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A la meva familia
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Y una vez que la tormenta termine, no recordards como lo
lograste, como sobreviviste, ni siquiera estards seguro si la
tormenta ha terminado realmente. Aunque una cosa si es
segura, cuando salgas de esa tormenta, no serds la misma

persona que entro en ella.

De eso trataba la tormenta.

Haruki Murakami
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ABSTRACT

Organophosphate (OP) pesticides, and chlorpyrifos (CPF) in particular, are widely used in agriculture,
although in the last few years environmental regulations have been drawn up to ban their use.
Exposure to CPF has recently been related to an increased prevalence of neurodevelopmental
disorders such as autism spectrum disorder (ASD). Even so, this disorder is associated with a wide
variety of genetic factors, which can alter the effects of some chemical agents, suggesting a gene-
environmental interaction. In our laboratory, we have been studying the apolipoprotein E (APOE)
gene. We have observed that a human APOE genetic background confers different vulnerabilities in
terms of neurobehavior, metabolism and the cholinergic system. The main objective of this thesis was
to evaluate how prenatal exposure to CPF, the APOE genotype and sex contribute to the behavioral
and biochemical effects produced in neurodevelopmental disorders. To this end, we conducted a
systematic review of all the experimental evidence published on autism and pesticide exposure, with
a particular focus on OP. After that, we performed an experimental study using C57BL/6] mice and
humanized apoE3 and apoE4 homozygous mice. Pregnant females were exposed trough their diet to
either 0 or 1 mg/kg/day of CPF between gestational day (GD) 12 and 18. For the C57BL/6] mice, we
included a positive control for some autism-like behaviors. This group of females were exposed to
300 mg/kg/day of valproic acid (VPA) on two consecutive days (GD 12 and 13) via subcutaneous
injection. In addition, we performed a parallel experiment with C57BL/6] mice, in which pups were
orally exposed (from postnatal day [PND] 10 to 15) to 0 or 1 mg/kg/day of CPF using a micro-pipette.
Dams treated with CPF or VPA were evaluated for manternal care and nest quality on PND 2, while
the offpring were assessed for communication skills (PND 2, 7 and 9) by recording ultrasonic
vocalizations and physical and motor development in terms of body weight, eye opening, climb ability
and pull strength between PND 2 and PND 28. During adolescence, pups prenatally treated with CPF
or VPA were evaluated for locomotor activity, and social and anxiety-like behaviors, as was the gene
expression of elements involved in the GABAergic and glutamatergic systems. While in animals
postnatally treated with CPF only social behavior was assessed. The results of the systematic review
suggested that exposure to pesticides, and in particular to OP produced symptoms of autism in both
clinical and preclinical studies and points to the need of analyze the interaction between pesticides
and genetic factors, and how it is related to ASD development. On the other hand, our studies with
C57BL/6] mice showed that gestational treatment with VPA produces two of the three core
symptoms of ASD, as well as secondary symptoms. Indeed, VPA-treated mice showed an increase in
the latency to emit the first call and a reduction in the average duration and the total number of
vocalizations on the first and last day of evaluation (PND 2 and 9). Interestingly, we observed
opposite effects in CPF-treated mice, although both treatments showed a delay in physical
development. During adolescence, mice prenatally treated with VPA also showed anxiety-like
behaviors, while social behavior was equally affected by both CPF and VPA treatments but only in

males. Gender differences were also observed in some GABAergic and glutamatergic signaling
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elements. Females treated with CPF showed an increase in the expression of GAD1 and GABA-A al
subunit, while in males prenatal exposure to CPF or VPA increases the expression of GABA-A a2 and
3, as well as GluN2A subunit. Apart from that, differences between APOE genotypes were observed
throughout all the experiments. ApoE4 mice emitted longer and higher USVs and showed lower body
weight, but were better at eye opening and climbing. Along the same lines, apoE4 mice showed more
anxious behaviors than their counterparts, while social behavior was influenced by sex and
treatment. Both APOE females homozygous for the €3 or €4 allele and prenatally exposed to CPF
showed a non-preference for the novel stimulus. Genotype differences were also observed in the
expression of some GABAergic and glutamatergic signaling elements. The mice carrying the €3 allele
showed an increase in GABA-A a2 and a5 subunits, as well as GAD1 and the ionic cotransporter KCC2.
In addition, we observed that prenatal exposure to CPF increase the expression of KCC2 in apoE3
mice, whereas the expression of GABA-A a1l was increased in both apoE3 and apoE4 females treated
with CPF. The results of this thesis associate prenatal pesticide exposure with long-lasting effects
during adolescence, but we not observe effects like those observed in the autistic population in the
early stages of development. Likewise, APOE polymorphism are not observe to have different
vulnerabilities to CPF after a prenatal exposure. Therefore, this doctoral thesis questions the recent
association observed between the pesticide CPF and ASD, and suggests that the different apoE

isoforms (apoE3 and apoE4) are a non-risk factor for the development of the disorder.

Keywords: Pesticides, Chlorpyrifos, Autism, Valproic acid, Apolipoprotein E, APOE genotype,

Development, Anxiety-like behaviors, Social behavior, GABAergic system, Glutamatergic system.
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ABBREVIATIONS

- 5-CSRTT. Five-choice serial reaction task

- ACh. Acetylcholine

- AChE. Acetylcholinesterase

- AChE-E. Erythrocytic transcript

- AChE-R. Readthrough or R transcript

- AChE-S. Synaptic or S transcript

- AD. Alzheimer’s disease

- AMPA. a-amino-3-hydroxyl-5-methyl-4-isoxazole propionic acid
- ANOVA. Analysis of variance

