on the expression of several key elements of the cholinergic

neurotransmitter system.
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3. RESULTS

RESULTS

This thesis includes three original research articles, either already published or

in the process of being published. Table 2 shows the specific objectives of the

thesis and their correspondence with these articles.

Table 2. Specific objectives of the thesis and corresponding publications

Specific

objectives

Publications

Guardia-Escote L, Basaure P, Biosca-Brull ], Cabré M, Blanco J,
Pérez-Fernandez C, Sinchez-Santed F, Domingo JL, Colomina
MT. APOE genotype and postnatal chlorpyrifos exposure
modulate gut microbiota and cerebral short-chain fatty
acids in preweaning mice.

Food and Chemical Toxicology, 2019 (submitted)

Guardia-Escote L, Basaure P, Peris-Sampedro F, Biosca-Brull
], Cabré M, Sanchez-Santed F, Domingo JL, Colomina MT.
APOE genetic background and sex confer different
vulnerabilities to postnatal chlorpyrifos exposure and
modulate the response to cholinergic drugs.

Behavioral Brain Research, 2019.376: 112195

Guardia-Escote L, Basaure P, Blanco ], Cabré M, Pérez-
Fernandez C, Sadnchez-Santed F, Domingo JL, Colomina MT.
Postnatal exposure to chlorpyrifos produces long-term
effects on spatial memory and the cholinergic system in
mice in a sex- and APOE genotype- dependent manner.

Food and Chemical Toxicology, 2018. 122: 1-10.
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3.1. Publication I

APOE genotype and postnatal chlorpyrifos exposure modulate gut

microbiota and cerebral short-chain fatty acids in preweaning mice.

Laia Guardia-Escote, Pia Basaure, Judit Biosca-Brull, Maria Cabré, Jordi Blanco,
Cristian Pérez-Fernidndez, Fernando Sanchez-Santed, Maria Teresa Colomina.

Food and Chemical Toxicology, 2019 (submitted)

Study I overview.

The APOE genotype can modulate the composition of
adult gut microbiota. CPF can induce dysbiosis and
alter SCFA levels in the gut. To date, little research has
already know? been conducted on the composition of SCFAs in the

What do we

brain.

This is the first study to assess the differences in
microbiota between APOE genotypes at early ages.
The effects of CPF exposure observed strengthen
existing evidence of its ability to induce dysbiosis
study add? even at young ages. They also provide information

about SCFAs in the brain and their correlation with

What does this

gut microbiota.

ApoE4-TR mice had different microbiota composition
at young ages and were the animals most effected by
CPF exposure. A. muciniphila is influenced by

Highlights genotype and CPF exposure. Higher levels of SCFAs in
the brain were observed in apoE3-TR mice and mice
exposed to CPF
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APOE genotype and postnatal chlorpyrifos exposure modulate gut
microbiota and cerebral short-chain fatty acids in preweaning mice.

Laia Guardia-EscoteP<, Pia Basaurecd, Judit Biosca-Brull>cd, Maria Cabré=b,
Jordi Blanco®¢¢, Cristian Pérez-Fernandez!, Fernando Sanchez-Santed’, José L.
Domingo¢, Maria Teresa Colomina®<d+

2 Research in Neurobehavior and Health (NEUROLAB), Universitat Rovira i Virgili, Tarragona, Spain
b Department of Biochemistry and Biotechnology, Universitat Rovira i Virgili, Tarragona, Spain

¢ Laboratory of Toxicology and Environmental Health, School of Medicine, ISPV, Universitat Rovira
i Virgili, Reus, Spain

d Department of Psychology and Research Center for Behavior Assessment (CRAMC), Universitat
Rovira i Virgili, Tarragona, Spain

¢ Department of Basic Medical Sciences, Universitat Rovira i Virgili, Reus, Spain
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Summary

The gut microbiota is composed of a large number of microorganisms residing
in the intestine in a symbiotic relationship with the host. Its composition can be
altered by genetic and environmental factors. The host’s genetic background,
including the different isoforms of the apolipoprotein E (APOE) gene, can also
exert an influence over microbiota composition. Exposure to pesticides in
general, and more specifically to the widely-used chlorpyrifos (CPF), can lead to
dysbiosis. These changes can in turn alter the levels of metabolites produced by
the microbiota, such as short-chain fatty acids (SCFAs), involved in gut-brain
communication. This study was aimed at assessing the specific contribution of
the APOE genetic background and early exposure to CPF to the composition of
gut microbiota and SCFA levels in the brain. For it, apoE3- and apoE4-TR mice
along with wild C57BL/6 mice postnatally exposed to CPF, were used.
Microbiota composition was assessed at PND 15 in the gut, while SCFA levels

were determined in the brain. We observed differences between genotypes at
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different taxonomic levels, with APOE4 presenting alterations in most cases
compared to the other groups. APOE4 was also most susceptible to the toxic
effects of CPF, which induced dysbiosis in general. Interestingly, A. muciniphila
belonging to the phylum Verrucomicrobia showed greater abundance in the
APOE4 genotype, but was reduced by the effect of the pesticide. Furthermore, it
emerged as a potential modulatory factor on the basis of previously observed
metabolic and cognitive differences. APOE and postnatal exposure to CPF also
influenced cerebral levels of SCFA, with the APOE3 genotype and CPF exposure
being the factors inducing the highest concentrations. Overall, these results
provide further knowledge about the gut microbiota and cerebral SCFA
composition at early ages and how they can be modulated by APOE and

postnatal exposure to CPF.

Keywords:
Chlorpyrifos, APOE, Gut microbiota, SCFA, short-chain fatty acids, Akkermansia

muciniphila

1. Introduction

In recent years there has been increasing interest in the functions of the gut
microbiota, i.e. the large number of microorganisms residing in the intestine in
a symbiotic relationship with their host (Gomes et al., 2018; Young and Schmidt,
2009). These microorganisms are involved in different functions such as
digestion, metabolism (Joyce and Gahan, 2014) and immune function (Kamada
etal., 2013), and they can influence the health status in general (Clemente et al,,
2012; Sekirov et al., 2010). The gut microbiota undergoes a number of changes
from birth (Backhed et al, 2015) and achieves a relatively stable composition
by adulthood (Palmer et al,, 2007). Nevertheless, it can be disrupted by several
factors that may lead to dysregulation or dysbiosis (Hawrelak and Myers, 2004),
with early postnatal ages being the most sensitive period to external factors.
Microbiota dysbiosis has been linked to several diseases, such as autism

(Needham et al., 2018), obesity and diabetes (Lee et al., 2019), cardiovascular
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affections (Katsimichas et al,, 2019), allergy and asthma (Fujimura and Lynch,

2015), as well as neurodegenerative diseases (Marizzoni et al., 2017).

Microbiota composition can be affected by changes in diet (Makki et al.,, 2018;
Sonnenburg and Backhed, 2016; Turnbaugh et al.,, 2008), drugs (Lange et al,,
2016) and exposure to environmental toxics such as pesticides (Yuan et al,
2019). Exposure to organophosphate pesticides, in particular the widely-used
chlorpyrifos (CPF), results in alterations to core microbial communities.
Previous studies have reported gut dysbiosis after exposure to CPF in male rats
(Condette et al,, 2015; Fang et al., 2018) and male mice (Liang et al., 2019; Zhao
etal., 2016) and with the Simulator of the Human Intestinal Microbial Ecosystem
(SHIME®) (Joly et al., 2013; Réquilé et al,, 2018; Reygner et al,, 2016). A link
between alterations in microbiota composition and higher gut permeability has
also been observed after exposure to different doses of the pesticide (Liang et
al, 2019; Zhao et al,, 2016). The general population is exposed to CPF mainly
through diet (Reiss et al., 2015), being the gut microbiota directly exposed to
CPF. CPF elicits its toxicity by the irreversible inhibition of the
acetylcholinesterase (AChE) enzyme, and there is evidence that developing
organisms are more sensitive to this effect than adults (Burke et al, 2017;
Moser, 1998). This is of particular relevance, since several studies have reported
the existence of a crucial window during development when microbiota
alterations can cause important long-lasting effects (Borre et al,, 2014; Cox etal,,

2014; Torow and Hornef, 2017).

Gut microbiota composition is also shaped by individual factors such as the
genetic profile of the host (Bonder et al., 2016; Turpin et al., 2016), which can
interact with environmental factors. A large study including monozygotic and
dizygotic twins revealed that the relative abundance of certain microbiota
elements is influenced by the genetic background of the subject (Goodrich et al.,

2014). Tran et al. (2019) studied the influence of the different isoforms of
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apolipoprotein E (apoE) - a protein involved in lipid transport and homeostasis
- on the composition of microbiota and its associated metabolites in both
humans and transgenic mice. The results revealed the influence of the APOE
genotype on the relative abundance of several bacteria taxa, which may in turn
explain the differences observed in the associated metabolite levels (Tran et al.,
2019). In humans, three isoforms - apoE2, apoE3 and apoE4 - which are
functionally different, are mainly found, with apoE4 being a well-established
risk factor for the development of dementia and Alzheimer’s disease (Hersi et
al., 2017). Recent studies using the targeted replacement (TR) mouse model
expressing the different isoforms of apoE (apoE-TR) showed different
vulnerabilities to CPF exposure depending on APOE genetic background,
including neurobehavioral (Basaure et al,, 2019; Guardia-Escote et al.,, 2018)

and metabolic disorders (Peris-Sampedro et al,, 2015a, 2015b, 2018).

Gut microbiota send signals to the CNS via changes in immune reactivity, gut and
serum metabolites and vagal nerve sensory innervation (Vuong et al.,, 2017).
The short-chain fatty acids (SCFAs), which are produced by some
microorganisms by the fermentation of non-digestible carbohydrates in the gut
(Morrison and Preston, 2016) are key signaling factors of the gut-brain
communication (Dalile et al.,, 2019). Different functions have been attributed to
SCFAs, for instance that they serve as an energy substrate for the gut cells,
contributing to colonic epithelial integrity (Guilloteau et al., 2010; Morrison and
Preston, 2016). Moreover, they can be transported via the portal vein, act as
energy substrate or signaling molecules and influence the host metabolism in
various tissues (De Vadder et al,, 2014). Finally, a low percentage of SCFAs can
cross the blood-brain barrier and enter the brain (Frost et al., 2014). A few
authors have reported that levels of SCFA in the brain are low compared to those
in the gut (Dalile et al, 2019). However, a correlation has been observed
between the amount of some SCFAs in the gut and the brain, including butyrate,
which may be involved in the modulation of several cerebral functions (Liu et

al,, 2015; Sun et al,, 2016). In addition of being a source of energy for several
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cells, butyrate exerts its effects by acting as an inhibitor of histone deacetylases
(HDACSs) contributing in this way to the increase in gene expression in the host
(Tan et al., 2014). This latter function can be of special relevance in developing

organisms.

The aim of this investigation is to assess the effects on the composition of the
gut microbiota of the most common apoE isoforms and those of postnatal
exposure to the pesticide CPF. How they modulate the levels of SCFA in the brain
at 15 days of age has also been investigated. To the best of our knowledge, this
is the first study in which the gut microbiota and SCFA composition in the brain

- at such a young age - in mice postnatally exposed to CPF has been assessed.

2. Material and methods
2.1. Animals and care

Male apoE-TR mice and C57BL/6 mice were used. Mice homozygous for the €3
and €4 allele were purchased from Taconic (Taconic Europe, Lille Skensved,
Denmark). The apoE-TR model has its murine apoE gene replaced by the
different alleles of human apoE (Sullivan et al,, 1997). The C57BL/6 mice were
obtained from Charles River (Charles River, Barcelona, Spain). Mice of the same
genotype were mated during a one-week period, after which the females’ body
weight was monitored. Pregnant females were kept in individual cages and the
day of delivery was considered postnatal day (PND) 0. The animal room was
maintained under standard conditions (temperature 22 + 2 °C and relative
humidity 50 £ 10%) with a 12h light/dark automatic light cycle. All the mice
were allowed free access to water and fed a normal chow diet (Panlab,
Barcelona, Spain). The use of animals and the experimental protocol were
approved by the Animal Care and Use Committee of the Rovira i Virgili

University (Tarragona, Spain) and were conducted in accordance with the
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Spanish Royal Decree 53/2013 on the protection of experimental animals, and

the European Communities Council Directive (2010/63/EU).

2.2. Chemicals and treatment

CPF [0,0-diethyl O-(3,5,6-trichloropyridin-2-yl) phosphorothioate], 99.5%
purity (Sigma-Aldrich Co. LLC., Madrid, Spain) was orally administered to the
CPF-treated groups during PND 10-15. The compound was adjusted to
administer 1 mg/kg in 1 pL/g of body weight. The control groups were given
corn oil as the vehicle during the same period. A total of 36 male mice were

divided into six experimental groups (n=6 animals/group).

2.3. Sacrifice and sampling

Biological samples were collected at PND 15, four hours after the last dose was
administered. Animals were deeply anesthetized with isoflurane before being
euthanized by decapitation. Gut and brain samples were collected and

immediately stored at -802C.

2.4. Bacterial DNA extraction

Bacterial DNA was purified from the entire gut content obtained from 15-day-
old mice using the PureLink™ Microbiome DNA Purification Kit (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s protocol. The DNA

concentration in each sample was assessed by fluorometric quantification.

2.5. 165 metagenomics

The 16S metagenomics study was carried out in an external laboratory
(Biomedica Molecular Medicine, Madrid, Spain). The specific region of the

bacterial 16S rDNA gene V3+V4 was amplified by PCR with the conditions
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adapted to the DNA input in each sample. After marking, barcoding and
quantifying, the resulting DNA was pooled and sequenced. Sequencing was
performed using Illumina® MiSeq technology in order to obtain an approximate
mean of 100,000 reads per sample. After the quality filter and barcode
separation, the processing of the sequence reads was performed by [llumina 16S
Metagenomics, version 1.0.1.0. Taxonomic assignation was performed in
accordance with the Greengenes database. Each 16S rRNA sequence was

assigned at different taxonomic levels, such as phylum, genus and species.

2.6. Analysis of short-chain fatty acids

SCFA determination was carried out in an external laboratory (Centre for Omic
Sciences (COS), Reus, Spain). Whole brain samples were homogenized and lipids
were extracted from a total volume of 100 mg of the homogenized tissue.
Chromatographic separation was performed with a gradient elution using a
Kinetex polar C18, 2.6 um 2.1 x 100 mm analytical column (Phenomenex,
Torrance, CA, USA). Acetic acid, propionic acid, isobutyric acid, butyric acid,
isovaleric acid, valeric acid, 3-methylvaleric acid, 4-methylvaleric acid and
hexanoic acid were quantified in all samples. Metabolite concentration was

normalized using tissue weight and expressed as pmol/mg or pmol/g tissue.

2.7. Statistical analysis

Data were analyzed using SPSS 25.0 software (IBM Corp, Chicago, USA).
Principal component analysis (PCA) was performed in order to observe intrinsic
clusters in the gut microbiota data. A two-way analysis of variance (ANOVA) was
used to study the relative abundance of the different microbiota components
and the concentration of SCFAs. A one-way ANOVA and post-hoc Tukey’s tests of
variance were used to analyze differences between groups. Pearson correlations
were used to investigate associations between microbiota composition and

SCFAs levels. Variance homogeneity was assessed by a Levene test. The results
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are represented as mean values * S.E.M. Statistical significance was set at

p<0.05.

3. Results
3.1. Gut microbiome

The relative abundance of each phylum, genus and species was calculated by
dividing each read count by the total read count for each sample. There were no
differences between groups regarding diversity, assessed using the Shannon

diversity index (Kim et al., 2017) (data not shown).

3.1.1. The phylum Verrucomicrobia was highly present in apoE4 mice, while

postnatal exposure to CPF tended to equal the levels between genotypes

The gut bacteria assigned at phylum level are shown in Figure 1, with only the
most abundant phyla represented (i.e. subjects with a >1% relative abundance).
It can be seen that the predominant phylum is Bacteroidetes (48.05-69.39%),
followed by Firmicutes (18.01-26.69%) and Proteobacteria (7.03-11.50%).
Interestingly, Verrucomicrobia was highly present (26.34%) only in apoE4 mice.
Indeed, a two-way ANOVA (genotype x treatment) indicated significant effects
of the genotype on this phylum [F(2,30)=9.490, p=0.001] and a tendency
towards significant effects of the treatment [F(1,30)=4.091, p=0.052] and the
interaction between genotype and treatment [F(2,30)=3.295, p=0.051]. In order
to further study these differences, we performed a one-way ANOVA (group)
(Fig. 2). Post-hoc analysis revealed that the control-apoE4 group presented
significantly higher levels of Verrucomicrobia, suggesting a basal difference
between apoE4 and the other genotypes, which is attenuated by postnatal
exposure to CPF (Fig. 2A).
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Figure 1| Relative abundance of the most abundant phyla (i.e. subjects with a >1%
relative abundance). Different letters represent significant differences between groups

at p<0.05.

Further study of the less abundant phyla showed significant differences. For
example, the phylum Nitrospirae showed a significant influence of the genotype
[F(2,30)=6.709, p=0.004] and the treatment [F(1,30)=7.268, p=0.011], and a
tendency towards interaction between genotype and treatment [F(2,30)=3.253,
p=0.053] (Fig. 2B). The phylum Thermi displayed significant effects of the
genotype [F(2,30)=4.280, p=0.023] (Fig. 2C), while the phyla Thermotogae and
Chrysiogenetes showed effects of the treatment ([F(1,30)=7.401, p=0.011] and
[F(1,30)=8.155, p=0.008] respectively) (Fig. 2D and 2E). Finally, the phylum
Planctomycetes presented an effect of the genotype [F(2,30)=9.103, p=0.001],
the treatment [F(1,30)=6.929, p=0.013] and the interaction between genotype
and treatment [F(2,30)=5.783, p=0.008] (Fig. 2F). Further post-hoc analysis
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revealed that Nitrospirae and Planctomycetes showed the same pattern of
differences between groups as that previously described for Verrucomicrobia,
with the control apoE4 being the group showing the highest levels of the

microorganism compared to the other groups.
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Figure 2| Relative abundance of phyla presenting significant differences between
groups. (A) Verrucomicrobia, (B) Nitrospirae, (C) Thermi, (D) Thermotogae, (E)

Chrysiogenetes and (F) Planctomycetes. Different letters represent significant differences

between groups at p<0.05.
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3.1.2. The APOE4 genotype differs from the other genotypes in the Akkermansia,
Luteolibacter and Rubritalea genera, with the APOE4 genotype being the only one
affected by CPF exposure.

We performed a principal component analysis (PCA) on the most abundant gut
bacteria (i.e. subjects presenting >1% relative abundance) assigned at genus
level (Fig. 3). PCA was used to explore the different clustering patterns of the
genera studied, with the variance explained by the principal components (PC).
PC 1 explained 16.54% of the variance, while PC 2 explained 13.78% and PC 3
explained 8.88%. We found some genera that were clustered together.
Therefore, to study them in a greater detail we performed a two-way ANOVA
(genotype x sex) (Supplementary Table 1). Significant effects of the genotype
[F(2,30)=9.748, p=0.001], the treatment [F(1,30)=4.240, p=0.048] and
interaction between genotype and treatment [F(2,30)=3.425, p=0.046] on the
genus Akkermansia were observed (Fig. 4A). The effects of genotype were also
noticed in Escherichia [F(2,30)=4.235, p=0.024] (Fig. 4B), Helicobacter
[F(2,30)=3.611, p=0.039] (Fig. 4C), Parapedobacter [F(2,30)=3.745, p=0.035]
(Fig. 4D), Enterococcus [F(2,30)=3.452, p=0.045] (Fig. 4E), Serratia
[F(2,30)=4.512, p=0.019] (Fig. 4F), Luteolibacter [F(2,30)=9.439, p=0.001] (Fig.
4G) and Rubritalea [F(2,30)=4.008, p=0.001] (Fig. 4H). Furthermore,
Helicobacter and Streptococcus (Fig. 41) also presented significant interaction
between genotype and treatment ([F(2,30)=5.121, p=0.012] and
[F(2,30)=5.289, p=0.011] respectively). In order to further study these
differences, we performed a one-way ANOVA (group). Post-hoc analysis
revealed that the control-apoE4 group presented an enrichment of
Akkermansia, Luteolibacter and Rubritalea compared to the other groups,
whereas the CPF-treated apoE4 mice presented an enrichment of Helicobacter.
These results suggest that APOE4 carriers differ from the other genotypes, being
the APOE4 genotype the most susceptible to the effects of the pesticide on gut

microbiota composition.
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Figure 3| Principal component analysis (PCA) with the relative abundance of the most
abundant genera (i.e. subjects with a >1% relative abundance). PC1 included
Akkermansia, Escherichia, Helicobacter, Pedobacter, Parapedobacter, Serratia,
Luteolibacter, Rubritalea and Bilophila. PC2 included Parabacteroides, Lactobacillus,
Aggregatibacter, Ruminococcus, Olivibacter, Anaeroplasma, Slackia, Mucispirillum and

Proteus. PC3 included Blautia, Bacteroides, Oscispirilla, Enterococcus and Acetobacterium.
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Figure 4| Relative abundance of the most abundant genera (i.e. subjects with a >1%
relative abundance) showing significant differences between groups. (A) Akkermansia,
(B) Escherichia, (C) Helicobacter, (D) Parapedobacter, (E) Enterococcus, (F) Serratia, (G)
Luteolibacter, (H) Rubritalea and (1) Streptococcus. Different letters represent significant

differences at p<0.05.

3.1.3. The APOE4 genotype differs from the other genotypes in the species

Akkermansia muciniphila.

In order to gain further insight into the effects already observed, we studied the
species in those genera showing significant differences. Those whose relative
abundance was significantly affected by the APOE genotype and CPF exposure
are shown in Supplementary Table 2. The results point to the importance of
Akkermansia Muciniphila. A two-way ANOVA (genotype x treatment) showed a
significant effect of the genotype [F(2,30)=9.748, p=0.001], the treatment
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[F(1,30)=4.240, p=0.048] and the interaction between genotype and treatment
[F(2,30)=3.425, p=0.046]. Post-hoc analysis revealed that the apoE4 control
group was significantly different from the other groups, accounting for more
than 24-fold the amount found in the C57BL/6 control group. ApoE4 was again
the group showing the highest levels, while postnatal CPF exposure
considerably diminished the presence of this species. Interestingly, a similar
effect was also observed at a considerably lower percentage in different species
belonging to the same Verrucomicrobia phylum (i.e. Luteolibacter algae,

Prosthecobacter fluviatilis and Coraliomargarita akajimensis).

3.2. The APOE3 genotype and CPF treatment increased the levels of certain SCFAs.

We studied the concentrations of different SCFAs in the brain (Fig. 5).
Differences between genotypes were found in three of the most abundant
SCFAs: acetic acid [F(2,30)=11.069, p<0.001] (Fig. 5A), propionic acid
[F(2,30)=3.399, p=0.047] (Fig. 5B) and butyric acid [F(2,30)=33.692, p<0.001]
(Fig. 5C). The latter also presented an interaction between genotype and
treatment [F(2,30)=4.044, p=0.028]. In all cases, the apoE3-TR mice showed
higher concentrations compared to the other groups. Differences between
treatments (Fig. 6) were observed in isovaleric acid [F(1,30)=1.204, p=0.044]
(Fig. 6A) and 4-methylvaleric acid [F(1,30)=4.432, p=0.044] (Fig. 6B). In both
cases, animals in the CPF-treated group presented higher concentrations than
those in the control group. The remaining SCFAs studied (isobutyric acid, 3-
methylvaleric acid, valeric acid and hexanoic acid) did not show significant

differences between groups.
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Figure 5| Brain concentrations of SCFAs presenting significant differences between
genotypes. (A) Acetic acid, (B) Propionic acid and (C) Butyric acid. Different letters

represent significant differences at p<0.05.
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Figure 6| Brain concentrations of SCFAs presenting significant effects of the postnatal
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significant differences at p<0.05.

3.3. Certain SCFAs presented mild correlations with the relative abundance of

several intestinal species.

In order to identify any correlations between the relative abundance of the
microbiota species of interest and SCFA concentrations in the brain, we
performed a Pearson’s correlation (Table 1). Mild correlations were noticed
between isobutyric acid and the relative abundance of Coraliomargarita
akajimensis, Selenomonas infelix and Candidatus Scalindua brodae. Furthermore,

a relative abundance of Methylobacillus glycogenes positively correlated with
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the concentration of valeric acid, 3-methylvaleric acid and hexanoic acid,

suggesting that SCFA production in the gut might influence the brain levels.

Table 1. Correlation between gut microbiota species and SCFA composition

Specie SCFA Correlation p-value
Coraliomargarita akajimensis ~ 1BA r=0.532 p=0.001
Selenomonas infelix IBA r=0.554 p<0.001
Candidatus Scalindua brodae IBA r=0.544 p<0.001
Methylobacillus glycogenes VA r=0.523 p=0.001
Methylobacillus glycogenes 3-MVA r=0.810 p<0.001
Methylobacillus glycogenes HA r=0.560 p<0.001

Abbreviations: IBA, isobutyric acid; VA, valeric acid; 3-MVA, 3-methylvaleric acid; HA,
hexanoic acid.

4., - Discussion

The aim of the present study was to assess the effects of the APOE genotype and
postnatal exposure to the pesticide CPF on gut microbiota composition and
SCFA concentrations in the brain. The relative abundance of the microbiota at
PND 15, four hours after exposure to CPF, was studied at different taxonomic
levels: phylum, genus and species. The results revealed not only changes
induced by the pesticide but also important changes depending on the host’s
APOE genetic background - and the interaction between the two - implying that
the microbiota can be modulated by both the host’s genetics and environmental
factors. SCFA concentrations in the brain also proved to be susceptible to the
effects of the genotype and the treatment, presenting a mild correlation with the
changes observed in microbiota composition. Infant microbiota is influenced by
factors such as the delivery process, the maternal environment and milk
composition (Borre et al., 2014). Differences between lactation and adulthood
periods have been reported (Bickhed et al,, 2015; Palmer et al,, 2015), but little
is known about milk composition at early stages and its influence on brain

development.
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In the present study, microbiota composition differed between genotypes at
different taxonomic levels, with the APOE4 genotype being the one diverging
from the others in the vast majority of cases. Since no differences in diversity as
assessed using the Shannon index were observed, it can be stated that apoE4
differed from the other genotypes in the proportion of some microorganisms. A
recent study including both human and apoE3- and apoE4-TR mice at two
different ages during adulthood also found that the APOE genotype influenced
the relative abundance of microbiota (Tran et al, 2019). Specifically, they
observed differences in the most abundant phyla: apoE4-TR mice presented a
higher amount of Deferribacteres and a lower relative abundance of Candidatus
Saccharibacteria and Proteobacteria compared to apoE3-TR mice (Tran et al,,
2019). In the current study, no differences in the same phyla were found, but we
did observe a higher relative abundance of Verrucomicrobia, Nitrospirae and
Planctomycetes in apoE4-TR mice in comparison with the rest of genotypes.
However, we found genotype differences in genera belonging to the phylum
Proteobacteria: Helicobacter, Escherichia, Enterobacter and Serratia, among
others. Both studies used the same animal model, but determinations in the
previous study (Tran et al., 2019) used fecal samples and adult mice, whereas
the determinations in our study were performed on total gut content and
lactating mice. Microbiota composition can change during the postnatal period
(Pantoja-Feliciano et al., 2013), which makes it difficult to compare results from
different developmental stages. Tran et al. (2019) also found differences
between genotypes in human samples, since E2/E3 presented higher amounts
of Firmicutes than E3/E4 and E4/E4, which were found neither in adult mice
(Tran et al., 2019) nor in our lactating mice. However, it must be taken into
account that the data in human studies may be compromised by diet variations,
infections or antibiotic use, as well as environmental factors. In the present case,
given that the determinations were conducted during the lactation period, we
cannot rule out that any differences in the nutritional composition of maternal
milk or differences in the nutrient conversion between genotypes may be
contributing to the observed differences. In fact, breast milk plays an important

role in establishing a healthy gut microbiota (Walker and Iyengar, 2015), and
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differences in its composition could enhance the proliferation of different
microorganisms. We have recently found different maturation patterns for
apoE3- and apoE4-TR mice (Basaure et al, 2018). Since the presence of
Akkermansia muciniphila increases with age (Collado et al.,, 2007; Derrien et al.,
2008), an earlier maturation of apoE4 could also be underlying its higher

relative abundance compared to the other genotypes.

In recent years, the impact of CPF on the gut microbiota has been thoroughly
explored with all studies agreeing on the potential effect of CPF to induce
dysbiosis. In the present investigation we assessed the effects of postnatal
exposure to CPF, in contrast to most studies, which have mainly focused only on
adult exposure. Nevertheless, Condette et al. (2015) studied in male rats the
effects of a gestational and developmental exposure to CPF until 60 days of age.
It was noticed that CPF exposure during this period induced dysbiosis, and
lower levels of microorganisms related to healthy phenotypes (i.e. Lactobacillus
spp) and higher levels of microorganisms related to unhealthy phenotypes (i.e.
Enterococcus spp, Clostridium spp and Staphylococcus spp) at PND 21 and PND
60 were found in different parts of the intestine (Condette et al, 2015).
Furthermore, they also found detrimental effects on the normal development of
the intestine (Condette et al.,, 2015) and compromised integrity of the epithelial
barrier function in rats (Condette et al., 2014). Exposure during adulthood has
also revealed detrimental effects in gut permeability and alterations in the
relative abundance of key microorganisms, with a decrease in the relative
abundance in the phylum Firmicutes, and an increase in Bacteroidetes in the
CPF-exposed mice (Zhao et al., 2016). Despite the fact that we did not observe
any differences in those phyla, we found some changes in the same direction
after CPF exposure. More specifically, exposure to CPF decreased the relative
abundance of Streptococcus in C57BL/6 mice but increased Rhodothermus in
apoE4-TR mice. It is worth noting that CPF can have a direct effect on the relative

abundance of some microorganisms. Overall, these results corroborate the
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disturbing effects of CPF on microbiota composition and identify new

microorganisms affected by the genotype and CPF at very early ages.

The three most abundant phyla (Bacteroidetes, Firmicutes and Proteobacteria)
presented no differences between groups, but differences were found in
Verrucomicrobia and in some of the less abundant phyla. Interestingly, when we
further studied the genus and species belonging to the Verrucomicrobia phylum,
we observed the same pattern. The species Akkermansia muciniphila,
Luteolibacter algae, Phrosthecobacter fluvialis, and Coraliomargarita
akajimensis all presented the same differences between groups, i.e. the control
apoE4 presented a significantly higher abundance than the other groups. This
implies a basal difference between genotypes, but also a significant effect of the
treatment only in the APOE4 genotype, as postnatal exposure to CPF decreased
the relative abundance of this group of microorganisms. In fact CPF exposure
would decrease the existing variability between genotypes, making APOE4 more
comparable to the other genotypes. Of special relevance is the A. muciniphila
species, a mucin-degrading bacterium (Derrien et al., 2004), which is present
from early life in infants (Collado etal.,, 2007), and it is positively correlated with
a healthier metabolic status (Dao et al, 2016) and negatively correlated with
obesity and diabetes (Everard et al, 2013). Several studies suggest A.
muciniphila as a new treatment for obesity and diabetes (Cani and de Vos, 2017;
Zhang et al, 2019). Indeed, it has been demonstrated that administration of
viable A. muciniphila would ameliorate the metabolic profile, improve the gut
barrier function and reduce inflammation, and reverse diet-induced metabolic
disorders in mice (Everard et al, 2013). Differences between the metabolic
profiles of APOE genotypes have been observed before (Huebbe et al,, 2015).
The APOE3 genotype has been associated with greater vulnerability to the
development of obesity, while APOE4 has normally been associated with a
leaner phenotype (Huebbe et al, 2015). We hypothesize that this different

vulnerability to obesity and diabetes of apoE3- and apoE4-TR mice may in part
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be influenced by the presence of A. muciniphila since early life, conditioning the

long-term metabolic health of the subject.

In this sense, in a previous study, apoE3-TR male mice presented more signs of
insulin resistance, obesity and metabolic diseases after dietary exposure to CPF
during adulthood compared to their peers: apoE4-TR and C57BL/6 mice (Peris-
Sampedro etal,, 2015a, 2015b). It is known that CPF can impact the metabolism
and increase the incidence of several metabolic conditions (Acker and Nogueira,
2012; Elsharkawy etal., 2013). Studies including a dietary challenge with a high-
fat diet have suggested that CPF may alter microbiota composition and be
associated with an obese phenotype in a diet-specific manner (Fang etal., 2018).
Infact Liang et al. (2019) hypothesize that these effects may be the final outcome
of disruptions in the gut microbiota composition that alter gut permeability and
consequently increase the release of LPS to the body, resulting in inflammation.
A. muciniphila normally resides in the mucus layer of the intestinal epithelium
(Ouwerkerk et al,, 2016). Thus, we can speculate that alterations in this species
could compromise its integrity. It has been reported that low-grade
inflammation after CPF exposure enhanced body weight increase in mice,
impaired glucose homeostasis and induced insulin resistance (Liang et al,
2019). Indeed, a higher presence of A. muciniphila has been observed in children
with autism (De Angelis et al., 2013) and in studies with the BTBR inbred mouse
model, which presents the full spectrum of symptoms associated with autism
spectrum disorder (Needham et al., 2018). Higher levels of A. muciniphila have
also been detected in Parkinson disease patients (Bedarfetal., 2017), suggesting

the potential implication of A. muciniphila in altered neurobiological processes.