- ApoE. Apolipoprotein E

- APOE. Apolipoprotein E gene

- ApoER2. ApoE receptor-2

- ASD. Autism Spectrum Disorder

- AB. Amyloid-p

- cDNA. Complementary DNA

- ChAT. Choline acetyltransferase

- CNS. Central nervous system

- CNT. Control

- CPF. Chlorpyrifos

- CSF. Cerebrospinal fluid

- Ct. Cycle threshold

- DDT. Dichloro-diphenyl-trichloroethane

- DEP. Di-ethyl phosphate

- DETP. Di-ethyl thiophosphate

- E/I. Excitatory/Inhibitory

- EFSA. European Food and Safety Authority

- EPA. United States Environmental Protection Agency
- EU. European Union

- FAAH. Fatty acid amide hydrolase

- GABA. y-aminobutyric acid

- GABA-A. y-aminobutyric acid receptor subunit

- GAD. Glutamate decarboxylase or Glutamic acid decarboxylase
- GAPDH. Glyceraldehyde 3-phosphate dehydrogenase
- GD. Gestational day

- GFAP. Glial fibrillary acidic protein

- GluN2. Glutamate ionotropic N-methyl-D-aspartate receptor subunit
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- HDL. High-density lipoprotein

- KA. Kainate

- KCC2. Solute carrier family 12-member 5

- KO. Knockout

- LDL. Low-density lipoprotein

- mAChR. Muscarinic receptor

- MAGL. Monoacylglycerol lipase

-  MWM. Morris Water Maze

- nAChR. Nicotinic receptor

- NFTs. Neurofibrillary tangles

- NKCC1. Solute carrier family 12-member 2

- NMDA. N-methyl-D-aspartate

- OP. Organophosphate/Organophosphorus

- PCA. Principal component analysis

- PND. Postnatal day

- PNS. Peripheral nervous system

- PON1. Paraxonase 1

- PVALB. Parvalbumin

- qPCR. Quantitative real-time polymerase chain reaction
- RELN. Reelin

- RMANOVA. Repeated measures analysis of variance
- RORA. Retinoic-acid related orphan receptor alpha
- SD. Standard deviation

- TCPy. 3,5,6-trichloro-2-pyridinol

- US. United States

- USVs. Ultrasonic vocalizations

- VAChAT. Acetylcholine transporter

- VGAT. Vesicular y-aminobutyric acid transporter
- VGLUT. Vesicular glutamate transporter

- VLDL. Very low-density lipoprotein

- VPA. Valproic acid
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1. INTRODUCTION

Pesticides have been used for many years to control pests. Throughout the second half of the 19t
century they were used more and more intensely, and it was not until 1962 that Rachel Louis Carson
raised the alarms with her book “Silent Spring” (Bertomeu-Sanchez, 2019; Casida and Quistad, 1998).
Since then, considerable effort has been made to study these environmental contaminants in order to

reduce their use and minimize the adverse risks associated to their exposure.

The first pesticide was synthesized in 1939, but it was not put on the market until the 1950s, “the
golden age of pesticides”. Organochloride insecticides and, in particular, dichloro-diphenyl-
trichloroethane or DDT was the first pesticide to be used in agriculture because of its ability to
control pests for long periods of time. However, their harmful effects on the ecosystem, biodiversity,
and human health led the United States (US) to ban this chemical compound at the beginning of the
1970s (Casida and Quistad, 1998). Nonetheless, parallel researches were conducted to find similar
compounds that were more efficient and less persistent. In 1937, the German chemist Gerhard
Schrader discovered the insecticidal properties of organophosphorus (OP) compounds, even though
it was not until 1965 that they were firsts used in agriculture. The first OP to be put on sale was

tetraethylpyrophosphate (Soltaninejad and Shadnia, 2014).

Organophosphates are also called anticholinesterase compounds because their principal neurotoxic
effect is the inhibition of acetylcholinesterase (AChE). This inhibition produces an accumulation of
acetylcholine (ACh) in the synaptic cleft, which overstimulates the nicotinic and muscarinic
cholinergic receptors in the central and peripheral nervous system (CNS and PNS, respectively),
producing a hyperstimulation of the post-synaptic cholinergic neurons (Richardson et al,, 2019). In
addition, non-cholinergic targets for OPs have also been reported (Terry, 2012). These targets can
elicit oxidative stress (Slotkin, 2006; Soltaninejad and Abdollahi, 2009), affect the activity of several
neurotrophic molecules (Betancourt and Carr, 2003; Slotkin et al., 2007) or alter such basic neuronal

processes as axonal transport (Terry, 2012).

This type of pesticides helped to improve agricultural productivity by controlling insects, nematodes
and plants pathogens. However, acute exposure to OP (e.g., occupational exposure) produce such
classic signs of poisoning as salivation, lacrimation, diarrhea, bronchorrhea, bradycardia or even
death (Pope et al,, 2005). In addition, chronic exposure below the threshold of OP toxicity has been
linked to impairments in neurobehavior such as anxiety disorders and depression, learning and

memory and attention deficits or problems in information processing (De Silva et al., 2006).

All OP chemical compounds are derived from phosphoric, phosphonic, phosphinic or tiophosphoric
acid (Balali-Mood and Saber, 2012; Naughton and Terry, 2018). The general structure is shown in
Figure 1. It is made up of R1 and Rz groups (akyl-, alkoxy-, alkylthio- or amido groups), whereas the Rs3
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is the acyl residue which is also called the “leaving group” because it dissociates from OP molecules

when it reacts with their targets (Balali-Mood and Saber, 2012; Costa, 2006).

1
RZ_I.)_R]_

R;

Figure 1. Representation of the general structure of an OP compound. The phosphorus atom has a double bond

with sulfur or oxygen (X). Two stable bonds with organic radicals (R1 and Rz) such as alkyl-, alkylthio-, or amino

groups, and one unstable bond with an acyl residue (Rs) such as halide, cyanide, thiocyanide or any other

aromatic structure.

1.1. Chlorpyrifos

Since OPs were introduced in the 1960s, one of the most commonly used pesticides worldwide is
chlorpyrifos (CPF). It is manufactured by DOW chemicals and can be applied either as a spray or
onto the soil before plantation. This different application methods enable CPF to be used in both
agricultural and nonagricultural environments. They are used in agriculture mostly to protect
important crops like cotton, citrus, corn, peaches, rice, banana, cocoa, coffee, and vegetables and
occasionally to control ticks on cattle. On the other hand, they are used in the household to control
insects such as cockroaches, fleas, and termites and also as a component of tick and flea collars for
pets (Bose et al,, 2021; Eaton et al., 2008). However, their excessive use has been related to human

health problems which have led to restrictions in its use.