In the recent years important attention has been paid to the SCFA produced by
microorganisms in the gut and its signaling effects. Previous studies suggest an
important role of SCFAs in the cerebral function. For instance, SCFAs can carry

out an important function in communication between gut and microglia.
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Moreover, acetate acts as an important energy source for astrocytes (Deelchand
et al.,, 2009) while butyrate can play a neuroprotective role (Sun et al., 2016).
However, physiological levels of SCFAs in the brain are largely unknown,
especially during developmental period. The current results reveal that SCFA
composition is modulated by the APOE genotype and also by postnatal exposure
to CPF in the brain of lactating mice. In the present study, the levels of acetic
acid, butyric acid and propionic acid, which are considered to be the three most
common SCFAs (Cummings et al, 1987), were influenced by the genotype.
Specifically, apoE3 presented higher concentrations than the other genotypes.
We found that levels of butyrate in brains of our mice are about five to ten times
higher than those previously found in mature mice (Liu et al., 2015; Sun et al,,
2016). Since butyrate serve several functions such as being an energy substrate
for cells (Donohoe et al,, 2011; Maslowski, 2019); signaling via interaction with
G-protein-coupled receptors and the inhibition of histone deacetylases
stimulating gene expression (Tan et al,, 2014), the current results provide new
insights to be explored as a source of early variations related to the APOE
genotype. We hypothesize that these differences may already be influencing the
cerebral function, conferring higher neuroprotection to apoE3 in contrast to
apoE4. This would be in accordance with the higher susceptibility of apoE4 to
develop cognitive impairments and AD later in life. An important question is,
which are the sources of SCFAs in brain? It is known that only a small part of the
SCFAs produced would pass through the blood-brain barrier and enter the brain
(Frost et al., 2014). Another important source of SCFAs is the diet being dairy
products an important source for butyrate (Stilling et al., 2016). It is also worth
considering that SCFAs in the form of acetate, butyrate and propionate can be
derived from endogenous sources such as fatty acid oxidation and glucose
metabolism in alower level (Bourassa et al., 2016; Pouteau etal., 2003; Wolever
et al, 1997). In the present case, it must be taken into account that the
composition of mother’s milk, as the only source of diet in lactating mice, can be
an important factor contributing to the differences found. Albeit speculative, if
differences between maternal milk composition exist, early interventions could

be planned.
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We observed an effect of CPF on the cerebral concentrations of isovaleric acid
and 4-methylvaleric acid, increasing the concentration in all genotypes except
for apoE4, which remained unaltered. As mentioned above, CPF can alter gut
permeability, and therefore it can be hypothesized that it may favor the release
ofless abundant SCFAs into the blood, which may then reach the brain at higher
concentrations. A link between higher levels of isovaleric acid in stool and
depression has been reported in human patients (Szczesniak et al, 2016),
correlated with higher levels of certain microorganisms previously linked to this
condition. This study suggests that isovaleric acid may be inducing this effect
through the inhibition of Na*, K*-ATPase (Szczesniak et al., 2016), and thus it can
be conjectured that increased levels could cause important damage to the
developing brain. Zhao et al. (2016) have reported changes in urine metabolic
profiles after exposure to CPF, which are strongly correlated with changes in
SCFA-producing bacteria. These metabolites, which included SCFAs such as
isobutyrate and valerate, showed changes after CPF exposure (Zhao etal., 2016).
It is worth noting that we observed a general effect of the treatment in several
metabolites in the brain, but apoE4-TR mice remained unaltered. This would
suggest that APOE3 carriers are more sensitive to the effects of CPF, while
APOE4 carriers would not be affected by the pesticide in this aspect. This finding
has important implications because of the €3 allele is the most conserved in the
human population worldwide, reaching a frequency of 73.3% (SD=12.1). In
contrast, the €4 allele is only present in 14.5% (SD=8.5) (Eisenbergetal.,, 2010),
indicating that a large number of people could be susceptible to these toxic-
induced changes in their SCFA levels. Insofar as SCFA can influence the
regulation of feeding behavior, these differences are along similar lines to the
metabolic differences between apoE3 and apoE4, which have been discussed
above. Even though the direct relationship between SCFAs in the gut and
microbiota composition is incontestable, information on cerebral SCFAs is
scarce. It has been previously reported that supplementation with the butyrate-
producer specie Clostridium butyricum would have a direct effect by increasing

butyrate levels in the brain and by ameliorating cognitive impairments in a
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mouse model of vascular dementia (Liu et al,, 2015). However, in the present

case we did not find a strong correlation between the two factors.

The results of this study were obtained 4 h after exposure to low doses of CPF
from PND 10 to PND 15. This would raise the question of whether the results
obtained represent a permanent effect or only an acute response that could
disappear over time. Changes in the gut microbiota due to environmental toxics
during this critical development period have shown to create permanent
impairments that can condition the whole life of the subject (Torow and Hornef,
2017). However, further investigation is required to assess whether this also
happens with CPF, and to study the evolution over time of the differences
between genotypes at such an early age. Last but not least, as most of these
studies with mouse models, our results are based only on males. However,
considering that we recently observed sexual-dimorphic differences and
vulnerabilities to toxic exposures (Basaure et al., 2018; Guardia-Escote et al,,
2018), we believe that we might be missing important information by leaving
the females out of these studies. Consequently, we propose a long-term follow-
up study including both sexes, with a strict control of all possible parameters

influencing the gut microbiota.

In summary, the current results provide information about the composition of
gut microbiota in early life and its modulation by the APOE genetic background
and postnatal exposure to CPF. We also included an assessment of SCFA levels
in the brain and studied the potential relationship between APOE and CPF. Basal
differences between genotypes were observed, and CPF showed its capacity to
induce gut dysbiosis. A. muciniphila emerged as a potential modulatory element
providing an explanation for previously-observed metabolic and cognitive
differences between groups, especially related to APOE4 genotype. Genetic and
environmental effects on SCFA composition were also found, with potential

implications for cognitive functioning. Finally, these findings raise a number of
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intriguing questions regarding the nature and extent of the involvement of the
gut microbiota and its metabolites in different aspects underlying health and
disease. At the same time, they show the scope of postnatal exposure to low
doses of pesticides such as CPF and corroborate the influence of the APOE

genotype.
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Supplementary tables:

Table S1. Significant differences between groups at genus level.

Group
Genus Genotype  Treatment Interaction
differences
Akkermansia p=0.001 p=0.048 p=0.046 E4-CNT vs. all
Escherichia p=0.024 n.s. n.s. n.s.
E4-CPF vs. all
Helicobacter p=0.039 n.s. p=0.012
(except E3-CNT)
Parapedobacter p=0.035 n.s. n.s. n.s.
C57-CNT vs. C57-
Streptococcus n.s. n.s. p=0.011
CPF
Enterococcus p=0.045 n.s. n.s. n.s.
Serratia p=0.019 n.s. n.s. n.s.
Luteolibacter p=0.001 p=0.051 p=0.051 E4-CNT vs. all
Rubritalea p=0.001 n.s. n.s. E4-CNT vs. all
Rhodothermus ns. n.s. p=0.036 n.s.
Prevotella p=0.024 n.s. n.s. n.s.
Prosthecobacter p=0.000 n.s. n.s. E4-CNT vs. all
Enterobacter p=0.034 n.s. n.s. n.s.
Butyricimonas p=0.032 n.s. n.s. n.s.
Gallibacterium p=0.023 n.s. n.s. n.s.
Sharpea p=0.021 n.s. n.s. n.s.
E4-CNT vs. all
Lysobacter p=0.001 n.s. n.s.
(except E4-CPF)
Thermo-
p=0.003 p=0.011 p=0.050 E4-CNT vs. all
desulfovibrio
Thermus n.s. p=0.025 p=0.039 30vs31,50vs 51
E4-CPF vs. C57-
Psychrobacter p=0.011 n.s. n.s.
CPF
Mycoplasma n.s. n.s. p=0.032 n.s.
E4-CNT vs. E3-
Polaribacter p=0.024 n.s. n.s.
CPF and C57-CPF
C. Glomeribacter n.s. n.s. p=0.036 n.s.
Rhodospirillum n.s. p=0.002 n.s. n.s.
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Campylobacter

Thermicanus
Caldicellulo-
siruptor
C. Methyl-
acidiphilum
Steno-
trophomonas
Thiobacillus
Vibrio
Chelonobacter

Vagococcus
Coraliomargarita

Desulfuri-
spirillum
Thiocapsa

Thiorhodococcus
Cystobacter

Avibacterium
Selenomonas
Leptospira
C. Scalindua

Carboxydocella

Thiohalorhabdus

Chondromyces

Fervido-
bacterium
Trabulsiella

Roseospira

p=0.020

p=0.001

p=0.002

p=0.043

p=0.027
p=0.009
p=0.041
p=0.006

p=0.002

p=0.035
p=0.016

p=0.003

n.s.
p=0.012
p=0.042
p=0.000

p=0.010

0.023

n.s.

p=0.038
p=0.049

RESULTS

n.s.
n.s.

n.s.

n.s.

n.s.

n.s.
n.s.
n.s.

n.s.

n.s.

p=0.011

p=0.042

n.s.
n.s.

n.s.
n.s.
n.s.

p=0.013
n.s.

n.s.

n.s.

p=0.049

n.s.

n.s.
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p=0.004
p=0.027

n.s.

n.s.

0.026

n.s.
n.s.
n.s.

n.s.

n.s.

n.s.

n.s.

n.s.
n.s.

p=0.021
n.s.
n.s.

p=0.003
n.s.

p=0.050

n.s.

p=0.022

n.s.

n.s.

E4-CPF vs. all
(except E3-CNT)
ns.
E4-CNT vs. all
(except E4-CPF)
E4-CNT vs. all
(except E4-CPF)

n.s.

n.s.
n.s.
n.s.
n.s.
E4-CNT vs. all
(except E4-CPF)

n.s.
n.s.
E4-CNT vs. all
(except E4-CPF)
n.s.
ns.
ns.
E4-CNT vs. all
E3-CNT vs. C57-
CNT
n.s.
E4-CNT vs. E3-
CNT, E3-CPF and
C57-CNT
E4-CNT vs. E4-
CPF
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Glycomyces n.s. n.s. 0.051 n.s.
Thiomonas p=0.027 n.s. n.s. n.s.
Melissococcus p=0.017 n.s. n.s. n.s.
E3-CPF vs. E4-CPF
Methylobacillus p=0.009 n.s. ns.
and C57-CPF
Kitasatospora n.s. p=0.021 n.s. n.s.
Glaciecola n.s. n.s. p=0.020 n.s.
Klebsiella n.s. p=0.045 ns. ns.
Thermoanaeroba
n.s. p=0.049 n.s. n.s.
cterium
Leptolyngbya p=0.050 n.s. p=0.050 C57-CPF vs. all
Petrotoga n.s. p=0.018 n.s. n.s.
C50-CNT vs. all
Thioalkalivibrio n.s. n.s. p=0.035
(except E4-CPF)
Oscillatoria p=0.014 n.s. n.s. n.s.

Table S2. Significant differences between groups at species level.

Group
Specie Genotype Treatment Interaction
differences
Verrucomicrobia
Akkermansia
p=0.000 p=0.047 p=0.044 E4-CNT vs. all
muciniphila
Luteolibacter
p=0.001 p=0.049 p=0.049 E4-CNT vs. all
algae
Prosthecobacter E4-CNT vs. all
p=0.001 n.s. n.s.
fluviatilis (except E4-CPF)
Coraliomargarita E4-CNT vs. all
p=0.003 n.s. n.s.
akajimensis (except E4-CPF)
Proteobacteria
Helicobacter E4-CPF vs. all
p=0.022 n.s. p=0.010
ganmani (except E3-CNT)
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Helicobacter E4-CPF vs. all
p=0.041 n.s. p=0.017
mesocricetorum (except E3-CNT)
Helicobacter E4-CPF vs. all
p=0.033 n.s. p=0.002
suncus (except E3-CNT)
Helicobacter
n.s n.s p=0.023 n.s.
mastomyrinus
E4-CPF vs. all
Helicobacter
p=0.040 n.s. p=0.041 (except E4-CNT
rodentium
and E3-CNT)
Escherichia
p=0.044 n.s. n.s. n.s.
albertii
Escherichia coli p=0.000 p=0.010 p=0.002 C57-CNT vs. all
Serratia
p=0.019 n.s. n.s. n.s.
entomophila
Enterobacter n.s. n.s.
p=0.039 n.s.
aceae
Enterobacter n.s. n.s.
p=0.003 n.s.
nickellidurans
Gallibacterium n.s. n.s.
p=0.019 n.s.
melopsittaci
Campylobacter
p=0.002 n.s. p=0.001 41vsall
faecalis
Vibrio litoralis p=0.048 n.s. n.s. n.s.
Chelonobacter
p=0.038 n.s. n.s. n.s.
oris
Thiorhodococcus
p=0.031 n.s. n.s. n.s.
pfennigii
Thiohalorhabdus
n.s n.s p=0.035 n.s.
denitrificans
E4-CNT vs. all
Chondromyces
p=0.028 n.s. n.s. (except E4-CPF
pediculatus
and C57-CPF)
Trabulsiella
p=0.038 n.s. n.s. n.s.

odontotermitis
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Thiomonas
p=0.020 n.s. n.s. n.s.
thermosulfata
Methylobacillus
p=0.033 n.s. n.s. n.s.
glycogenes
Glaciecola
n.s. n.s. p=0.028 n.s.
nitratireducens
Klebsiella
n.s. p=0.038 n.s. n.s.
granulomatis
Thioalkalivibrio C57-CNT vs. all
n.s. n.s. p=0.033
jannaschii (except E4-CPF)
Bacteroidetes
Parapedobacter
p=0.045 n.s. n.s. n.s.
koreensis
Butyricimonas n.s. n.s.
p=0.042 n.s.
virosa
Firmicutes
Streptococcus C57-CNT vs.
n.s. n.s. p=0.006
milleri C57-CPF
Streptococcus
n.s. n.s. p=0.015 n.s.
lactarius
Enterococcus
p=0.037 n.s. n.s. n.s.
faecalis
Enterococcus
p=0.032 n.s. n.s. n.s.
lactis
Sharpea n.s. n.s.
p=0.027 n.s.
azabuensis
Vagococcus
p=0.012 n.s. n.s. n.s.
teuberi
Selenomonas
p=0.030 n.s. n.s. n.s.
infelix
Carboxydocella E4-CNT vs. C57-
p=0.011 n.s. n.s.
ferrireducens CNT
Thermoanaeroba
cterium n.s. p=0.044 n.s. n.s.
islandicum
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RESULTS
Chrysiogenetes
Desulfurispirillu
n.s. p=0.018 n.s. n.s
m alkaliphilum
Planctomycetes
Candidatus
p=0.000 p=0.012 p=0.003 E4-CNT vs. all
Scalindua brodae
Cyanobacteria
Oscillatoria
p=0.021 n.s. n.s. n.s
corallinae
Thermotogae
E4-CPF vs. all
Fervidobacterium (except C57-
n.s p=0.049 p=0.019
islandicum CNT and C57-
CPF)
Thermi
C57-CNT vs.
Thermus rehai n.s. n.s. p=0.002
C57-CPF
Thermus
n.s p=0.015 n.s. n.s
scotoductus
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Study Il overview.

APOE influenced learning and memory, which can be
disrupted by exposure to the pesticide CPF. The
What do we cholinergic system plays an important role in learning
already know? and memory. Differences depending on the APOE

genotype have been reported.

Differences in recognition memory between APOE

What does this genotypes confer different vulnerabilities to the toxic

study add? effects of CPF in a sex-dependent manner.

APOE3 mice did not acquire the task. CPF-induced
detrimental effects during task retention, especially
Highlights on apoE4-TR mice. ApoE4-TR mice presented lower
sensitivities to scopolamine and responded
differently to rivastigmine depending on sex.
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117



UNIVERSITAT ROVIRA I VIRGILI

POSTNATAL CHLORPYRIFOS EXPOSURE INFLUENCES THE GUT MICROBIOTA AND THE EXPRESSION
OF BIOLOGICAL AND NEUROBEHAVIORAL CHARACTERISTICS OF THE APOE GENOTYPE IN AN
AGE-DEPENDENT MANNER

Laia Guardia Escoté



UNIVERSITAT ROVIRA I VIRGILI
POSTNATAL CHLORPYRIFOS EXPOSURE INFLUENCES THE GUT MICROBIOTA AND THE EXPRESSION
OF BIOLOGICAL AND NEUROBEHAVIORAL CHARACTERISTICS OF THE APOE GENOTYPE IN AN
AGE-DEPENDENT MANNER

. . . RESULTS
Laia Guardia Escoté

APOE genetic background and sex confer different vulnerabilities to
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Abstract.

Chlorpyrifos (CPF) is an extensively used organophosphate pesticide. Exposure
to CPF has been related to neurobehavioral disorders, particularly during
neurodevelopment. Apolipoprotein E (apoE) is a lipid and cholesterol carrier
and a susceptibility factor for cognitive impairment which can influence the
response to toxic exposures. The study was aimed at assessing the effects of
postnatal exposure to CPF on object recognition memory and its modulation by
sex and apoE genotype. Human apoE3 and apoE4 targeted replacement mice
and C57BL/6 mice were postnatally exposed to 0 or 1 mg/kg/day of CPF.
Recognition memory was evaluated in an Object Recognition Test (ORT). In
order to study the contribution of cholinergic and GABAergic neurotransmitter

systems to recognition memory, a pharmacological challenge was included. Sex,
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genotype and postnatal exposure to CPF were key factors throughout the testing
period. Specifically, CPF increased exploratory behavior and impaired
discrimination performance. We observed that administering scopolamine, a
cholinergic antagonist, was detrimental to recognition memory. However,
discrimination in C57BL/6 and apoE4 males improved with the administration
of the cholinergic agonist rivastigmine, but the same drug worsened retention
in apoE4 females. Finally, the GABAergic agonist alprazolam altered
performance in a sex- and genotype-dependent manner. Overall, these results
suggest complex interactions between sex, APOE genotype and postnatal CPF
exposure and indicate a different functioning of both the cholinergic and

GABAergic neurotransmitter system between groups.

Keywords:

Chlorpyrifos, Pesticide, APOE, Cholinergic system, Recognition memory, Brain

development

1. Introduction

The impact of environmental toxic exposure during brain development has
enormous consequences for the general population. As far as subclinical
behavioral or cognitive deficits caused by toxic exposure are elusive in
diagnoses, most of the neurotoxic agents affecting the brain lack specific
environmental regulations. This is the case of the worldwide used pesticide
chlorpyrifos (CPF), which targets the cholinergic neurotransmitter system.
Despite the fact that its residential use was banned in 2001, CPF is still one of
the most widespread compounds. The general population is permanently
exposed to nontoxic low levels of the pesticide through the diet (Reiss et al.,
2015), being known that young subjects are more sensitive than adults to CPF

toxicity (Moser and Padilla, 1998; Pope et al, 1991). The main detrimental
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effects of CPF are caused by the irreversible inhibition of cholinesterase
enzymes (ChE) such as acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) (Casida and Quistad, 2004). To date, a number of studies have reported
changes in the cholinergic system after exposure to CPF. For instance, Slotkin et
al. (2004) found a decreased binding in both a7 and a42 nicotinic receptors
(nAChRs) in different brain regions of rats including the forebrain and
cerebellum, following postnatal (postnatal days (PND) 11-14) exposure to the
pesticide. In the same line, Richardson and Chambers (2005) observed a
considerable dose-dependent decrease in muscarinic receptors (mAChRs)
binding in the brain after postnatal (PND 1-21) exposure to CPF. The observed
effects, which cover a wide spectrum, seem to be dependent on the sex and the
period of exposure. For example, postnatal exposure to CPF has been related to
increased aggressive behavior in adult males and an enhanced maternal
response in females, while anxiety-like behaviors have been reduced in both
sexes (Ricceri et al., 2006). Likewise, postnatal exposure to CPF is known to
induce changes in locomotor activity (Dam et al., 2000; Ricceri et al., 2003), as

well as thyroid alterations (De Angelis et al., 2009).

To date, a number of studies have focused on the gene of apolipoprotein E
(apoE) as another potential factor underlying cholinergic alterations. The apoE
protein is implicated in lipid and cholesterol transport in the brain (Getz and
Reardon, 2009). Three different isoforms have been described in humans:
apoE2, apoE3 and apoE4. E4 is the isoform related to diminished functioning of
the cholinergic system (Allen et al., 1997), being the major genetic risk factor for
the development of Alzheimer’s Disease (AD) (Bales, 2010; Roses, 1996).
Previous results from our group, using the targeted replacement (TR) mouse
model that expresses the different human isoforms of apoE (apoE-TR), showed
a wide variety of functional differences between genotypes as well as different
vulnerabilities to the detrimental effects of CPF exposure. There are differences
between genotypes, for example, in terms of spatial learning and memory

(Reverte et al., 2012), attention, impulsivity and compulsivity (Peris-Sampedro
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etal, 2016; Reverte et al., 2016), and these influence the effects of CPF during
adulthood (Peris-Sampedro et al, 2015) or throughout the developmental
period (Basaure et al, 2019). Likewise, differences in the gene expression of
cholinergic elements were observed between genotypes after postnatal
exposure to the pesticide, together with developmental alterations (Basaure et

al, 2018).

Behavioral testing has played a crucial role in evaluating the effects of toxic
exposures and in unraveling their interactions with environmental factors. The
Object Recognition Test (ORT) is a behavioral task used to study recognition
memory, which is based on the innate preference of rodents for novelty (i.e., to
explore a new object over a familiar one). This innate novelty preference is
ultimately used to test recognition memory because mice preferring a novel
object would need to successfully recognize a familiar one (Ennaceur and
Delacour, 1988). In mice, the brain structures likely to be implicated in object
recognition memory are the hippocampus and rhinal cortices. More specifically,
the perirhinal cortex is a crucial structure in the acquisition, consolidation and
retrieval of information (Broadbent et al.,, 2009; Brown et al., 2012; Melichercik
etal,, 2012). The use of ORT has increased in recent years because of advantages
over other well-established tasks: it does not require water or food deprivation,
reinforcing stimuli or the learning of associations, being suitable for
pharmacological screening (Dere et al., 2007; Grayson et al., 2015). The integrity
of the cholinergic system appeared to be determinant for correct recognition
memory. The use of the cholinergic antagonist scopolamine has become a
widely established pharmacological model for cognitive impairments on object
recognition (Dodart et al., 1997; Klinkenberg and Blokland, 2010). On the other
hand, the use of nAChR agonists and AChE inhibitors (McLean et al., 2016; Pichat
etal.,, 2007) has been associated with an improvement in the performance of the
task. The GABAergic system has also been reported to play a role in recognition
memory as the administration of y-Aminobutyric acid (GABA) induced long-

term improvements in recognition memory in rats (Thanapreedawat et al,,
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2013). Amnesic effects and subsequent impairments have also been described
in recognition memory after administration of an allosteric modulator of GABAA
receptor such as alprazolam (Bertaina-Anglade et al., 2006; Soni and Parle,

2017).

The purpose of this investigation was to assess the effects of postnatal exposure
to CPF on recognition memory and to investigate how individual intrinsic
variables including sex and APOE genotype influence its toxicity. We also aimed
to shed light on the neuropharmacological basis of these effects. To explore the
role of both cholinergic and GABAergic systems on recognition memory and
their interactions with the APOE genotype and CPF, a pharmacological challenge

with agonist and antagonist drugs was used.

2. Materials and Methods
2.1. Animals and care

In the present study, we used male and female apoE3- and apoE4-TR mice from
Taconic (Taconic Europe, Lille Skensved, Denmark) and C57BL/6 mice from
Charles River (Charles River, Barcelona, Spain). The apoE-TR mouse model was
originally created by Sullivan et al. (1997). These mice have a C57BL/6NTac
background and their murine apoE gene was replaced by the human allele APOE.
Females and males from the same genotype were subjected to mating sessions
up to pregnancy. The day at birth was recorded as PND 0 and litters were left
undisturbed until treatment. After weaning, animals were housed under
standard conditions with 2-5 individuals per cage of the same genotype, sex and
treatment group. Behavioral testing was conducted when mice were two
months old. The animal room was maintained at a temperature of 22 + 2 °C, a
relative humidity of 50 + 10%, and a 12 h light/dark automatic light cycle (light
on 8:00-20:00). All animals were allowed free access to food and water and

given a normal chow diet (Panlab, Barcelona, Spain). The use of animals and the
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experimental protocol were approved by the Animal Care and Use Committee of
the Rovira i Virgili University (Tarragona, Spain) and were conducted in
accordance with the Spanish Royal Decree 53/2013 on the protection of
experimental animals, and the European Communities Council Directive

(2010/63/EU).

2.2. Chemicals and treatment

CPF [0,0-diethyl 0-(3,5,6-trichloropyridin-2-yl) phosphorothioate], purity
99.5%, was provided by Sigma-Aldrich Co. LLC. (Madrid, Spain). The compound
was dissolved in corn oil and adjusted to administer 1 mg/kg in 1 pL/g of body
weight by oral gavage, using a micropipette. The treatment was conducted from
PND10 to PND15. Control groups were administered corn oil throughout the
same period of time. Animals were periodically monitored and kept under

standard conditions for two months prior to starting the behavioral assessment.

To study the influence of GABAergic and cholinergic systems on the behavioral
task performance, the following drugs were used: Rivastigmine L-Tartrate (CAS
Number: 129101-54-8, TCI Europe N.V., Zwijndrecht, Belgium), scopolamine
hydrobromide (CAS Number: 6533-68-2, Sigma-Aldrich, Madrid, Spain) and
alprazolam (Trankimazin 0.75mg/ml, CAS Number: 28981-97-7, Pfizer, S.A.,
Alcobendas, Spain).

2.3. Object Recognition Test

Recognition memory was tested in an ORT, a one-trial learning paradigm based
on the natural tendency of mice to prefer a new object over a familiar one. The
experimental protocol was designed based on the original setup first described
by Ennaceur and Delacour (1988). The apparatus consisted of a square open

field box (60 cm x 60 cm x 50 cm). During the pre-training period, mice were
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habituated to the testing area for 30 min. During habituation, the total distance
traveled and the time spent in the center were measured to test general motor
activity and anxiety-like behavior. A typical ORT session consisted of two parts:
the acquisition and the retention phase. During acquisition, two identical objects
were placed in the open field. Each individual was allowed to freely explore the
objects for 15 min. The mouse was considered to be exploring an object when:
(a) the head of the mouse was directed towards the object at a distance of 2 cm
or less from it, or (b) when the animal was sniffing it. During acquisition, we
studied the time spent exploring the two identical objects. The retention part
was carried out 4 h after the acquisition session. During the retention session,
one of the previous two objects was replaced with a new one, and each animal
was allowed to explore the new setting for 5 min. A discrimination index (time
spent exploring the new object/time spent exploring the familiar object) was
used to test retention memory. All objects were white, being of similar sizes, but
with perfectly distinguishable shapes. All objects and the open field box were
carefully cleaned with 70% ethanol after each trial to reduce olfactory cues. All
objects used were previously tested in another set of animals in order to discard
any object preference bias (data not shown). Experiments were automatically
recorded and analyzed using a video-tracking software (EthoVision®, Noldus

Information Technologies, the Netherlands).

2.3.1. Inclusion criteria

A total of 146 animals were used in this study. As far as retention could be biased
by exploration activity, we set an inclusion criteria (at least 2 seconds exploring
one object and at least 10 seconds of total time exploring the objects) to gain
access to the retention phase. Therefore, the number of animals in each group
during the different parts was the following: habituation n=11-13, acquisition

n=11-13 and retention n=8-13 (Table 1).
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Table 1 | Number of animals in each experimental group

HAB ACQ Retention

Group Sal Sc Riv Apz

CNT C57 12 12 10 10 11 9

CPF C57 12 11 10 10 11 11

» CNTE3 11 12 10 8 10 11
S CPFE3 12 12 9 9 10 11
CNT E4 12 12 11 9 11 11

CPF E4 13 13 12 8 9 11

CNT C57 12 12 11 9 10 10

CPF C57 13 13 13 12 13 13

E CNTE3 12 12 12 10 12 12
g CPFE3 12 12 11 9 10 12
= CNT E4 12 12 12 9 12 12
CPF E4 12 12 11 10 11 12

Abbreviations: CNT, Control; CPF, CPF-treated; C57, C57BL/6; HAB, habituation; ACQ,
acquisition; Sal, saline; Sc, scopolamine; Riv, rivastigmine; Apz, alprazolam.

2.3.2. Basal condition and pharmacological challenge

Mice were habituated to the injection daily over a period of three days before
the experiment using 0.9% saline. Animals in the basal conditions received
intraperitoneal infusions of 0.9% saline 30 min. before the acquisition session
started. During the pharmacological challenge, animals received the drugs in
different sessions: the cholinergic agonist rivastigmine (0.25 mg/kg), the
cholinergic antagonist scopolamine (1.6 mg/kg) and the GABAergic agonist
alprazolam (0.12 mg/kg). Saline and the drugs were administered in a Latin
square design 30 min. (scopolamine), 40 min. (rivastigmine) and 2 h
(alprazolam) before starting the acquisition session. The dose selection was
based on previous studies (Reverte et al. 2016) and the time of administration
was chosen according to each compound’s average time to reach peak plasma
concentration. Provided that we administered the drug before the acquisition
part, we expected it to affect the encoding of the object information during
acquisition. All drugs were intraperitoneally injected except rivastigmine, which

was administered subcutaneously. Individual mice were subjected to each
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treatment on different days, separated by at least 48 h. To this end, a large set of

objects was used in order to avoid repetition and bias.

2.4. Study of the estrous cycle

The stage of the reproductive cycle was assessed in females right after the
retention part of each session in order to test possible influences on behavioral
performance. The stage of the cycle was assessed on the basis of the type of cells
observed in the vaginal smears as described elsewhere (Caliglioni, 2009). In
short, nucleated epithelial cells indicate the proestrus stage, while cornified
squamous epithelial cells indicate the estrous stage. A mix of cell types is
characteristic of the metestrus, while leukocytes are characteristic of the
diestrus stage. The four stages were divided into two groups: proestrus/estrus
and metestrus/diestrus, as described in previous studies (Contreras et al., 2000;

van Goethem etal., 2012).

2.5. Statistical analysis

Data were analyzed with the SPSS 25.0 software (IBM Corp, Chicago, USA). A
three-way analysis of variance (ANOVA) for repeated measures was used to
study the general activity in the open field, while a three-way ANOVA for each
drug condition was used in both the acquisition and retention parts. A t-test for
independent samples was used to asess the specific contribution of the
postnatal treatment and the effects of the different drugs in each genotype and
sex. A one-sample t-test allowed to compare the recognition memory with a
neutral chance level during retention. The variance homogeneity was assessed
by a Levene test. Statistical significance was set at p<0.05. Results are reported

as mean values + S.E.M.
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3. Results
3.1. General activity during habituation

General activity during habituation was analyzed by a three-way ANOVA (sex x
genotype x treatment) for repeated measures. The 5-minute fractions of time
were the within-subject factor and the distance traveled as well as the time
spent in the center of the open field were studied as the dependent variables. A
decrease over time in the total distance traveled [F(5,129) = 69.268, p<0.001]
indicated habituation to the space (Fig. 1A and 1B). An interaction between time
and genotype [F(10,260) = 3.107, p=0.001] indicated that the habituation
pattern depended on the APOE genotype. A three-way ANOVA (sex x genotype x
treatment) showed the general effects of sex [F(1,133) = 11.569, p=0.001] and
genotype [F(2,133) = 3.208, p=0.044], as well as an interaction between
genotype and treatment [F(2,133) = 5.461, p=0.005] on total distance traveled.
While females traveled greater distances than males (Fig. 1C), the postnatal CPF
treatment only affected apoE4 mice, which traveled a greater total distance than
the respective controls (Fig. 1D). On the other hand, the time spent in the center
of the open field, as a measure of anxiety-like behavior, was similar between

groups (data not shown).

3.2. Acquisition

Exploration performance during the acquisition session was analyzed by a
three-way ANOVA (sex x genotype X treatment) for basal (saline) and
pharmacological conditions. Treatment effects were further analyzed within
each sex and genotype group by a t-test for independent samples. A t-test for
independent samples was also used to compare the mice’s exploratory behavior

between each drug and the basal conditions
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Figure 1| Distance traveled divided into fractions of 5 min. in an open field during the 30
min. of habituation to the working space of the ORT in: males (A) and females (B). Total
distance traveled by sex (C) and by genotype and treatment (D). An asterisk indicates
that performance is significantly different at p<0.05 from the respective control group.

Groups with different letters (a,b) are significantly different (p<0.05).

3.2.1. Basal condition

The cumulative time exploring the two identical objects in basal conditions was
influenced by genotype [F(2,132) = 4.072, p=0.019] and postnatal CPF
treatment [F(1,132) = 10.619, p=0.001] (Fig. 2A and 2B). We found a triple
interaction between sex, genotype and treatment [F(2,531) = 6.484, p=0.002].
Therefore, we split the groups up by genotype and sex to study the postnatal
treatment effects. The results showed that the time exploring the objects in CPF-
treated apoE4 females was significantly higher than their respective control

group [t =3.716; d.f.23; p=0.001] (Fig. 3B).
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Figure 2| Cumulative time exploring two identical objects during the acquisition phase
of the ORT. General effect of genotype (A) and treatment (B) in basal conditions after
saline administration. An asterisk indicates that performance is significantly different at

p<0.05.

3.2.2. Pharmacological challenge

Exploratory activity during acquisition upon different pharmacological drugs,
showed that the cholinergic antagonist scopolamine affected exploratory
behavior, as the general effects of genotype and postnatal treatment observed
in the basal conditions were no longer detected. Specifically C57BL/6 exposed
mice and apoE3 either exposed or control significantly decreased their activity
(Fig. 3Cand 3D) compared to the basal conditions (Fig. 3A and 3B) while control
C57BL/6 and apoE4 mice were not affected by scopolamine. Rivastigmine
treatment (Fig. 3E and 3F) and alprazolam treatment (Fig. 3G and 3H) did not
change basal conditions. A significant effect of the genotype [F(2,133) = 3.588,
p=0.030] was still observed under the influence of rivastigmine. Similarly,
postnatal treatment effects observed in basal conditions were also evident
under the influence of rivastigmine [F(1,133) = 12.178, p=0.001] and of
alprazolam [F(1,133) = 9.437, p=0.003]. In fact, apoE4 females postnatally
exposed to CPF mantained high exploration levels on both rivastigmine [t =
5.014; d.f.24; p<0.001] and alprazolam [t = 2.365; d.f.24; p=0.026] conditions
(Fig. 3F and 3H, respectively).
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Figure 3| Time exploring two identical objects during the acquisition phase of the ORT
after the administration of saline (A,B), scopolamine (C,D), rivastigmine (E,F) and
alprazolam (G,H). The symbol (&) indicates that performance is significantly different to

the respective control at p<0.05. The symbol (#) indicates significant differences with
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respect to the saline group (p<0.05).
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3.3. Retention

The discrimination ratio between familiar and novel objects during the
retention session was analyzed by a three-way ANOVA (sex x genotype X
treatment). We also used a one-sample t-test to analyze the discrimination ratio
in comparison to the chance level (a theoretical value that assumes that mice
spend the same time exploring familiar and novel objects). Finally, to establish
the specific contribution of each drug, we compared the results of the different

drugs in basal conditions using a t-test for independent samples.

3.3.1. Basal condition

The discrimination ratio in basal conditions was influenced by sex [F(1,120) =
7.752, p=0.006] and postnatal treatment [F(1,120) = 6.328, p=0.013]. Female
mice performed better than males (Fig. 4A), with postnatal CPF exposure
impairing retention (Fig. 4B). When the discrimination ratio was compared to
chance level, control apoE4 males [t = 2.860; d.f.10; p=0.017], control apoE4
females [t = 4.958; d.f.11; p<0.001], and control [t = 2.948; d.£.10; p=0.015] and
CPF-treated [t=2.493; d.f.10; p=0.032] C57BL/6 females presented a significant
preference for the novel object (Fig. 5A and 5B). It is worth noting that neither
apoE3 males and females nor C57BL/6 males displayed any retention of the test

in basal conditions.
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Figure 4| Discrimination ratio (time exploring the novel object/time exploring the
familiar object) during the retention session. General effects of sex (A) and postnatal
treatment (B) on basal conditions after saline administration. An asterisk indicates that

performance is significantly different at p<0.05.

3.3.2. Pharmacological challenge

Pharmacological testing showed an overall effect of the genotype [F(2,462) =
8.874, p<0.001], postnatal treatment [F(1,462) = 4.695, p=0.031] and an
interaction between postnatal treatment and sex [F(1,462) = 9.199, p=0.003].
To better understand these effects, each drug condition was analyzed for each

genotype, sex and treatment (Fig. 5).