1.1.1.Regulation of CPF

The first restriction was implemented in the US in 2001. Regulations were introduced to reduce
the nonagricultural use of CPF to 3 % of total use (Eaton et al., 2008). Furthermore, the European
Food and Safety Authority (EFSA) concluded that “there is no safe level of exposure to CPF” thus
encouraging regulations to impose stronger restrictions or even ban the use of this pesticide
(Bose et al, 2021). In 2019, the same authority stated that there were concerns about the

genotoxicity and developmental neurotoxicity of CPF, which led to the withdrawal of the
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authorization to use this chemical in the European Union (EU) and a complete ban in 2020 (EFSA,
2019). Along the same lines, the US Environmental Protection Agency (EPA) revoked all tolerance
for CPF in 2021 and completely banned it in 2022 (EPA, 2021). Despite this, CPF is still used in
developing countries so it may be present in the environment and spread around the world by

routes such as sea currents (Georgieva et al., 2021).

1.1.2.Structure and chemical properties of CPF

The CPF compound [0,0-diethyl 0-(3,5,6-trichloropyridin-2-yl) phosphonothioate] is a colorless
to white crystalline solid which has a mercaptan-like odor. It is insoluble in water, but soluble in
most organic solvents (e.g., isooctane or methanol). It is also stable under neutral and acidic
conditions, so the chance of hydrolysis increases at higher levels of pH (Bose et al.,, 2021). CPF also
binds rapidly to soil and plants and degrades quickly in the environment (Eaton et al., 2008).

Table 1 summarizes other physical and chemical properties of CPF.

Table 1. Physical and chemical properties of CPF.

Molecular formula CoH11CIsNOsPS
cl cl Chemicalname | o2
® N (IUPAC) ropy y
5 thiophosphate
g = Cas number 2921-88-2
= Cl N 0
2 I yau Molecular weight 350.6 g/mol
g S=P—0 Density 1.44 g/cm3 at 20 °C
g (I) No boiling point at normal
S Boiling point pressure but decomposes
= at 160 °C
Melting point 41-42°C
Vapor pressure 1.87 x 10> mmHg at 25 ¢C

Adapted from National Center for Biotechnology Information (NCBI, 2022)

The structure of CPF is based on a phosphorus atom with five bonds. The pentameric phosphorus
structure has a double bond with sulfur, two stable bonds with two ethyl groups and one unstable
bond with an aromatic structure which is released during the biotransformation process

(Karalliedde et al., 2003).
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1.1.3. Degradation and exposure pathways

Although restrictions on CPF have recently been introduced, their use has significantly increased
every year. CPF and its metabolites are susceptible to a wide variety of degradation pathways such
as photolysis, volatilization, or abiotic hydrolysis (Barman et al., 2014; Bose et al., 2021). The half-
life of CPF ranges from 3 hours to 150 days (Table 2). In air, where CPF is in contact with a
considerable variety of environmental factors that contribute to its degradation, it has a half-life of
3 h, but when there is no light, water, or other factors it can be present for months (Eaton et al,,
2008; Mackay et al., 2014). However, concentrations of CPF have also been also detected in air and
other environmental sources far from the usual agricultural sites, indicating that CPF has potential

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

Table 2. Half-life of CPF in different environmental sources.

Environmental source Half-life
Air 3 hours
Soil from 7 to 30 days
Surface water from 30 to 50 days
Sediment from 50 to 150 days

Adapted from Mackay et al. (2014)

Agricultural workers and their families are the group with the greatest risk of exposure to OPs
because of their proximity during the application of the compound. However, the general
population can be exposed through three pathways: ingestion, inhalation, or dermal absorption
(Suratman et al., 2015). In general, ingestion is the most common pathway accounting for 70% of
total exposure trough dietary residues in food. On the other hand, dermal absorption accounts for
only 3% of exposure, although it is a common occupation pathway of exposure (as is inhalation)
(Albers et al,, 1999; Bose et al,, 2021; Fenske et al,, 2012). Besides, the lipophilic property of CPF
enable it to cross the placenta or be stored in breast milk, so it is the main pathway of infant

exposure (Rauh et al,, 2006; Sanghi et al., 2003; Saunders et al., 2012).

Although it is difficult to set an average daily exposure to CPF, in 2005 the EFSA set the acceptable
daily intake at 0.01 mg/kg/day. In 2014, this was revised and modified to 0.001 mg/kg/day
(EFSA, 2014). Along the same lines, the US Department of Agriculture and the US Food and Drug
Administration estimated a “typical” dietary daily exposure for various age groups. The estimated
average was 0.005 pg/kg/day for the adult population, 0.014 nug/kg/day for toddlers and around
0.009 pg/kg/day for infants (Eaton et al,, 2008).
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1.1.4. Absorption, distribution, biotransformation, and excretion

As reported above, CPF is a lipophilic compound with different routes of exposure in humans an
experimental animals. Depending on the route, the pesticide can be absorbed by the skin, the
intestine or the lungs (Tanvir et al., 2016). Higher concentrations of CPF are found in fat and fatty
tissues such as liver, brain, kidney or adipose tissue where the pesticide has a half-life of 62 h
(Eaton et al,, 2008; Suratman et al, 2015; Tanvir et al, 2016). In addition, due to their high
lipophilicity, pesticides can be readily absorbed through respiratory or oral routes, although less
efficiently through the skin. In humans, 70 % of total CPF exposure can be recovered through the
urine after oral exposure, whereas only around 1 % can be recovered after dermal exposure.
However, it should be noted that a relatively large amount of CPF is recovered by washing the skin
after dermal exposure (42-67 % of the dose applied) (Griffin et al,, 1999; Meuling et al., 2005;
Nolan et al., 1984). In this respect, dermal exposure presents a half-life of 30 h with an optimum
sampling time between 17 and 24 h, while oral exposure shows a shorter half-life of 15.5 h with
an optimum sampling time of 7 h (Griffin et al., 1999; Nolan et al., 1984). On the other hand, CPF
also binds to proteins such as plasma albumin with a short biological half-life of approximately 18

h (Suratman et al., 2015).