None of the groups under the influence of scopolamine showed recognition
memory. Although control apoE4 males explored the novel object more than the
familiar one, the differences with chance level or basal conditions were not
significant. It must be highlighted that compared to basal conditions, female
mice showed impairments in those groups that had good retention in the basal
condition: C57BL/6 control [t = 2.741; d.f.18; p=0.013] and CPF-treated [t =
2.150; d.£.19; p=0.045], and apoE4 control mice [t = 2.598; d.f.18; p=0.018] (Fig.
5 Cand 5D).
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A tendency towards an interaction between sex and treatment [F(1,118) =
3.684, p=0.057] was noted after administration of rivastigmine. This drug
improved retention in control C57BL/6 male mice, which displayed a
preference for the novel object compared to the chance level [t = 3.377; d.f.11;
p=0.006]. This also occurred in both control [t = 3.068; d.f.10; p=0.012] and CPF-
treated [t = 2.310; d.f.9; p=0.046] apoE4 males (Fig. 5E). Among the female
groups, only the control C57BL/6 [t = 3.596; d.f.10; p=0.006] showed a
preference for the novel object. In addition, control apoE4 females showed a
decrease in the discrimination ratio after rivastigmine administration [t = 2.536;

d.f.19; p=0.020] compared to basal conditions (Fig. 5F).

Lastly, the administration of alprazolam led to an effect of genotype [F(2,123) =
5.657, p=0.004] and an interaction between sex and treatment [F(1,123) =
3.993, p=0.048]. Control apoE4 was the only group with a significant preference
for the novel object in both males [t = 3.682; d.f.10; p=0.004] and females [t =
2.397; d.f.10; p=0.037] compared with the chance level (Fig. 5G and 5H). No
effects of alprazolam were observed in comparison to basal conditions in males
(Fig. 5G). In females, discrimination in control apoE4 mice decreased with
respect to basal conditions after alprazolam administration [t = 2.075; d.f.21;

p=0.015] (Fig. 5H).
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Figure 5| Discrimination ratio during the retention session after the administration of
saline (A,B), scopolamine (C,D), rivastigmine (E,F) and alprazolam (G,H). The symbol (#)
indicates significant differences with respect to the saline group (p<0.05) and the
asterisk (*) indicates significant differences with the chance level (equal time exploring

novel and familiar object) at p<0.05.
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Taken together the results obtained during the retention sesions show long
lasting effects produced by the postnatal treatment with CPF on apoE4 mice, a
lack of retention in apoE3 mice, a lack of effects produced by scopolamine and
alprazolam in males and the divergent effects produced by rivastigmine

depending on APOE genotype and sex.

3.4. Influences of the estrous cycle

The influence that the stage of the reproductive cycle has on exploration during
the various parts of the task was analyzed by a four-way ANOVA (estrous cycle
stage x genotype x treatment x drug). Since an interaction between the drug and
the cycle was found [F(3,243) = 5.102, p=0.002], we studied each drug
separately. The stage of the cycle had an effect only in the saline group [F(1,60)
= 10.291, p=0.002]. Female mice in the diestrus/metestrus phase of the cycle
explored significantly less than the females in the pro-estrus/estrus (Fig. 6).
This effect was no longer observed after the drugs were administered,
suggesting that they can mask the differences related to the physiology of the
reproductive cycle. Furthermore, this effect was not detected during the
retention part of the test, suggesting that the phase of the cycle did not

significantly affect recognition memory recall.
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Figure 6| Time exploring two equal objects during the acquisition session. Involvement
of the estrous cycle in the exploration activity. An asterisk indicates that performance is

significantly different at p<0.05.
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4. Discussion

The current investigation was aimed at studying in mice the effects of postnatal
exposure to the pesticide CPF on recognition memory. An ORT was used to
assess recognition memory, based on the premise that preference for a novel
object means that the representation of the familiar object still exists in the
memory of the animals. The potential implication of both the GABAergic and the
cholinergic systems was assessed according to sex, APOE genotype and

postnatal treatment using pharmacological challenges.

During acclimatization to the ORT working space, mice explored the new
environment. All groups decreased the distance traveled over time, indicating
habituation. Differences between sex and genotype were observed in terms of
total distance traveled, with females having the highest locomotor activity.
Previous studies with apoE3- and apoE4-TR mice (Bour et al, 2008;
Grootendorst et al,, 2005) at different ages (4-5 months and 15 months of age,
respectively), and with young C57BL/6 mice (2-3 months of age) (Van
Swearingen et al., 2013) also found that females were more active than males
during habituation to a novel environment. In the same line, other studies
reported an increase in activity after exposure to CPF (Riccerietal.,, 2006, 2003)
while others did not find effects on locomotor activity (Lopez-Granero et al,,
2016; Savy et al,, 2015). Likewise, CPF-treated apoE4 mice traveled greater
distances in the open field than their controls, reaching levels of activity similar
to those of C57BL/6 mice. Taking into account that behavioral deficits
associated to apoE4 have been related to an impaired cholinergic system (Allen
et al, 1997), and that CPF targets the AChE enzyme and produces long-term
effects on AChE-S and AChE-R mRNA at low doses (Lopez-Granero et al.,, 2013,
2014), exposure to CPF during development may help to counterbalance a
possible basal deficiency in cholinergic neurotransmission inherent to this
genotype. Recent studies have already reported an enhancement of the

performance of apoE4 mice after exposure to CPF, and thus, a resemblance with
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other genotypes including APOE3 or wild-type C57BL/6 mice (Basaure et al,
2019; Guardia-Escote et al., 2018; Peris-Sampedro et al., 2016).

During the acquisition session, the exploratory behavior of groups exposed to
postnatal CPF was greater than that of controls in basal conditions. In general,
this effect was reversed by the cholinergic antagonist scopolamine. However,

apoE4 mice and C57BL/6 control mice proved to be less sensitive to this drug.

Retention of the task was affected by sex, with females showing better
discrimination index scores. Although there is no consensus in this regard, most
data report that females perform better, especially in long-lasting retrieval
memory (Ghi et al., 1999; Sutcliffe et al,, 2007). Enhanced object recognition
memory in females has also been reported in humans (Levy et al., 2005). Other
studies suggest no differences between males and females (Benice et al.,, 2006),
or go even further, demonstrating that males perform better than females

(Frick and Gresack, 2003).

Differences in genotype were observed in the saline group during retention.
Firstly, apoE3 mice failed to recognize the novel object during this part of the
experiment, and none of the pharmacological conditions led to any
improvement. For this reason, it is not possible to draw any conclusion on this
genotype. On the other hand, both male and female control apoE4, and C57BL/6
female mice showed a significant preference for the novel object. The fact that
apoE4-TR mice presented better retention than apoE3-TR, or even C57BL/6
mice, is in contrast to most effects described in the scientific literature. Non-
apoE4 carriers have been observed to perform better than apoE4 carriers in
most human (Berteau-Pavy etal,, 2007) and animal studies (Chouinard-Watkins
etal, 2017; Salomon-Zimri et al,, 2013). For instance, studies using ORT found

a clear advantage of apoE3-TR over apoE4-TR mice at 4 (Salomon-Zimri et al.,
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2013) and 12 months of age (Chouinard-Watkins et al., 2017). It is important to
consider that apart from the differences in age between studies, both used
different protocols, including shorter inter-trial times, and different parameters
for assessing retention. Consequently, they are difficult to compare.
Nevertheless, this is not the first study to report that apoE4 perform better than
their apoE3 counterparts. Siegel et al. (2012) reported that during Morris water
maze (MWM) acquisition and passive avoidance training, apoE4 females
performed better than apoE2- and apoE3-TR mice at different ages. This better
performance of apoE4 correlated with higher levels of anxiety-like behavior in
the elevated zero maze and the elevated plus maze (Siegel etal., 2012). Likewise,
in a previous study we also found that apoE4 needed fewer sessions than apoE3
mice to meet the learning criteria in the five-choice serial reaction time task (5-

CSRTT) (Reverte etal., 2016).

CPF exposure impaired retention in apoE4 mice, which lost their preference for
the novel object during this part of the test. Slotkin et al. (2015) also observed a
detrimental effect of postnatal (PND 1-4) CPF exposure on recognition memory.
They reported this effect only in females, which performed better in basal
conditions. Other studies testing different doses of CPF during the gestational
period or throughout aduthood in males showed no differences between
treatments in this task (Lan et al,, 2017; Savy et al,, 2015; Terry et al., 2007).
Altogether, these results suggest that the detrimental effects on recognition
memory are dependent on the exposure period to the pesticide and highly

influenced by sex.

The cholinergic system and its neurotransmitter ACh play a key role in the
central and peripheral nervous system. ACh synthesis from choline and acetyl
coenzyme A takes place in the cytoplasm of cholinergic neurons, being ACh then
stored in synaptic vesicles. Once the vesicles with the neurotransmitter are

released into the synaptic cleft, ACh binds to mAChRs and nAChRs, located at the
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pre- or postsynaptic neurons. ACh is then inactivated by cholinesterase enzymes
such as AChE and BChE, which share high homology, but not equal efficiency to
break the ACh, which terminates the cholinergic neurotransmission (Abreu-
Villaga et al., 2011; Hrabovska and Krejci, 2014; Soreq and Seidman, 2001).In a
previous study assessing the gene expression of the various elements involved
in cholinergic neurotransmission in the brain of nine-month-old mice, we
observed differences between C57BL/6 and apoE4-TR mice (Guardia-Escote et
al,, 2018). More specifically, apoE4 males expressed lower levels of M1 and M2
mAChRs in the frontal cortex and females expressed higher levels of BChE in the
hippocampus compared with C57BL/6 mice (Guardia-Escote etal., 2018). These
constitutive differences in the cholinergic system may underlie the effects
observed under the influence of the cholinergic drugs scopolamine and

rivastigmine.

Administration of scopolamine impaired retention in the groups displaying
good retention in the basal condition. As a result, none of the groups showed a
significant preference for novelty. However, the control apoE4 male group still
spent more time exploring the novel object. In previous studies, we found that
apoE4 females were less sensitive to scopolamine during attention assessment
in the 5-CSRTT (Reverte et al,, 2016). Scopolamine is a cholinergic antagonist
targeting the muscarinic receptors. It has been reported that apoE4 males
express lower levels of muscarinic receptor M1 and M2 in the hippocampus and
frontal cortex than their C57BL/6 counterparts (Guardia-Escote et al,, 2018).
These differences have not been observed in females, which suggests
constitutive cholinergic variances between sexes. Likewise, the effect was no
longer observed in CPF-treated apoE4 females, which suggests a compensating
effect induced by exposure to CPF. Further investigations are required to

unravel the underlying mechanisms of this conceivable compensation.
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The cholinergic agonist rivastigmine improved performance in control C57BL/6
mice and in both control and CPF-exposed apoE4 males. Interestingly,
rivastigmine did not produce the same effect in apoE4 females which, in the case
of the control group, showed decreased retention after rivastigmine
administration. These results suggest a sex-dimorphic effect of rivastigmine on
recognition memory. The discrepancy between males and females has
important implications because rivastigmine is one of the drugs currently used
in the treatment of AD (Anand et al,, 2014). Previous studies with rats have
reported that inhibition levels of ChEs in different brain areas in females are
higher than in males after rivastigmine administration (Wang et al., 2000). In
general terms, it seems that these differences can be attributed once more to
constitutive differences in the cholinergic system between males and females.
In recent studies we found that expression levels of BChE were lower in apoE4-
TR mice than in C57BL/6 mice, but only in females (Guardia-Escote et al., 2018).
Therefore, apoE4 females may be less sensitive to the effects of rivastigmine
because they express lower levels of BChE, one of its targets. Animals with
decreased levels of BChE would present higher levels of ACh, just as they do after
rivastigmine administration (Cerbai et al., 2007). Hence, it can be hypothesized
that these females undergo an overstimulation of the cholinergic system, which
leads to the observed impairments in recognition memory. The results of the
present study raises the possibility that the effective dose in females should be
reviewed and maybe adapted to the intrinsic requirements defined by sex and
genotype. Other studies have reported memory improvements in males after
dietary exposures to rivastigmine in the MWM test (Basaure et al, 2017).
However, the effects of rivastigmine on recognition memory have received little
attention. Still, several studies using donepezil, another drug used in the
treatment of AD, have reported positive effects on task performance (Kendall et
al., 2011). These two drugs share a similar mechanism of action, as donepezil

also inhibits AChE, but it does not inhibit BChE (Lane et al., 2004).
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Alprazolam had a detrimental effect on both control and CPF-treated C57BL/6
females. After its administration, these animals lost the preference for novelty
observed in basal conditions. Interestingly, the retention of control apoE4
females was worse than that of the saline group. This detrimental effect is in line
with the amnesic propeties of alprazolam and low doses of the drug can impair
object recognition in mice (Bertaina-Anglade et al., 2006). It has been reported
that the GABAergic system can be influenced by apoE4 isoform in a sex-
dependent manner (Li et al, 2016), giving a plausible explanation for the
different responses of the groups. Further investigations are required to

establish the exact mechanisms underlying these observations.

One of the major limitations of the data analysis is that the different ORT
protocols make it difficult to compare studies. Nonetheless, Akkerman et al.
(2012) pointed out that some factors are crucial to the correct performance of
the task (for example, the habituation to treatment procedures or the use of
meeting criteria regarding minimum exploration times). Other important
factors may be the inter-trial time, the kind of objects used or the experimental
design. Furthermore, the phase of the estrous cycle may also be a variability
factor. We found that females in pro-estrus/estrus showed an advantage during
the acquisition part of the task, but this advantage was imperceptible during the
retention part and after the drug had been administered. The better
performance during pro-estrus/estrus matches previous findings on
differences in rats (van Goethem et al., 2012) and mice (Cordeira et al., 2018)
during acquisition. However, unlike these researchers, we did not find any
differences during retention. Other researchers have found that the estrous
cycle did not lead to differences in any of the test parts (Sutcliffe et al., 2007).
Overall, our results do not support the exclusion of females arguing variability

caused by the estrous cycle.
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In summary, the findings of the current research provide insights into the
detrimental effects of postnatal exposure to CPF on recognition memory in
apoE4 mice. The use of scopolamine revealed different sensitivities of apoE4
males, while the use of rivastigmine revealed differences between apoE4 males
and females. Altogether, these results show that the cholinergic system is clearly
involved in recognition memory and provide valuable information about its
modulation. They also raise questions about the current use of rivastigmine for
AD in females. Alprazolam also influenced recognition memory in a genotype-
and sex-dependent manner with apoE4 females being the most impaired, thus
raising questions about the use of GABA agonists in apoE4 females. In
conclusion, sex differences observed in apoE4 mice in response to cholinergic
and GABAergic drug challenges give rise to an important debate about
therapeutic approaches, which can be personalized according to genotype and

Sex.
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months. Long-term effects of CPF exposure were
observed only with a7 nAChRs.
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Abstract

Organophosphorus pesticides - and in particular chlorpyrifos (CPF) - are
extensively used worldwide. They mainly exert their toxicity by targeting the
cholinergic system. Several studies suggested that the gene coding for
apolipoprotein E (apoE), which is a risk factor for several diseases, can also
confer different vulnerability to toxic insults. This study was aimed at assessing
the long-term effects of postnatal exposure to CPF on learning and memory as
well as the expression levels of several genes involved in cholinergic
neurotransmission in mice. Both male and female apoE4-TR and C57BL/6 mice
were exposed to either 0 or 1 mg/kg/day of CPF by oral gavage using a
micropipette on postnatal days 10-15. At 9 months, they were tested in a Morris
Water Maze (MWM) and the gene expression in the frontal cortex and

hippocampus was evaluated. Our results show that, in males, CPF had an effect
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on the spatial retention, while in females, it altered the expression levels of
nicotinic receptors. Furthermore, apoE4-TR mice performed the worst during
the MWM retention and presented low expression levels in a considerable
number of cholinergic genes. Taken together, the current results reveal long-
term effects in mice nine months after postnatal exposure to CPF, which are

modulated by sex and apoE4 genotype.

Keywords.

Chlorpyrifos, Pesticide, APOE, Cholinergic system, Learning and memory, Brain

development

1. Introduction

The toxicity of organophosphorus pesticides (OP) is mainly produced by
targeting the cholinergic system, leading to an increase of its function.
Acetylcholine (ACh) - the key neurotransmitter in cholinergic signaling - plays
a pivotal role in the peripheral and central nervous system, being involved in a
wide range of functions such as cortical development, arousal and cognitive
processes (Ferreira-Vieira et al., 2016; Schliebs and Arendt, 2006). ACh is
synthesized from choline and acetyl CoA and stored in synaptic vesicles until it
is released into the synaptic cleft. Then, ACh can bind to muscarinic (mAChRs)
and nicotinic (nAChRs) receptors. The mAChRs are G protein-coupled receptors
located at either pre- or postsynaptic membranes; presynaptic mAChRs act as
sensors and regulate ACh neurotransmitter release whereas postsynaptic
mAChRs mediate either inhibitory or depolarizing responses depending on the
mAChR type. The nAChRs, mostly postsynaptic, are composed of five
homologous subunits assembled to form a non-selective cation channel and
mediate depolarizing responses. After producing its signal, the ACh in the

synaptic cleft is inactivated by the enzyme acetylcholinesterase (AChE), which
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breaks the neurotransmitter and finalizes its action (Abreu-Villaca et al., 2011;
Blake et al., 2014; Gotti et al, 2007). It has been reported that alternative
splicing produces different AChE variants, in particular the tetrameric form
AChE-S and the monomeric and soluble form AChE-R. In normal conditions,
AChE-S is expressed more than AChE-R but this is reversed under stress, which
increases the AChE-R variant (Soreq and Seidman, 2001). Another
cholinesterase, sharing high homology with the AChE, is the
butyrylcholinesterase (BChE). This enzyme can be found throughout the body
of mammals and can hydrolyze ACh, albeit less efficiently than AChE. Some
studies suggest that BChE protects AChE from esterase inhibitors and, therefore,
can be important in the response to exposure to OP pesticides (Darvesh et al.,

2003; Hartmann et al., 2007; Soreq and Seidman, 2001).

One of the most common OP pesticides worldwide is chlorpyrifos (CPF), which
has been in use since 1965 (Eaton et al., 2008). CPF elicits its toxic effect by
persistently inhibiting ChE enzymes such as AChE and BChE, which leads to an
overstimulation of the cholinergic system (Eaton et al,, 2008; Flaskos, 2012).
The main neurotoxic effect of CPF is mediated by its oxidized form, CPF-Oxon
(CPO), which is produced after a biotransformation reaction in the liver
(Jokanovi¢, 2001). Exposure to CPF has been related to neurobehavioral and
metabolic effects, not only in occupational workers but also in the general
population, who are exposed to low doses of the pesticide, mainly through the
diet (Rauh et al,, 2006; Roldan-Tapia et al,, 2005). A number of animal studies
have evaluated the effects of CPF exposure during adulthood, and reported
effects after both acute (Lopez-Granero et al., 2014; Montes de Oca et al,, 2013)
and chronic exposures (Basaure et al.,, 2017; Lopez-Granero et al., 2013; Peris-
Sampedro et al., 2015a, 2015b). However, the potential effects of CPF exposure
during development have aroused considerable interest because young
individuals are more sensitive than adults to cholinergic toxicity (Gonzalez-
Alzaga et al., 2014; Moser and Padilla, 1998; Whitney et al., 1995). For instance,

gestational and/or postnatal exposures to CPF have been related with
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behavioral alterations, including maternal behavior (Venerosi et al, 2008),
motor activity and anxiety levels (Ricceri et al,, 2006) as well as changes on
novelty seeking (Ricceri et al, 2003). Furthermore, it has been reported to
trigger persistent deficiencies in cholinergic synaptic functions (Slotkin et al.,
2001) as well as long term changes in thyroid status (De Angelis et al., 2009)

and normal metabolism function (Buratti et al., 2011; Slotkin et al., 2005).

Over the past few years, we have investigated how the genetic background of
individuals can affect the consequences of exposure to CPF, since some
genotypes can confer different vulnerability to toxic insults. Specifically, our
studies have focused on the main genotypes defined by the gene coding for
apolipoprotein E (apoE) (Peris-Sampedro et al., 2015a; Reverte et al., 2016).
ApoE is a protein involved in lipid and cholesterol transport and distribution. In
humans, it presents three alleles at a single gene locus, resulting in three major
isoforms: apoE2, apoE3 and apoE4, being apoE3 the most common one (Mahley,
1988; Mahley and Rall, 2000). Several differences between these isoforms have
been described in terms of vulnerability to toxics, neurodegenerative diseases
or metabolic disorders. In this sense, a diminished expression of Paraoxonase 1,
an enzyme responsible for hydrolyzing organophosphorus pesticides, was
found in apoE4 compared to apoE3 (Boesch-Saadatmandi et al, 2010).
Moreover, apoE4 has been related with a greater susceptibility to Alzheimer’s
disease (AD) (Roses, 1996) and a diminished cholinergic function (Allen et al.,
1997). Various studies link cholinergic alterations with neurological
pathologies, including cognitive decline and AD (Hrabovska and Krejci, 2014;
Schliebs and Arendt, 2011, 2006). Previous investigations in our laboratory
working with targeted replacement (TR) mice that express the different
isoforms of the human gene apoE (apoE-TR), showed differences in the toxicity
elicited by exposure to CPF in neurobehavioral performances (Peris-Sampedro
etal,2016,2015a) and metabolic function (Peris-Sampedro etal.,, 2018, 2015b).
Recently, we have demonstrated that postnatal exposure to CPF during

development have effects on the cholinergic system of apoE-TR mice. For
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instance, brain expression levels of genes as VAChT, ChAT, a4 nAChR and a7
nAChR were modified by CPF exposure depending on age, sex and APOE
genotype (Basaure et al, 2018). Nevertheless, the present study is the first to

consider the long-term effects of postnatal exposure to CPF in apoE4-TR mice.

The present study aimed to assess the long-term effects of exposure to CPF on
learning and memory and the expression levels of several genes involved in
cholinergic neurotransmission nine months after postnatal exposure to CPF. We
hypothesized that subclinical exposure to CPF during development could result
in neurobehavioral effects and permanent alteration of the cholinergic system
in a genotype-dependent manner. Our main goal was to assess and to determine

interactions between toxic exposure, apoE4 genotype and sex.

2. Material and methods
2.1. Animals and husbandry

Nine-month-old male and female apoE-TR and C57BL/6 mice were used. Mice
homozygous for the €4 allele were purchased from Taconic (Taconic Europe,
Lille Skensved, Denmark). ApoE-TR animal model, originally created by Sullivan
etal. (1997) have a C57BL/6NTac background and their murine apoE gene has
been replaced by the human allele apoE4. Hence, they systemically express
functional human apoE4 isoform. C57BL/6 were obtained from Charles River
(Charles River, Barcelona, Spain). The animals were housed in plastic cages
containing 2-5 individuals of the same genotype. The animal room was
maintained at a temperature of 22 + 2 °C, a relative humidity of 50 + 10%, and a
12h automatic light/dark cycle. All the mice were allowed free access to food
and water and they were fed a normal chow diet (Panlab, Barcelona, Spain). The
use of animals and the experimental protocol were approved by the Animal Care
and Use Committee of the Rovira i Virgili University (Tarragona, Spain) and

were conducted in accordance with the Spanish Royal Decree 53/2013 on the
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protection of experimental animals, and the European Communities Council

Directive (2010/63/EU).

2.2. Treatment

Chlorpyrifos [0,0-diethyl 0-(3,5,6-trichloropyridin-2-yl) phosphorothioate]
(CPF), purity 99,5%, was provided by Sigma-Aldrich Co. LLC. (Madrid, Spain).
The compound was dissolved in corn oil as vehicle and adjusted to administer 1
mg/kg in 1 pL/g of body weight. Administration was by oral gavage using a
micropipette. The CPF-treated groups received oral CPF during postnatal days
10-15, both included, while animals in the control groups were given the vehicle
for the same period. Animals were periodically monitored and maintained
under standard conditions for nine months, when the behavioral assessment
and biochemical experiments were conducted. A total number of 79 mice were

divided into eight experimental groups as shown in Table 1.

Table 1. Total number of animals per group in the Morris Water Maze (MWM) and gene
expression on the frontal cortex (FC) and hippocampus (HC).
Gene Expression Gene Expression

MWM FC HC
Group Males Females Males Females Males Females
Control
C57BL/6 9 10 4 4 5 5
CPF-treated
C57BL/6 9 10 4 4 5 5
Control
apoE4 7 11 3 4 5 5
CPF-treated 13 10 4 4 5 5
apoE4
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2.3. Morris Water Maze

At nine months of age, male and female mice were tested for the long-term
effects of CPF on a Morris Water Maze test (MWM) to assess spatial learning and
memory. The water maze consisted of a circular pool (1 m diameter, 60 cm
high), which was virtually divided into 4 quadrants. An escape platform with a
diameter of 10 cm was placed on the center of the target quadrant, submerged
1 cm below the surface of the water. Different shaped black marks were placed
on the walls surrounding the maze and used as visual extramaze clues. We
predefined four starting positions as well as four positions for an internal
rotating wall inside the pool. These positions were changed between trials in
order to ensure spatial learning and to prevent internal clues and trajectory
learning. During the acquisition period, mice performed 9 sessions distributed
over 9 days. Each session consisted of 3 trials. Each trial lasted until the animal
reached the platform or until 90s had elapsed. If the animal did not find the
platform, it was guided and placed on it for 30 seconds. The time between trials
was 90 min. The collected data were the latency to find the platform and the
distance travelled. The retention was evaluated by 3 probe trials: 24 h after the
last acquisition trial in sessions 3, 6 and 9. Probe trials consisted of 60-seconds
free swimming after the escape platform had been removed. The total time
spent on the target quadrant was measured. Experiments were automatically
recorded by a video camera (Sony CCD-IRIS model) and analyzed by the video
software EthoVision® XT 11.5 (Noldus Information Technologies, Wageningen,
The Netherlands).

2.4. Sacrifice and sampling

Immediately after the behavioral test, biological samples were collected.
Animals were deeply anesthetized with isoflurane before being euthanized by
decapitation. Whole brains were collected and dissected in order to obtain the
frontal cortex and the hippocampus. Samples were immediately stored at -802C

for subsequent analysis.
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2.5. Analysis of gene expression

The expression of the a4-subunit and a7 nAChRs, M1 and M2 mAChRs, AChE-S
and AChE-R transcripts, and BChE was assessed by real-time polymerase chain
reaction. Total RNA was isolated from the frontal cortex and hippocampus using
the Speedtools total RNA extraction kit (Biotools, Madrid, Spain). The
concentration and purity of total RNA were detected by spectrophotometry
using UV absorbance at 260 and 280 nm. RNA was reversely transcribed from 1
pg of total RNA from each sample, using a Maxima First Strand cDNA Synthesis
Kit for RT-qPCR (ThermoFisher Scientific, Waltham, USA). The complementary
DNA (cDNA) was subsequently amplified by PCR, using a Maxima SYBR
Green/ROX qPCR Master Mix (2X) kit (ThermoFisher Scientific, Waltham, USA)
and Rotor-Gene Q Real-Time PCR cycler (Qiagen Inc., Hilden, Germany). The

primers used are indicated in Table 2.

Table 2. Primers sequence used for the gene expression analysis.

Gene Protein Forward primer  Reverse primer Reference
Bche BChE TAGCACAATGTG ATTGCTCCAGCGA  (Garcia-Gomez
GCCTGTCT TGAAATC etal. 2015)
Chrmi1 M1 TGACAGGCAACC AATCATCAGAGCT (Laspas et al.
mAChR  TGCTGGTGCT GCCCTGCGG 2015)
Chrm2 M2 CGGACCACAAAA CCATCACCACCAG  (Laspas et al.
mAChR  ATGGCAGGCAT GCATGTTGTTGT 2015)
Chrna4 a4 GTTCTATGACGG GGGATGACCAGCG (Léna et al
nAChR AAGGGTGCAGTG AGGTGGACGGGAT 1999)
GACA GAT
Chrna7 a7 GTGGAACATGTC GAGTCTGCAGGCA (Léna et al
nAChR TGAGTACCCCGG  GCAAGAATACCAG 1999)
AGTGAA CA
Ache AChE-S CTGAACCTGAAG CCGCCTCGTCCAG  (Dori et al
CCCTTAGAG AGTAT 2011)
Ache AChE-R  GAGCAGGGAATG GGGGAGGTGGAGA (Dori et al.
CACAAG AGAGAG 2011)
Gapdh  GAPDH ACAACTTTGGCA  GATGCAGGGATGA (Yao et al
TTGTGGAA TGTTCTG 2016)

Abbreviations:

butyrylcholinesterase (BChE); M1 and M2 muscarinic acetylcholine

receptor (M1 and M2 mAChR); a4 and a7 muscarinic acetylcholine receptor (a4 and a7
nAChR); acetylcholinesterase-S and -R (AChE-S and AChE-R) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH).
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The cycle threshold (Ct) was calculated by Rotor-Gene Q 2.0 software to identify
significant fluorescence signals. The relative levels of expression of the target
genes were measured using Gapdh mRNA as an internal control according to the

2-84ACt method.

2.6. Statistical analysis

Data were analyzed with the SPSS 25.0 software (IBM Corp, Chicago, USA). A
repeated measure multivariate (ANOVA) with sex, genotype and treatment as
main factors was used to analyze MWM acquisition. In the case of no
homogeneous data, Greenhouse-Geisser was used to recalculate the F and the
significance values. A one-sample t-test was also used to analyze differences in
retention. For the gene expression experiment, a two-way analysis of variance
(ANOVA) was used, with genotype and treatment as the main factors. Post-hoc
Tukey’s test of variance was used to analyze differences between groups. The
variance homogeneity was assessed by a Levene test. Statistical significance was

set at p<0.05. Results are reported as mean values + S.E.M.

3. Results
3.1. Spatial learning and memory in the MWM
3.1.1. Acquisition: sex and genotype influenced the learning of a spatial task.

Learning performance during the acquisition was analyzed by a three-way
ANOVA (sex x genotype x treatment) for repeated measures. Session was the
within-subject factor while the escape latency and the distance traveled were
studied as the dependent variables. An overall improvement in performance
was observed throughout the acquisition sessions by the decrease in the
distance traveled to the platform [F(8,64)=149.950, p<0.001] and the escape
latency [F(8,64)=113.304, p<0.001] (data not shown). The distance was also
modified by the sex factor [F(1,71)=23.611, p<0.001] and the following
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interactions: session x sex [F(8,64)=10.731, p<0.001], session x genotype
[F(8,64)=3.872,p=0.002] and session x sex x genotype [F(8,64)=4.004, p=0.001]
(Table 3). As shown in Figure 1A, acquisition over the sessions depends on sex
and genotype. Male mice learned faster and obtained better scores than females.

ApoE4 females were the worst in this task (Fig. 1B).

—e— Control C57BL/6 --O--- CPF-Treated C57BL/6 Males
A Control apoE4 CPF-Treated apoE4 B T 7
~6
Males Females § 5
=0.054
2000 - b & 4 L2
a b+l 3
1800 { [ 1 | 2,
—~ T 3
£ 1600 g1
s 30
£ 1400 - C57BL/6 apoE4
£
a 1200 A
o Females
o j
g 1000 =7 p=0.079
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e o 6
o g 5
2 600 4 &
8 24
3 400 S9! I ¢3
200 4 \Q\,;\:(F - g2
TOg E1
0 oo
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 C57BL/6 apoE4
Session Session

Fig. 1. Acquisition in the Morris Water Maze. Distance to escape platform traveled (A) by
males and females over the nine sessions of training, and their cumulative distance
depending on the genotype (B). Different letters (a,b) indicate a significant difference
between groups at p<0.05.
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RESULTS

Table 3. Summary table of results in the Morris Water Maze (MWM) and gene expression
on the frontal cortex (FC) and hippocampus (HC).

Statistics Results
Acquisition  Session: p<0.001 All animals learned over
(Distance Session x sex: p<0.001 sessions
traveled) Session x sex X genotype: Males learned faster than
p=0.001 females
ApoE4 females performed
worse than C57BL/6
§ Retention Probe 1. Genotype: p=0.038 C57BL/6 > apoE4
= (Time TQ) CPF treatment impaired
Probe 2. Genotype: p<0.001 retention, mainly in males,
Treatment: p=0.067 from probe 2 onwards
Probe 3. Sex: p=0.012 Males > females
Sex x genotype X
treatment:
p=0.071
a7 nAChR Genotype males: p=0.020 ApoE4 < C57BL/6
Genotype females: p=0.038 CPF treatment | expression
Treatment females:
- p=0.005
2
ﬁ a4 nAChR Treatment females: Sensible to CPF exposure
| ] -
59 p=0.088
€3] Nt
(5]
=}
&
M1 mAChR  Genotype males: p=0.050 apoE4 < C57BL/6
M2 mAChR  Genotype males: p=0.038 apoE4 < C57BL/6
a7 nAChR Genotype males: p=0.016 apoE4 < C57BL/6
=
]
ﬁ M2 mAChR  Genotype males: p=0.012 apoE4 > C57BL/6
juh ~
Q U
% Z  AChE-R Genotype males: p=0.018 apoE4 > C57BL/6
Q
=i
& BChE Genotype females: p=0.012 apoE4 <C57BL/6
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3.1.2. Retention: sex and genotype modulated the long-term effects of postnatal

CPF exposure on the retrieval of a spatial task

Retention was assessed using three different probe sessions 24 h after
acquisition trials in sessions 3, 6 and 9. We first assessed the differences
between groups by a three-way ANOVA (sex x genotype x treatment) in each of
the three probe sessions. We found a significant effect of the genotype in the first
[F(1,71)=4.481, p=0.038] and the second [F(1,71)=13.787, p<0.001] probe, with
apoE4 mice being the ones with the worst retention in both cases (Fig. 2C and
2D). A tendency towards a significant effect of the treatment was also observed
in probe 2 [F(1,71)=3.465, p=0.067], being CPF-treated groups worse than their
control counterparts (Fig. 2E). In the third probe, we obtained a significant effect
of the sex [F(1,71)=6.613, p=0.012] and a tendency of sex x genotype X
treatment [F(1,71)=3.368, p=0.071] (Fig. 2F). Significant effects are described
in Table 3. In order to further analyze these differences, we performed a one-
way ANOVA (group). Differences between groups [F(7,71)=3.117, p=0.006]
during the second probe were observed. A subsequent post hoc analysis showed
significant differences between control C57BL/6 and CPF-treated apoE4 mice
(p=0.042). These results suggest that the treatment had a long-term detrimental
effect on males. We then used a one-sample t-test to analyze the time spent in
the target quadrant (TQ), where the escape platform was previously located, in
comparison with the chance level of 15s. Both males and females of the C57BL/6
genotype showed a significant preference for the TQ in all retention sessions
(Fig. 2A and 2B). Male apoE4 control mice showed a progressive preference for
the TQ, although it was only significant from probe 2 onwards [t=4.893, d.f.6,
p=0.003; t=3.675, d.f.6, p=0.010; respectively]. By contrast, the CPF-treated
apoE4 male group showed their preference in probe 1 [t=2.612; d.f.12; p=0.023]
and 3 [t=3.390; d.f.12; p=0.005]. On the other hand, the female apoE4 control
group showed no preference for the TQ, whereas the CPF-treated group
presented a significant preference for the TQ only in probe 3 [t=2.713; d.f.9;
p=0.024]. These results show an improvement in CPF-treated apoE4 females in
comparison with the control apoE4 female group at the end of the task, although

they do not reach the control C57BL/6 levels.
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Fig. 2. Retention in the Morris Water Maze. Time in the target quadrant in males (A) and
females (B) over the 3 retention sessions performed 24 hours after the third (Probe 1),
the sixth (Probe 2) and the ninth (Probe 3) acquisition days. General effects of the
genotype in the first (C) and the second probe (D). General effects of treatment in the
second probe (E) and general effects of sex in the third probe (F). An asterisk indicates
a performance significantly different from the chance level of 15s at p<0.05. Different
letters (a,b) indicate significant differences between groups (p<0.05).