Biotransformation of CPF can be through aerobic and anaerobic metabolism. However, CPF is
metabolically activated, principally, in the liver by the activity of cytochrome P450, which
mediates the oxidative desulfurization of CPF to the oxon form. Alternatively, CPF can also be
detoxified by the activity of cytochrome to produce 3,5,6-trichloro-2-pyridinol (TCPy) and di-ethyl
thiophosphate (DETP). On the other hand, CPF-oxon can be hydrolyzed by an A- or B-esterase
such as paraxonase 1 (PON1) to TCPy and di-ethyl phosphate (DEP) (Figure 2) (Smith etal., 2014).

The elimination of CPF is mainly through the kidney. Once CPF has entered to the body, it is
rapidly distributed and metabolized in the liver to produce lesser toxic compounds that are
largely eliminated through urine. Of all the OP metabolites, 84 % are eliminated through urine,
whereas only 5 % are excreted through feces (Rathod and Garg, 2017). However, the percentage
of metabolites in urine varies. While TCPy accounts for 62 % of the total excretion, DETP accounts
for 40 % and DEP for only 4 % (Timchalk et al., 2007). Furthermore, there are other excretion

routes such as breast milk (Brahmand et al., 2019).

1.1.5. Principal targets and mechanism of action

The principal mechanism of CPF neurotoxicity is the inhibition of AChE. Before acting on the
cholinergic system, CPF is metabolically converted into the active CPF-oxon form. CPF-oxon
inhibits the activity of AChE by phosphorylating the serine hydroxyl group located in the active

site of the enzyme. Thus, CPF-oxon loses its “leaving group” and establishes a covalent bond with
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the serine hydroxyl of AChE. This phosphorylation is very stable and persists over time. In fact, in
biological systems the enzyme can remain inactive for hours, days or even weeks (Mileson, 1998).
Besides, OPs not only inhibit brain AChE, they also bind to red blood cells AChE and plasma

butyrylcholinesterase, the second target of OP chemicals (Singleton et al., 2015).

Cl N Cl . cl N cl
| Chlorpyrifos (CPF) | CPF-oxon .
Desulfuration Cholinesterase
2 . = . .
Cl N 0 Cytochrome P450 Cl N 0 inhibition
/ | /
@ 0=P—0
@ |
©
|
@
=
;M
ot
?
<
Y ﬂ
0—P—OH
HO N\ Cl , |
| 0
=
Cl Cl \1
Di-ethyl thiophosphate (DETP) 3,5,6-Trichloro-2-pyridinol (TCPy) Di-ethyl phosphate (DEP)

Figure 2. Biotransformation pathways involved in the degradation of CPF. Cytochrome P450 desulfurizes
CPF to produce 3,5,6-trichloro-2-pyridinol (TCPy) and di-ethyl phosphate (DEP). CPF can also be dearylated
to produce TCPy and di-ethyl thiophosphate (DETP). Adapted from Smith et al. (2014)

As mentioned above, this inhibition decreases the hydrolysis of ACh in the cholinergic synapses,
leading to an accumulation of the neurotransmitter in the synaptic cleft. Consequently, this
accumulation overstimulates both cholinergic receptors, and downregulates the post-synaptic
membrane (Mileson, 1998; Singleton et al., 2015). It can also alter the function of somatic motor
neurons, which causes seizures, brain damage or either necrosis or apoptosis (Miller et al., 2021).
However, the effects of ACh accumulation depend on the distribution of CPF in the body and the

cholinergic receptor type to which ACh binds.

1.1.5.1. Cholinergic system

The cholinergic system consists of several areas with high ACh density that express the different
cholinergic receptors and generate neuronal projections. ACh is synthesized by the activity of
the choline acetyltransferase (ChAT) enzyme which catalyzes the acetylation of choline with
acetyl-CoA. Then, ACh is accumulated and released into the synaptic cleft through the vesicular
acetylcholine transporter (VAChT) where it binds to both pre- and post-synaptic muscarinic

(mAChR) and nicotinic (nAChR) receptors (Figure 3) (Deiana etal., 2011).
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Figure 3. Schematic representation of a cholinergic synapse. In the presynaptic neurons, ACh is
synthesized by the activity of ChAT, which catalyzes the acetylation of choline and acetyl-CoA. Then, ACh is
released into the synaptic cleft though the VAChT and binds to mAChR and nAChR located either in the
presynaptic or postsynaptic neurons. To end the transmission, the AChE enzyme hydrolyzes the ACh to
choline and acetate. Abbreviations: AChE, acetylcholinesterase; ChAT, choline acetyltransferase; mAChR,
muscarinic acetylcholine receptors; nAChR, nicotinic acetylcholine receptors; VAChT, vesicular

acetylcholine transporter.

Muscarinic receptors belong to the family of metabotropic receptors, which has five distinct
transmembrane subtypes denoted by M1, Mz, M3, M4 and Ms. Three of these subtypes (M1, M3 and
Ms) interact with G-protein and couple to phospholipase C, whereas the other two subtypes (M:
and M4) interact with adenylate cyclase (Deiana et al, 2011; Kruse et al, 2014). Besides,
muscarinic receptors are widely distributed through the human body and play an important role
in such physiological functions as heart rate regulation, smooth muscle contraction, or glandular
secretion (Caulfield and Birdsall, 1998; Kruse et al., 2014). They also play a role in multiple brain
signaling pathways such as neuronal excitability modulation, and ACh synaptic regulation and
feedback (Abrams et al,, 2006). Although mAChR subunits are expressed differently in different
brain regions, all five muscarinic subtypes are found in brain. M1 receptors are the dominant
subtype in the CNS and are most abundant in the neocortex, hippocampus, and amygdala. M2

receptors are found throughout the brain, most abundant in the hypothalamus. M3 receptors are
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expressed less in the brain, even though they are found in the hippocampus and thalamus. M4
receptors are expressed in the cortex and striatum, whereas Ms receptors are abundant in the

hippocampus and thalamus (Abrams et al., 2006; Deiana et al., 2011).