3.2. Gene expression in the frontal cortex and hippocampus

Males and females were analyzed separately as the Ct values were normalized
to each corresponding C57BL/6 control. Data from four samples of the frontal
cortex and two samples of the hippocampus were excluded from the analysis
because of technical issues. Significant effects from gene expression for each

gene are summarized in Table 3.
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3.2.1. Expression levels in the frontal cortex were modulated by the genotype and

CPF exposure.

Genotype was observed to have a significant effect on both male and female a7
nAChR [F(1,9)=8.000, p=0.020; F(1,10)=5.714, p=0.038; respectively]. Results
showed that apoE4 mice expressed lower levels of a7 nAChR than C57BL/6
mice, which suggests a basal dissimilarity between genotypes at nine month of
age (Fig. 3A). Moreover, treatment with CPF modulated the expression of a7 in
females [F(1,10)=12.727, p=0.005]. Although post-hoc analysis showed a
significant effect only in C57BL/6 females (p=0.030), CPF treatment diminished
a7 nAChR expression levels in both genotypes. Likewise, a4 nAChR also showed
an effect of CPF in females, albeit not significant [F(1,10)=3.580, p=0.088]. These
results suggest that in females both a4 and a7 nAChRs are sensitive to a
postnatal exposure to CPF. Interestingly, the female group C57BL/6 seems to be
the most affected by the treatment, as its expression decreases to a level that is
similar to that of apoE4 female mice. On the other hand, in the case of mAChRs,
differences between genotype were observed only in males (M1: [F(1,9)=5.095,
p=0.050] and M2: [F(1,9)=5.910, p=0.038]). Results reveal that apoE4 mice
expressed lower levels of M1 and M2 than C57BL/6 mice, which is in agreement
with the differences observed in a7 nAChR levels (Fig. 3B and 3C). Finally,
neither of the two isoforms of the AChE or BChE mRNA showed significant

effects of genotype or treatment (data not shown).
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Fig. 3. Relative gene expression in the frontal cortex of a7 nAChR (A), a4 nAChR (B), M1
mAChR (C) and M2 mAChR (D). An asterisk indicates significant genotype differences at
p<0.05. Different letters (a,b) indicate a significant difference between groups (p<0.05).

3.2.2. Gene expression in the hippocampus was modulated by genotype in a sex-

dependent manner.

Genotype was found to have an overall effect on o7 nAChR in males
[F(1,15)=7.335, p=0.016]. Indeed, apoE4 mice presented lower expression
levels than C57BL/6 mice (Fig. 4A). Genotype was also found to modulate M2
mAChR gene expression in males [F(1,15)=8.164, p=0.012]. In contrast with the
frontal cortex, apoE4 males presented higher levels of M2 in the hippocampus
than their C57BL/6 counterparts (Fig. 4B). Post-hoc analysis between groups
showed a basal difference between the apoE4 and C57BL/6 control groups
(p=0.016), suggesting that the APOE4 genotype leads to an increase in M2 gene
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expression. Likewise, the expression levels of the isoform AChE-R were also
subjected to an overall effect of the genotype in males [F(1,15)=6.989, p=0.018].
Once again, the apoE4-TR mice expressed higher levels than the C57BL/6 (Fig.
4C). In the case of BChE, the APOE4 genotype decreased expression only in
females [F(1,15)=10.600, p=0.005] (Fig. 4D). Finally, neither a4 nAChR, M1
mAChR nor the isoform AChE-S showed any significant effects of genotype or

treatment (data not shown).
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Fig. 4. Relative gene expression in the hippocampus of a7 nAChR (A), M2 mAChR (B),
AChE-R (C) and BChE (D). An asterisk indicates significant genotype differences at
p<0.05. Different letters (a,b) indicate a significant difference between groups (p<0.05).
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4., Discussion

The present investigation was designed to study the long-term effects of
postnatal exposure to CPF. During the acquisition of the MWM task, sex
differences were found. Although both sexes improved over acquisition, males
performed better than females on this part of the test. Likewise, a number of
studies have indicated that in both humans (Piber et al, 2018) and animal
models (Monfort et al, 2015; Saucier et al, 2008), males perform spatial

navigation tasks better than females

Throughout the retention sessions, genotype had a significant effect on both
males and females, with the apoE4 group performing the worst. Indeed,
C57BL/6 mice showed a significant preference for the former location of the
platform in all the sessions. On the other hand, apoE4 control male mice showed
a progressive learning pattern throughout the various trials whereas the CPF-
treated group presented irregular outcomes. In contrast, the female apoE4
control group showed no preference for the TQ in any of the trials although the
CPF-treated group showed a significant retention at the end of the task. Previous
studies have shown that retention was more impaired in apoE4-TR mice than in
apoE3 or C57BL/6, and particularly so in females (Bour et al, 2008;
Grootendorst etal, 2005; Reverte et al.,, 2012). Likewise, the apoE4 link to AD is
far more evident in females (Raber et al, 1998; Ungar et al, 2014). Taken
together, these findings suggest sexual-dimorphic differences at basal level in
the APOE4 genotype, which provides a distinct response to pesticide toxicity.
Therefore, the improvement observed only in apoE4-treated females suggests
that CPF administered during development may help redress a possible basal
deficiency inherent in this group. This might include a functional improvement
due to overstimulation of the cholinergic system. In this regard, the hypothesis
that early interventions may ameliorate inherent deficits in female apoE4 mice

deserves further investigations.
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We observed once more differences of genotype on probe session 1 and 2, and
significant effects of sex on probe 3. We also observed tendency towards a
treatment influence during the second retention session in males. It suggests a
long-term detrimental effect of postnatal exposure to CPF, as treated groups
performed the task worse. In fact, CPF has been reported to disrupt the normal
execution of spatial learning and memory tasks (Gomez-Giménez et al., 2017;
Lopez-Granero et al, 2014; Peris-Sampedro et al,, 2014). These differences
became more evident in the second retention session. Taking into account that
MWM provides remarkably robust learning, we propose that further studies

with other spatial tasks may give greater insight into these differences.

The analysis of genes involved in cholinergic signaling in the frontal cortex and
hippocampus revealed different patterns of gene expression. In the frontal
cortex, we found that the genotype had a significant effect on the expression of
three of the ACh receptors studied: a7 nAChR, M1 mAChR and M2 mAChR. This
effect was observed mainly in males although for the a7 it was present in both
males and females. The current results show that apoE4 mice expressed lower
levels of these genes than their C57BL/6 counterparts, which suggests a basal
dissimilarity between genotypes. In females the treatment was also observed to
have an effect on nicotinic receptors, mainly in a7 nAChR expression levels.
Furthermore, C57BL/6 females displayed significantly different levels of a7
nAChR expression between treatment groups. In particular, the CPF-treated
group expressed diminished levels of a7 nAChR, suggesting a long-term effect
of the postnatal treatment with CPF. Slotkin et al. (2004) also detected a
significant decrease in a7 nAChR binding in the forebrain and cerebellum after
exposure to 5 mg/kg/day of CPF on postnatal days 11-14. Their findings,
observed on postnatal days 15 and 20, indicated that a7 nAChR was a specific
target for cholinergic neurotoxicants. In our study, the resulting levels of the
C57BL/6 CPF-treated female group resemble those of the apoE4 group, which
lends further support to the hypothesis of a basal difference in ACh signaling
between apoE4-TR and C57BL/6 mice. Taken together, these results highlight
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the importance of nicotinic receptors and the fact that they may be permanently
altered by postnatal exposure to CPF. Considering that these differences in gene
expression between treatment groups were still detectable after 9 months, they
can be an underlying sign of future cognitive impairments. For this reason, it
would be interesting to investigate whether they can lead to more evident

deficits with age.

Results from the hippocampus showed again that the genotype was the main
factor modulating the expression of a7 nAChR and M2 mAChR in males. In
particular, apoE4 mice presented lower levels of a7 nAChR than C57BL/6 mice
did, which also occurred in the frontal cortex. The differences observed in
females were no longer discernible. The APOE4 genotype was reported to have
an overall effect on M2 mAChR, being their expression levels significantly
greater than those in the C57BL/6. This was just the opposite of the expression
levels in the frontal cortex. Previous studies described M2 mAChRs as
presynaptic  autoreceptors, involved in  modulating cholinergic
neurotransmission in both the hippocampus and the cerebral cortex. In
particular, M2 autoreceptors would inhibit the release of ACh by feedback
inhibition (Douglas et al., 2001; Kitaichi et al., 1999; Zhang et al., 2002).
Increased levels of this receptor, as obtained in the hippocampus of apoE4 mice,
can mean an attempt to regulate cholinergic tone through presynaptic

mechanisms.

The results of the current study also showed that genotype has an overall effect
on hippocampus AChE-R expression levels, with the apoE4 group showing the
most significant increase. Expression of AChE-R is normally rare and primarily
induced by multiple stress stimuli, including psychological, physical or chemical
stress. This includes exposure to cholinesterase inhibitors such as OPs (Grisaru
et al, 1999; Perrier et al., 2005). In the present investigation, and taking into

account that the determinations were carried out 9 months after CPF exposure,
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no significant changes in expression levels due to CPF were noticed. It is
consistent with the recent results of Basaure et al. (2018), who also found that
expression levels of AChE-R in apoE4 mice were higher than those in apoE3 mice
during development. These results suggest that the basal differences between
genotypes observed in early ages are maintained over time. Furthermore, the
greater expression of AChE-R in apoE4 also matches the increased levels
observed post-mortem in the hippocampus (Berson et al.,, 2008) and frontal
cortex (Campanari et al., 2016) of AD patients. Finally, genotype modulated the
expression of BChE in females, and led to lower expression levels in apoE4 mice
than in C57BL/6 animals. Although we only found this significant effect in
females, Dolejsi et al. (2016) reported differences that depended on the apoE
genotype and age in males: at 4 months of age, hippocampal BChE activity was
similar in apoE3 and apoE4, but it significantly decreased in apoE4 at 8 months
of age. Other studies with AD patients reported that BChE activity in the
cerebrospinal fluid was lower in €4 allele carriers (Darreh-Shori et al., 2011,
2006). This decrease in BChE levels can mean that apoE4-TR mice are less able
to hydrolyze ACh than the C57BL/6 group, which could be an attempt to
compensate for the cholinergic deficit by trying to increase the
neurotransmitter levels. At the same time, altered levels of BChE may determine
the risk of CPF exposure: that is to say, individuals expressing lower levels of

BChE are more sensitive to the detrimental effects of the pesticide.

Taken together, these results suggest a different modulation by the treatment
and the genotype depending on the brain region. Both the frontal cortex and the
hippocampus have been reported to play an important role in spatial navigation
although they contribute in a different manner. Moreover, their functional
interaction is required for a correct goal-directed navigation (Ito, 2018). The
impairments observed in the APOE4 genotype during the MWM correspond to
the differences detected in the expression levels of some of the genes involved
in the correct functioning of the cholinergic system, especially in males. In fact,

sex differences involving the APOE4 genotype remain constant in behavioral
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and biochemical tests. It is well known that altered levels of cholinergic
elements are related to defective cognitive processes (Schliebs and Arendt,
2011, 2006). Nonetheless, cholinergic impairments cannot be the only
accountable reason for the differences between groups in spatial learning and
memory although they may be one of the underlying mechanisms. This is
illustrated by the fact that some effects can still be observed 9 months after
postnatal treatment in a number of the genes studied. On the other hand, the
absence of genes modified by CPF exposure in the APOE4 genotype suggest
some protection to cholinergic overstimulation. Notwithstanding, treatment
with CPF had an effect on expression levels of a7 nAChR in C57BL/6 females.
Considering that previous studies on development have found short-term
changes in the same genes (Basaure et al., 2018), we suggest that most of them
do not persist for 9 months after exposure to the toxic. However, it should also
be taken into account that any compensating mechanisms can become
imbalanced with aging. It is also important to consider that in real life we are
exposed to a wide variety of chemical compounds that can interact between
them and present cumulative effects. Hereby the importance of designing new
protocols considering these multi-chemical exposures (Tsatsakis et al,, 2017,

2016), as well as the aforementioned parameters genotype and sex.

In conclusion, the current results show that CPF has effects on spatial memory
and on the expression of some cholinergic genes 9 months after postnatal
exposure. CPF elicited its toxicity in a sexual-dimorphic manner, which was
particularly evident in the apoE4 group during the spatial memory task. The
APOE4 genotype was a determining factor, as apoE4-TR mice showed the worst
performance during the MWM retention and presented lower expression levels
in a considerable number of cholinergic genes. However, CPF treatment did not
affect the expression levels of the apoE4 group. Instead, the altered expression
levels of the nicotinic receptors showed that C57BL/6 females were the most
sensitive to the effects of CPF. In summary, the results of the present study

suggest that postnatal exposure to the pesticide chlorpyrifos can have long-term
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effects on spatial learning and memory, and the cholinergic system, being these

effects potentially modulated by sex and apoE4 genotype.
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4. DISCUSSION

This thesis was designed to investigate the short-, middle- and long-term effects
of a postnatal exposure to the pesticide CPF in a humanized transgenic mouse
model carrying the most frequent allelic forms of the APOE gene in humans,
while evaluating sex differences in adults. The present study covers the effects
of developmental exposure to CPF in three main stages of life. First, we
evaluated the acute effects of CPF exposure on gut microbiota composition and
cerebral SCFA concentration in infant male mice. Second, we assessed the long-
term effects of CPF exposure on recognition memory in young adults and the
involvement of the cholinergic and GABAergic systems. Both male and female
apoE3-TR, apoE4-TR and C57BL/6 mice were included in the study. Third, we
analyzed the long-term effects on spatial learning and memory and the integrity
of the cholinergic system in both male and female apoE4-TR and C57BL/6 mice
in middle age. This chapter discusses the results in an integrated manner and
provides a longitudinal perspective for the effects of a limited postnatal
exposure to CPF and how these are modulated by APOE genotype, age and/or

sex. Also discussed are the limitations of the study and the future perspectives.

4.1. General discussion

In all experimental sections of this thesis, the APOE genotype has emerged as a
consistent factor behind some of the differences observed between groups.
These differences were observed both during development and in adulthood,
though the contributions were different depending on the time point studied.
Basal differences between genotypes in the composition of gut microbiota were
observed as early as 15 days after birth. These included different levels of some
of the species belonging to the phylum Verrucomicrobia. ApoE4 males presented
a higher relative abundance of this species than apoE3 and C57BL/6 mice, with
A. muciniphila being the most representative. On the other hand, apoE3 mice
presented higher levels of the three most abundant SCFAs in the brain at the

same early age. Young adults showed differences between genotypes in
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recognition memory that were also influenced by the sex. At this stage of life,
apoE4 mice performed best, while apoE3 mice failed to fulfill the task. ApoE4
mice also responded differently to the cholinergic and GABAergic drugs
administered before the ORT task in a sex-dependent manner. In light of the
above, we further analyzed the specific contribution of the APOE4 genotype in a
new study in which we compared middle-aged apoE4-TR and C57BL/6 mice.
When we studied spatial learning and memory, we found that apoE4 mice,
especially females, performed worse than wild type mice. Differences between
apoE4 and C57BL/6 mice were observed in the gene expression of several
cholinergic elements in a sex-dependent manner. These elements, studied in the
frontal cortex and the hippocampus, included nicotinic and muscarinic

receptors, the expression of BChE and the levels of AChE-R.

Differences in gut microbiota composition between APOE genotypes have
recently been reported (Tran et al, 2019). However, to the best of our
knowledge, this is the first study at such a young age. Numerous studies suggest
that alterations in gut colonization at an early age can greatly affect health status
(Borreetal, 2014; Zhuangetal, 2019). Moreover, a new role for gut microbiota
in the regulation of behavior, especially during development, has been gaining
ground. In fact, previous results have shown that early-life gut colonization can
impact the programming of the brain circuits involved in the development of the
brain and influence subsequent behavior (Desbonnet et al., 2015; Diaz Heijtz,
2016). Behaviors modulated by the composition of gut microbiota include social
behaviors, motor activity and anxiety-like behaviors (Diaz Heijtz et al., 2011;
Neufeld et al.,, 2011; Sudo et al,, 2004). Diaz Heijtz et al. (2011), for example,
reported differences in motor activity and anxiety-like behavior in germ-free
(GF) mice compared to mice with normal microbiota. However, when the GF
mice were exposed to gut microbiota early in life, they observed behaviors
resembling those of the control mice (Diaz Heijtz et al,, 2011). Recent studies
have also reported the effects of gut microbiota on cognitive functions. Frohlich

et al. (2016), for example, observed a worse performance in the ORT by young
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adults exposed to antibiotics. This disruption was associated with changes in the
gene expression of the BDNF and NPY signaling pathways in the brain (Frohlich
et al, 2016). We can therefore hypothesize that differences in the composition
of core microbiota between genotypes during development can have an impact

on brain development and function later in life.