Neuronal nicotinic receptors are a class of membrane proteins with different subtypes that form
ligand-gated ion channels. The pentameric form of those ion channels consists of nine o (a2-
a10) and three  (f2-$4) subunits, which are arranged symmetrically around the central pore
(Changeux et al., 1998; Deiana et al,, 2011; Gotti et al., 2006; Shabani et al., 2020). Two different
nAChR subfamilies have been identified: the a-bungarotoxin-sensitive subfamily which includes
homopentameric (a7, a8 and a9) and heteropentameric (a7a8 and a9a10) receptors, as well as
the abungarotoxin-insensitive subfamily which receptors are only heteropentameric and consist
of a (a2-a6) and B ($2-B4) subunits (Gotti et al.,, 2006). However, this family of cationic channels
regulates processes such as cellular excitability, exocytosis, motility, apoptosis or transcription
(Shen and Yakel, 2009). The nAChR receptors also influence physiological functions such as
sleep, fatigue or anxiety and their subunits are differently distributed within the brain (Gotti et
al.,, 2006). Although a4, a7 and B2 are mostly expressed in the hippocampus, they are also
expressed in the thalamus and spinal cord (a4), or in the hypothalamus and cortex (a7) (Deiana

etal,, 2011; Gotti et al., 2006; Gotti and Clementi, 2004).

Once ACh is in the synaptic cleft and is acting on the cholinergic receptors, the AChE enzyme
hydrolyzes the ACh neurotransmitter to produce acetate and choline. The activity of AChE serves
to terminate the synaptic transmission (Deiana et al., 2011; Lionetto et al., 2013). Therefore,
AChE is mainly found at the cholinergic synapses of the CNS, and at the neuromuscular junctions.

It also plays a crucial role in the normal functioning of both PNS and CNS (Lionetto et al., 2013).

AChE is made up by two distinct domains: a large catalytic domain with around 500 residues,
and a small C-terminal peptide with fewer than 50 residues (Lionetto et al., 2013). AChE is the
product of a single gene located in chromosome 7 in humans and in chromosome 5 in mice
(Getman et al,, 1992; Rachinsky et al., 1992). Besides, alternative splicing in the 3’ site of primary
transcripts generates several types of AChE, with the same catalytic domain but a different C-
terminal, which influences the localization and molecular form (Lionetto et al.,, 2013; Massoulié,
2002). The different isoforms are: “synaptic” or S transcript (AChE-S), “readthrough” or R
transcript (AChE-R) and AChE-E, the erythrocytic transcript. The AChE-S is typically tetrameric
and is strongly expressed in all the tissues except for thymus, liver and small intestine where is
poorly expressed. The AChE-R is a monomeric enzyme, and the AChE-E is a
glycophosphatidylinositol-like dimer associated with red blood membranes. Both transcripts are
highly expressed in all brain regions and poorly expressed or absent in testis, thymus and

intestine (Grisaru et al., 1999; Massoulié, 2002; Meshorer et al., 2004).
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1.1.5.2. Other CPF targets

Apart from the cholinergic system, there are other non-cholinergic targets related to other
serine hydrolases. Both CPF and CPF-oxon inhibit the activity of carboxylesterases a family of
enzymes that hydrolaze esters and amide bonds, as well as monoacylglycerol lipases (MAGL)
and fatty acid amide hydrolases (FAAH), which metabolize two of the major endocannabinoids:
the anandamide and 2-arachidonolyglycerol (Casida and Quistad, 2004, 2005, Quistad et al,,
2001, 2002b). Along the same lines, OP compounds also disrupt the activity of cannabinoids by
other mechanism such as the inhibition of cannabinoid receptor activity (Quistad et al,, 2002a).
In addition, CPF and CPF-oxon are associated with OP compound-induced delayed neurotoxicity
which paralyses the lower limbs, leads to partial sensory loss, and degenerates long axons in the
spinal cord and peripheral nerve. These symptoms become evident after 10 to 15 days of
exposure (Johnson and Glynn, 1995). This neurotoxic effect has been associated with the
inhibition of more than 80 % of neuropathy target esterase, a serine esterase involved in cell-

signaling during the development of the nervous system (Glynn, 1999).

On the other hand, CPF pesticide has also been identified as an endocrine disruptor due to its
activity as an androgen receptor antagonist and its suppressor activity in gene expression
related to gonadotropin synthesis or steroidogenesis, as well as the association with thyroid
gland changes (Oténio et al., 2022; van den Berg et al, 2011). Furthermore, CPF inhibits DNA
synthesis in neuronotypic PC12 and gliotypic C6 cells (Qiao et al., 2001), disrupts the activation
of distinct peroxisome proliferator-activated receptors responsible for the regulation of genes
involved in lipid metabolism and energy homeostasis (Herriage et al, 2022), or induces
oxidative stress by the formation of reactive oxygen species (Chiapella et al., 2013). Additionally,
CPF has recently been associated with a decrease in blood glucose levels, which produces

hypoglycemia (Farkhondeh et al., 2020).

1.1.6. CPF and development

Individual factors such as body weight, age or genetic background confer different vulnerabilities
to pesticide toxicity. Studies on CPF exposure at distinct lifetime stages have shown that the young
population is more sensitive to the toxic effects of CPF than adults (Moser, 2000). The
considerable sensitivity of embryos and fetuses to toxics, as well as the higher risk observed in
newborns and children, have led to study, in more detail, the exposure to neurotoxic compounds
during pregnancy and developmental stages (Abdel-Rahman et al, 2002; Grandjean and
Landrigan, 2014).