Similarly, differences in SCFA levels during development may also shape brain
function at later ages. Although SCFAs levels in the gut are well defined,
information about the levels of SCFA in the brain is still scarce. A correlation has
been found between the amount of certain microorganisms in the gutand SCFAs
in the brain (Li et al, 2018; Sun et al, 2016). Our study found several
correlations between the composition of gut microbiota and cerebral SCFA
levels. However, those correlations did not explain the differences between
genotypes and treatment groups in the levels of SCFAs observed in the brain,
which suggests that other sources or regulating mechanisms are involved. Other
studies found direct correlation between gut microbiota and SCFA levels in the
brain. For example, treatment with Clostridium butyricum increased the levels
of butyrate in the brain, which is involved in the modulation of several cerebral
functions (Li et al, 2018; Sun et al., 2016). More specifically, higher levels of
butyrate in the brain conferred greater neuroprotection in a mouse model of
traumatic brain injury (Li et al, 2018). In a similar study, higher butyrate
attenuated cerebral ischemia/reperfusion injury in mice (Sun et al., 2016). The
higher levels of SCFA observed in apoE3 mice in the present study may therefore
indicate long-term neuroprotection against cognitive decline and AD later in life.
Butyrate is also an inhibitor of histone deacetylase enzymes, which give this
molecule an important role as an epigenetic regulator (Bourassa et al., 2016).
Early and persistent differences between genotypes may therefore also be

related to differences in butyrate levels.
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Both the pharmacological challenge in young adults and the determination of
gene expression in aged mice attempted to shed more light on the differences in
the cholinergic system between genotypes. The different response to
cholinergic drugs observed during the ORT can partly be explained by basal
differences in certain cholinergic elements, such as those we observed in middle
age. For instance, the lower sensitivity to scopolamine observed in apoE4 males
can be explained by the fact that scopolamine is a cholinergic antagonist that
targets the muscarinic receptors (Renner et al., 2005). Nine-month-old apoE4-
TR males presented lower expression of these receptors in the frontal cortex
and hippocampus, which suggests a possible causal explanation for the lower
sensitivity. On the other hand, a different response to rivastigmine was observed
depending on genotype and sex, with improved performance in males but a
worse performance in apoE4 females. This effect can also be explained by
differences in the cholinergic system functioning between groups. In fact,
rivastigmine is a cholinergic agonist that may inhibit both AChE and BChE (Lane
et al.,, 2004). In this context, we observed a lower expression of BChE in apoE4
females than in C57BL/6 females, which may explain the worse response to
rivastigmine by this group. On the other hand, altered levels of cholinergic
elements observed in the APOE4 genotype corresponded to a worse
performance on the MWM in middle age, thus demonstrating how important the

cholinergic system is for cognition.

Deficits in the cholinergic system have previously been observed in the brain of
patients suffering from dementia and AD. For example, reduced levels of ChAT
were observed in the amygdala, hippocampus and cortex (Davies and Maloney,
1976) as well as in the parietal cortex and caudate nucleus (Perry et al., 1977).
Lower levels of AChE (Davies and Maloney, 1976) and fewer cholinergic
neurons in the nucleus basalis (Whitehouse et al., 1981) were also found in the
brains of AD patients. Based on these observations, hypofunction of the
cholinergic system was linked to age-related cognitive impairments. In fact, it

was this association that led to the cholinergic hypothesis of AD in the 1970s,
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which postulates that a dysfunction of cholinergic neurons in the brain is
associated with cognitive decline in advanced age and AD (Bartus, 2000; Terry,
2003). Several pharmacological approaches were based on this hypothesis, all
of which aimed to block the synaptic degradation of ACh by inhibiting the AChE
(Hampel et al., 2018). The three most common drugs used for this purpose are

donepezil, rivastigmine and galantamine (Khoury et al,, 2018).

Hypofunction in the cholinergic system was also linked to €4 carriers. For
example, a decrease in metabolic activity of the cholinergic neurons of the
nucleus basalis was observed in AD patients carrying at least one €4 allele
(Salehi etal., 1998). Another study observed altered distribution volumes of M2
mAChR in aging apoE4 subjects, which suggests that synaptic ACh has a lower
concentration in those subjects (Cohen et al. 2003). The results of the present
study are in line with these observations, since apoE4-TR mice presented lower
levels of a7 nAChR in the frontal cortex and hippocampus in both males and
females and lower levels of M1 and M2 mAChR in the frontal cortex of apoE4
males than C57BL/6. Lower levels of BChE were observed in the hippocampus
of apoE4 females. These results support earlier observations regarding the
cholinergic hypofunction on the brain of apoE4 subjects. However, apoE4 males
presented enhanced levels of M2 mAChR and AChE-R in the hippocampus. M2
is normally found as a presynaptic autoreceptor that inhibits the release of ACh
by negative feedback (Zhang et al., 2002), whereas AChE-R expression is rare
and normally induced in response to multiple stress stimuli (Perrier et al,

2005).

Sex was not included in the first study. However, in the other two studies it
emerged as an important factor. Note that the sex is not always considered in
toxicological studies. Some authors avoid including females due to the
variability induced by the estrous cycle. However, in the ORT we demonstrated

that it was not a determinant factor influencing recognition memory. On the
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other hand, throughout this thesis we have reported significant differences
between males and females in several behavioral and biochemical aspects, so it
is important to take into account this parameter. Especially important is the
response of apoE4-TR females to rivastigmine, which we mentioned earlier. The
fact that treatment led to a worsening in this group raises important questions,

since rivastigmine is currently used to treat AD.

Females presented enhanced activity during habituation of the ORT and better
task retention than their male counterparts. On the other hand, males
performed better in the MWM. This is in line with previous results that reported
that females had better recognition memory (Ghi et al, 1999; Sutcliffe et al.,
2007) whereas males had better spatial memory (Monfort et al,, 2015; Saucier
et al,, 2008). The worse performance of middle-aged apoE4 females is also in
line with the higher incidence of AD in females (Raber et al., 1998; Ungar et al.,
2014). In our study, we observed a better performance of young adult apoE4
females on ORT but a worse performance in middle age. This difference may be
related to an age-dependent memory decline in apoE4-TR females (Bour et al.,
2008). Impairments in both spatial and visual recognition memory have also

been proposed as markers of early AD diagnosis (Grayson et al,, 2015).

Developmental exposure to CPF has generated great interest in the last few
decades (De Angelis et al., 2009; Ricceri et al., 2006, 2003; Slotkin and Seidler,
2007; Venerosi et al, 2008). Earlier research by our group has already
demonstrated that exposure to low doses of CPF during the postnatal
developmental period can affect normal development (Basaure et al., 2018) and
behavioral processes later in life (Basaure et al., 2019). Differences observed
between mice carrying the different isoforms of the APOE gene and between
males and females collectively confer different vulnerabilities to the toxic effects
of CPF (Basaure et al,, 2019, 2018). Following this line of investigation, in this

thesis we have assessed the effects of this complex interaction on other
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behavioral and molecular aspects at different stages of life. The effects of
postnatal exposure to CPF on the composition of microbiota four hours after the
final dose showed that CPF can induce dysbiosis. ApoE4-TR mice were the most
sensitive to its toxic effect since they presented greater alterations in microbiota
composition than the other two genotypes. Postnatal exposure to CPF also
tended to decrease the previously described basal differences between
genotypes for A. muciniphila species by reducing its relative abundance levels.
On the other hand, CPF exposure tended to alter the cerebral levels of certain
SCFA in C57BL/6 and apoE3 but not in apoE4 mice at the same young age. In
young adults, CPF impaired recognition memory in an ORT task but the apoE4
genotype was more susceptible to its detrimental effects. Middle-aged CPF-
treated apoE4 females accounted for the worst acquisition in the MWM. CPF-
treated apoE4 males presented worse retention than their controls whereas

CPF led to an improvement in females.

In the present study, all animals were exposed to the pesticide from PND 10 to
PND 15, which is an important period for murine brain maturation that in
humans would correspond approximately to the last trimester of gestation and
the first few months of life (Watson et al., 2006). Important processes such as
neurogenesis, myelination and synaptogenesis take place during this period
(Semple et al,, 2013). Exposure to CPF during the second postnatal week was
previously shown to induce long-term effects (Aldridge et al,, 2004; Navarro et
al., 2001; Slotkin et al., 2004, 2001). All these studies administered a dose of 5
mg/kg/day of CPF from PND 11 to PND 14. In comparison, the dose we have
used in this study (1 mg/kg/day) is significantly lower, though it is still several
times higher than the estimated average dose for infants, which is 0.009

ug/kg/day (Eaton et al., 2008).

The ability of CPF to induce dysbiosis has previously been described (Condette
et al, 2015, 2014; Fang et al,, 2018; Joly et al., 2013; Liang et al., 2019; Réquilé
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etal, 2018; Reygneretal,, 2016; Zhao etal., 2016). As we discussed above, early
life alterations in gut composition and cerebral SCFAs can lead to a disruption
in the brain’s normal development. CPF-induced changes may determine the
metabolic or cognitive disparities observed during the subject’s lifespan. Note
that the mucin-degrading species A. muciniphila (Derrien et al., 2004) is not only
one of the hallmark differences between genotypes but it also represents one of
the species most affected by the toxic effect of CPF. A. muciniphila has previously
been linked to a healthier metabolic status (Dao et al,, 2016). In this case, the
higher relative abundance found in apoE4-TR mice would correspond to the
leaner phenotype normally observed in apoE4 compared to apoE3 (Huebbe et
al,, 2015; Kypreos et al.,, 2009). Moreover, CPF is reported to trigger metabolic
impairments (Slotkin, 2011; Slotkin et al, 2005) while apoE3 is reported to
show greater vulnerability to those detrimental effects in adulthood (Peris-
Sampedro et al, 2015a, 2015b). A. muciniphila has also been linked to
pathologies such as autism (De Angelis et al, 2013) and Parkinson disease
(Bedarf et al.,, 2017), since it has been found at high levels in the samples of
patients. We can therefore hypothesize that A. muciniphila may influence some
of the differences that are observed later in the lifes of apoE4 mice in

comparison with apoE3 and C57BL/6 mice.

Interestingly, CPF reduced the levels of A. muciniphila only in apoE4 mice, which
originally presented different basal levels of this species from those of the other
genotypes. Our current results suggest that CPF was able to match the levels of
the three genotypes. This is not the first time that CPF has normalized the
abnormal apoE4 basal levels to make them resemble more those of the wild type
or apoE3 mice. The same effect was observed, for instance, during the
acquisition of the ORT task, where apoE4 females presented low basal levels of
exploration but in the CPF-treated group these were increased to the same level
as the others. Another example is found in the retention of MWM, where CPF-
treated apoE4 females performed better than the non-treated group, which

showed no preference for the target quadrant in any of the trials. These results
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suggest that postnatal CPF exposure slightly improved the deteriorated
condition of apoE4 females. This beneficial effect observed only in apoE4 mice
may be linked to the cholinergic hypofunction we suggested earlier for the
APOE4 genotype. In fact, we suggest that exposure to CPF may inhibit the AChE
enzyme during a critical developmental period, boost the cholinergic system,

and compensate for some innate deficiencies in apoE4 mice.

In line with previous studies, CPF disrupted the behavioral tasks and impaired
learning and memory. The general effects of the treatment were observed in the
ORT task, where performance during retention was impaired. In the MWM, a
tendency towards worse retention in the CPF-treated mice was also observed.
With regard to gene expression, the differences induced by postnatal exposure
to CPF nine months later were subtle. The most affected elements were the
nAChRs, since differences in a7 nAChR and a tendency in a4 nAChR were
observed. Previous studies reported CPF-induced alterations to the nAChR
levels (Slotkin et al., 2004). In the present study, we found that only C57BL/6
females presented lower levels of a nAChRs in the frontal cortex nine month
after the final dose of CPF. Our results show that CPF can lead to long-term
effects on gene expression but also that postnatal exposure to moderate doses
of CPF for a short time is not enough to cause important long-term differences

after nine months.

From our current results, we can affirm that the APOE genotype confers
significant gender-dependent differences on their carriers. Both the APOE
genotype and sex modulate response to postnatal exposure to CPF in the various
parameters studied. These results shed more light on the mechanisms behind
the vulnerabilities described in this thesis. Interestingly, the APOE4 genotype
confers greater vulnerability to the effects of postnatal CPF on microbiota
composition and learning and memory. These results highlight the impact of

developmental exposure to CPF as well as the importance of considering the
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genetic background and sex. This opens up future possibilities for a more

personalized approach.

4.2. Limitations and future perspectives

The results of this thesis imply the need to address several limitations and
future perspectives. Firstly, during the thesis the importance of sex in response
to the pesticide became clear. Indeed, previous studies had already reported
sex-dependent differences in, for example, learning and memory, social
behaviors and anxiety (An etal, 2011; Jonasson, 2005; Saucier et al., 2008). One
limitation of our first study is that only males were included in the assessment
of gut microbiota and cerebral SCFAs. An early-life study of females would
provide further insight into the sex-dependent maturation of gut microbiota and

SCFA composition in the brain.

Secondly, the final part of this thesis included only apoE4-TR and C57BL/6 mice.
Although we selected these two genotypes on the basis of previous results,
significant information about apoE3-TR mice was excluded. Throughout the
discussion of this thesis, however, the importance of genotype became clear. The
final part of this study evaluated spatial learning and memory and assessed the
gene expression of several cholinergic elements. We are therefore missing
important information on behavioral performance and cholinergic integrity in
apoE3-TR mice in comparison with the other two genotypes, which may be

behind the previously observed behavioral differences.

We would like to make the following observations based on our results:

- We found differences in gut microbiota composition and cerebral SCFA levels
at early ages that depend on APOE4 genotype and postnatal treatment. As

discussed earlier, it would be interesting to analyze these differences in a study
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that includes females. It would also be interesting to assess how these
differences evolve in order to determine whether they are maintained with age.
Also, as the CPF-induced effects were evaluated four hours after exposure, it
would be interesting to analyze whether these effects are acute or whether they

are maintained permanently through life.

- Since we observed differences in A. muciniphila, which has been broadly linked
to metabolic impairments, we intend to further study metabolic status by
introducing a dietary challenge with a high-fat diet. We will also study feeding

behavior in order to present a broad approach to energy homeostasis.

- We studied the effects of postnatal exposure to CPF and modulation by
genotype and sex on spatial and recognition learning and memory. Changes in
the expression of cholinergic components in both the frontal and hippocampal
brain regions were also observed. We suggest including other behavioral tasks
in order to assess behavioral flexibility and its possible relationship to the

changes observed in the brain.

- We observed changes depending on age. However the oldest mice included in
this study were nine months old. We therefore suggest including older age
groups in order to further analyze the age-dependent effects of postnatal CPF

exposure.
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5. CONCLUSIONS

Short-term effects.

The APOE genotype affects the composition of gut microbiota at early
ages. ApoE4 male mice present greater differences in their core

microbial communities than apoE3 and C57BL/6 male mice.

The relative abundance of Akkermansia muciniphila is influenced by
APOE genotype and postnatal exposure to CPF. Specifically, the higher
levels inherent in apoE4 mice are reduced in CPF-treated apoE4 mice,

whose values resemble those obtained with other genotypes.

The concentration of SCFA in the brain is influenced by APOE genotype
and postnatal exposure to CPF. Specifically, apoE3 mice present higher
levels of acetic acid and butyric acid, while exposure to CPF increases

the general concentration of isovaleric acid and 4-methylvaleric acid.

Mid-term effects.

Sex influences recognition memory in young adults. More specifically,
females present higher activity during habituation and better

discrimination during task retention than their male counterparts.

Basal differences between genotypes outline performance in the ORT
task. ApoE3 mice fail to recognize the novel object during retention and

none of the pharmacological conditions leads to any improvement.

Postnatal CPF exposure influences recognition memory in adulthood.
CPF-treated mice present better exploratory behavior during
acquisition and worse discrimination performance during retention in

the ORT than controls.
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The response to cholinergic agonist and antagonist drugs strongly
depends on genotype and sex. ApoE4 mice are less sensitive to the
effects of scopolamine. Rivastigmine improves performance during
retention in apoE4 and C57BL/6 males but worsens performance in

apoE4 females.

The administration of alprazolam affects recognition memory in a sex-
and genotype-dependent manner. Alprazolam worsens retention in

females, especially those in the apoE4 control group.

Long-term effects.

10.

11.

12.

Spatial learning and memory are influenced by genotype and sex at nine
months of age. Males present better learning than females, being
especially evident in apoE4 mice, and both male and female C57BL/6

mice exhibited better performance in the retention part of the MWM.

Postnatal CPF exposure leads to long-term effects on spatial memory
that depend on genotype and sex. Specifically, CPF exposure induces a
worse performance in apoE4 males during retention but improves
retention in apoE4 females in comparison with their apoE4 control

counterparts.

The APOE4 genotype presents lower levels of several elements of the
cholinergic system in the frontal cortex in a sex-dependent manner.
Both male and female apoE4 mice present lower expression levels of a7

nAChR, while apoE4 males present lower levels of M1 and M2 mAChR.
The APOE4 genotype effects the gene expression of several elements of

the cholinergic system in the hippocampus in a sex-dependent manner.

Lower expression levels are observed in apoE4 males in relation to a7
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nAChR and in apoE4 females in relation to BChE. ApoE4 males showed
higher levels of M2 mAChR and AChE-R than their C57BL/6

counterparts.

13. Lower levels of a7 nAChR were observed in the frontal cortex of
C57BL/6 females nine months after postnatal exposure to the pesticide

CPF.

General conclusion.

Both APOE genotype and postnatal CPF exposure modulate early gut microbiota
composition and cerebral SCFAs levels and produce long-lasting effects on

learning and memory and the expression of cholinergic elements.
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