This differences in sensitivity between young people and adults could be due to differences in the

biotransformation of CPF. Studies in mice have reported that fetuses are critically dependent on
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maternal PON1 activity. Maternal PON1 increases through pregnancy, but it is at very low levels in
newborn mice and it is not until postnatal day (PND) 21 that these levels increase (Costa et al,,
2005). Thus, low PON1 activity levels may increase the severity of exposure to CPF, and its toxic
effects (Kofman et al., 2020). In addition, exposure during pregnancy and the firsts developmental
stages coincides with the development of the nervous system. According to the literature, mice are
exposed to OP pesticides over a long period of time (from around gestational day (GD) 12 to PND
15), which corresponds to the second and third trimester of human pregnancy, as well as the first
months of life (Azad et al, 2017; Richard and Flamant, 2018). The nervous system starts to
develop with the formation of the neuronal tube which in mice takes place on GD 9.5. Neuronal
tub formation coincides with the beginning of neurogenesis (GD 10) which ends before
adolescence (PND 15-20) (Chen et al,, 2017; Rice and Barone, 2000). However, each brain region
has a different peak of neuronal production. For example, in the cerebral cortex, neurogenesis
occurs from GD 12 to 17, while in the hippocampus it occurs between GD 12 and 17 (CA2 region
and pyramidal cells) and from GD 17 to PND 15 (dentate gyrus) (Chen et al, 2017; Semple et al,,
2013). In addition, there are other brain processes such as synaptogenesis or neuronal migration
that begin around GD 11 and continue until adolescence, whereas gliogenesis and myelination
start between the first and the third week after birth (Schepanski etal,, 2018; Semple et al., 2013).
Therefore, the period in which CPF exposure occurs could condition short- and long-term adverse
effects, since prenatal and postnatal exposure cover two distinct critical windows of CNS

development.

Epidemiological studies of populations living near to or far from agricultural areas provide
evidence about CPF toxicity. Studies of the Chinese population have shown that prenatal CPF
exposure affects gross and fine motor function in nine-month-old infants. The proper acquisition
of motor skills has been associated with the correct development of cognitive and neurological
processes (Silver et al,, 2017), so it is not surprising that other studies that evaluate the same
exposure period have observed deficits in cognitive functioning in seven-year-old children (Rauh
etal, 2011). Moreover, studies conducted in an inner-city cohort from New York have shown that
prenatal exposure to the pesticide CPF generates lower scores on the psychomotor and
development assessment test, and a higher incidence of attention problems and attention-
deficit/hyperactivity disorder in three-year-old children, whereas the same exposure has been
linked to poorer levels on the Working Memory Index and Full-Scale IQ in seven-year-old children
(Rauh et al, 2015, 2006). Apart from these adverse effects, in the last few years, it has been
suspected that the toxics present in environment increase the risk of neurodevelopmental
disorders. In line with this hypothesis, von Ehrenstein et al. (2019) found a moderately higher risk
of autism spectrum disorder (ASD) in the offspring of mothers treated prenatally with CPF.
Likewise, exposure during early childhood has been associated with social and motor deficits in

boys, indicating that they seem to be more sensitive to CPF toxicity than girls (Guo et al., 2019).
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Studies in animal models corroborate these epidemiological results. In mice, prenatal CPF
exposure (from GD 12 to 15) below the threshold of fetal growth impairments, has been
associated with a delay in motor development and impaired conditioned and innate social
behaviors in a sex-dependent manner, being males the most affected (Lan et al,, 2019). Other
studies assessed prenatal exposure during late gestation (from GD 15 to 18) and exposed animals
to a dose (6 mg/kg/day) that inhibits 75 % of AChE serum activity for around 24 h and reduces
AChE brain activity by 60 % in pregnant dams. They showed diminished responsiveness to
distress condition and a reduction in motor activity (Venerosi et al., 2009). Moreover, studies that
reported both prenatal (from GD 15 to 18) and postnatal exposure (from PND 11 to 14) to CPF
associated gestational exposure with an increase in motor activity during adulthood and
aggressive behaviors in males, whereas late postnatal exposure enhanced maternal response in
females and decreased anxiety response in both sexes. These findings indicate that the period in
which CPF exposure takes place conditions the sex-specific effects (Ricceri et al.,, 2006). Exposure
during the same late postnatal preweaning developmental stage is also associated with adult but
not adolescent alterations in social novelty. Novel exploration decreased in male rats but

increased in females (Perez-Fernandez et al., 2020a).

Exposure during developmental stages may also lead to changes in the normal maturation of
several systems. Exposure to low doses of CPF (1 or 5 mg/kg/day) during the peak period of
sexual differentiation of the brain (from GD 17 to 20) produce alterations in presynaptic
serotonergic and dopaminergic activity in adolescent rats. However, no effects were observed
when exposure took place during the early gestational period (from GD 9 to 12) (Slotkin and
Seidler, 2007). On the other hand, postnatal exposure (from PND 10 to 16) at a dose of 0.75
mg/kg/day of CPF is associated with an alteration in the excitatory/inhibitory (E/I) balance,
altering the glutamatergic and GABAergic signaling during adolescence (Alugubelly et al., 2021).
Besides, late postnatal exposure to 1 mg/kg/day for six consecutive days has also been associated
with medium- and long-term microbiota dysbiosis at both genus and family taxonomical levels
(Perez-Fernandez et al., 2020a, 2020b), while lower exposure levels (0.5 mg/kg/day) have been
associated with the inhibition of FAAH and MAGL because they increase both principal
endocannabinoids and overstimulate this system, which results in inappropriate

neurotransmission that can lead to neurotoxicity (Carr et al., 2020).

1.2. Neurodevelopmental disorders and autism spectrum disorder

The Word Health Organization describes neurodevelopmental disorders as behavioral and
cognitive disorders that begin during the developmental period and are characterized by significant
difficulties in acquiring and executing specific intellectual, motor, language, or social functions. The

etiology of these disorders is complex, and in some cases unknown. However, some hypotheses
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point to genetic factors or others such as lack of appropriate environment or injuries to the CNS
during the developmental period, which lead to inadequate brain development (ICD-11, 2022). In
addition, several disorders in this group share symptomatology, so it is more difficult for them to be
diagnosed and treated. Nowadays, treatment is based on a combination of professional, therapy,
pharmaceutical and home- and school-based programs. Some of the disorders that are under the
umbrella of neurodevelopmental disorders are attention deficits/hyperactivity disorder,

schizophrenia and ASD (Mullin et al,, 2013).

1.2.1. ASD: Diagnosis, etiology, and prevalence

In 1943, autism was first defined by Leo Kanner (Kanner, 1968). Since then, it has been
considered as a rare disorder of childhood onset, but nowadays, ASD is recognized as a common
and heterogeneous disorder that can range from very mild to severe and which sometimes has an
indirect impact on education and employment opportunities, requiring lifelong care and support

(Lord etal.,, 2018; WHO, 2022).

ASD is a behaviorally defined disorder, characterized by difficulties in social interaction and
communication, and repetitive or atypical patterns of behavior such as unusual reactions to
sensations (WHO, 2022). Adverse effects of the disorder may be detected early around 18- and
24-months of age, but diagnoses are often made later because people with autism sometimes have
co-occurring conditions such as anxiety, depression, epilepsy, hyperactivity or mood disorders
(Lord et al., 2018; WHO, 2022). Moreover, the fact that individuals with ASD are different from
one another and there are no related biomarkers makes diagnosis in the early stages of
development difficult. However, nowadays autism disorder can be diagnosed by a large variety of
professionals, who largely base their decisions on clinical and physical exams (Lord et al., 2018;

Tidmarsh and Volkmar, 2003).

Until recently, the tools for diagnosing autism were neither precise nor reliable. In 2013, the
Diagnostic and Statistical Manual of Mental Disorders 5% edition presented a validated ASD
diagnostic tool, that had not been a part of previous editions (Grzadzinski et al,, 2013). Even so,
professionals also use other tests such as the Children’s Autism Rating Scale, the Social
Responsiveness Scale and the Social Communication Questionnaire to evaluate children’s
symptoms. Moreover, parents have to be interviewed using the Autism Diagnostic Interview-
Revised, in conjunction with standard diagnostic instruments such as the Screening Tool for
Autism in Toddlers and Young Children and the Autism Diagnostic Observation Schedule-Generic,
which provides direct-observation measures (Tidmarsh and Volkmar, 2003). Other tests are also
performed to assess co-occurring conditions. Intelligence and adaptative behaviors can be

assessed using the Wechsler Preschool and Primary Scale of Intelligence-Revised, the Wechsler
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Intelligence Scale for Children, the Stanford-Binet Intelligence Scale or the Mullen Scales of Early
Learning. Speech and language can be assessed by the Peabody Picture Vocabulary Test-Revised
or the Reynell Developmental Language Scales, whereas motor functioning and coordination are
assessed by the Beery-Buktenica Developmental Test of Visual-Motor Integration. Finally, in order
to understand how autism patients respond to environmental stimuli, professionals can perform
the Sensory Integration and Praxis Test, which assess acoustic and tactile problems as well (Lord

et al., 2018; Tidmarsh and Volkmar, 2003).

Nowadays, the etiology of autism is still unknown. Nevertheless, the prevalence of the disorder
has been increasing in the last few years. Although the incidence of ASD varies from one country
to another, Elsabbagh et al. (2012) reported a global prevalence of 62/10,000 in 2012, whereas a
review in 2022 reported a small increase to 65/10,000 (Zeidan et al., 2022). Furthermore, autism
occurs predominantly in males. For every four diagnoses only one is a female. (Chaste and
Leboyer, 2012). However, this increase in prevalence leads to new research on risk factors that

may explain it.

Genetic, environmental, biological or developmental factors have been associated with ASD
(Currenti, 2010). Until 1980, genetic was not thought to contribute to the etiology of autism, but
the co-occurrence of rare genetic ASD syndrome (e.g., fragile X chromosome) and studies
conducted in twins suggest that it might (Abrahams and Geschwind, 2008). Moreover, it was
observed that prenatal and perinatal environmental factors such as maternal and paternal ages,
maternal gestational diabetes, hypertension, or maternal medication with an antiepileptic drug or
antidepressants selective serotonin-reuptake inhibitors, were strongly related to an increased risk

of ASD in offspring (Chaste and Leboyer, 2012; Lord et al., 2018).

1.2.2. ASD hypothesis and theories

As mentioned above, the etiology of autism is currently unknown, but it has been increasingly
studied in recent years. ASD encompasses a wide range of symptoms, as well as theories and
hypotheses. Some of these theories are based on the fact that autism is a heterogeneous and
complex genetic disorder with hundreds of associated genes. Recently, it has been observed that
some genetic alterations can aggravate or improve the severity of the disorder, depending on the
individual. This has led some to hypothesize that genetic modifiers such as environmental factors,
epigenetics, double-hit mutations, copy number variants or sex-linked modifiers may explain the

heterogeneity of the disorder (Rylaarsdam and Guemez-Gamboa, 2019).

On the other hand, other hypotheses try to explain the sexual bias observed in autism through sex-

specific pathways. It is well-known that there are behavioral and anatomical differences between

39



UNIVERSITAT ROVIRA | VIRGILI
INFLUENCE OF PRENATAL CHLORPYRIFOS EXPOSURE, APOE GENOTYPE AND SEX ON NEURODEVELOPMENTAL
DISORDERS: BEHAVIORAL AND BIOCHEMICAL ABNORMALITIES IN MICE

Judit Biosca Brull

Introduction

40

males and females that could be related to sex chromosomes or hormones (Ferri et al,, 2018).
Some theories suggest that autism is an X-linked disorder with a protective effect when both X
chromosomes are present, while a Y chromosome might be a risk factor for the development of
the disorder (Werling and Geschwind, 2013). In addition, it has been hypothesized that ASD may
be the result of disrupted hormonal balance. Increased testosterone during the early stages of the
development, for example, may produce a hypermasculinized autistic brain (Ferri et al., 2018;
Ostatnikova et al.,, 2021; Werling and Geschwind, 2013). This hypothesis can be explained by the
retinoic acid-related orphan receptor alpha (RORA) which is a hormone-dependent transcription
factor that regulates aromatase expression. This aromatase enzyme is responsible for the
transformation of androgens into estrogens, and it is oppositely regulated by both sexual
hormones. Estradiol activates aromatase activity, while testosterone inhibits it. Therefore, a RORA
deficiency may increase testosterone levels and cause the hypermasculinized brain observed in

ASD (Hu etal,, 2015; Sarachana et al., 2011; Werling and Geschwind, 2013).

In 2003 Rubenstein and Merzenich (2003) hypothesized that ASD might be caused by alterations
in the E/I balance leading to neuronal hyperexcitability due to an upregulation of the
glutamatergic system and a downregulation of the GABAergic system (Nelson and Valakh, 2015;
Sohal and Rubenstein, 2019; Uzunova et al., 2016).

1.2.2.1. GABAergic system

The y-aminobutyric acid (GABA) neurotransmitter is considered to be the main inhibitory
neurotransmitter in the adult brain. It exerts an important role in cell proliferation, migration
and differentiation, and also in synapse formation and maturation (Di et al., 2020; Florey, 1991;
Owens and Kriegstein, 2002; Wu and Sun, 2015). GABA is synthesized by the decarboxylation of
glutamate through the activity of the glutamic acid decarboxylase (GAD) enzyme. Then, the
vesicular GABA transporter (VGAT) releases the neurotransmitter into the synapse through
exocytosis, and enables GABA to exert its effects by binding to their receptors (GABA-A, GABA-B
or GABA-C) (Figure 4) (Rowley etal, 2012).

Once GABA has been released into the synapse, it binds to its ionotropic or metabotropic GABA-
A, GABA-B or GABA-C receptors. The GABA-A receptors are ligand-gated chloride ion channels
with a heteropentameric structure that consist of different combinations of a («1-6), B (B1-4), v
(y1-4), 8, e, p (p1-3), m and € subunits which can be localized in the post-, pre- or extrasynapse
(Dietal, 2020; Wu and Sun, 2015). For example, GABA-A a1, a2 and y2 subunits are localized in
the synaptic cleft. They produce a phasic response characterized by a fast reaction to the high
neurotransmitter concentrations release into the synapse. On the other hand, a4, a5, a6 and &

subunits are localized in the extrasynapse and produce a tonic response characterized by a slow
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persistent reaction to the low neurotransmitter concentrations, due to the high affinity of the
extrasynaptically receptors for GABA neurotransmitter (Lee and Maguire, 2014; Pizzarelli and
Cherubini, 2011; Yu et al., 2018). However, Bohlhalter et al. (1996) also co-localized the a2
subunit in the presynaptic membrane, where it acted as an autoreceptor to control GABA

release.
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Figure 4. Schematic representation of a GABAergic synapse. GABA is synthesized in the presynaptic neuron
from a pool of glutamate and by the activity of the GAD enzyme. Then, GABA is released into the synapse
through the VGAT and binds to the GABA-A, GABA-B or GABA-C receptors. The binding of GABA to GABA-A
receptors produces considerable import or export of chloride ions that is age-regulated by two GABA co-
transporters, NKCC1 and KCC2. Abbreviations: GABA-R, y-aminobutyric acid receptor; GAD, glutamic acid

decarboxylase; VGAT, vesicular GABA transporter.

In addition to the ionotropic GABA receptor, GABA-B are metabotropic transmembrane
receptors that are linked to potassium channels via a G-protein mediated pathway. They can be

found in the pre- and postsynapse and are made up of two different subunits: the GABA-B1 and
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GABA-B2. There are also GABA-C receptors which are made up of a homopentameric structure

with three p subunits (Di et al,, 2020; Olsen and Sieghart, 2008).

GABA circuits are formed in the embryonic stages and develop and mature further after birth. In
fact, the binding of GABA neurotransmitter to GABA-A receptors produces an import and export
of chloride ions that are, respectively, regulated by the GABA co-transporters, NKCC1 and KCC2.
During brain maturation, GABA activity is majority excitatory and exerts a depolarizing action
due to the high expression of the neuronal co-transporter NKCC1, which leads to higher chloride
levels inside the neuron. Around PND 5-10, adult GABA neurons switch their activity from
excitatory to inhibitory, and have a hyperpolarizing action which is a consequence of the
increase in KCC2 and the decrease of NKCC1 co-transporter expression, which lead to higher

chloride levels outside the neuron (Ben-Ari et al., 2012, 2007; Lemonnier et al,, 2017).

Furthermore, GABA-related components are regulated differently during brain development. In
rodents, it has been shown that in embryonic stages predominates the GAD1 isoform, while
during postnatal maturation GAD2 isoform is more abundant (Jiang et al., 2022). Along the same
lines, al and 3 subunits expression has been found to be low at birth, but to increase during the
first postnatal week, whereas, contrarily, a2 and a5 subunits expression decreases after birth

(Fritschy et al., 1994; Laurie et al., 1992).

1.2.2.2. Glutamatergic system

Unlike GABA, glutamate is the primary excitatory neurotransmitter in brain (Lujan et al., 2005).
It plays a central role in fundamental brain functions such as synaptic plasticity, formation of
neuronal networks during development and CNS repair (Meldrum, 2000). Glutamate is released
into the synapses by the vesicular glutamate transporter (VGLUT). Subsequently, the
neurotransmitter can bind to its ionotropic and metabotropic receptors (Figure 5) (Lujan et al.,

2005).

There are three different ionotropic receptors. The first is the a-amino-3-hydroxy-5-methyl-4-
isoxazole propionic acid (AMPA) receptor, which forms a tetrameric complex with the four GluR
subunits (GluR1-4). The second is the N-methyl-D-aspartate (NMDA) receptor formed by an
assembly of different GluN1, GluN2 (GluN2A-D) and GluN3 (GluN3A-B) subunits, whereas the
third is the Kainite (KA) receptor, formed by five distinct functional subunits (GluR5-7 and KA1-
KA2) (Hollmann and Heinemann, 1994). In addition, these ionotropic receptors are generally
found in the postsynaptic membrane. However, KA subunits can be localized to both pre and
postsynaptic sites (Darstein et al., 2003; Lujan et al, 2005). On the other hand, metabotropic

glutamate receptors, which consist of eight different subunits, are classified into three groups,
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according to their sequence homology or pharmacological profile (group I (mGlul and mGlu5),

group Il (mGlu2 and mGlu3) and, finally, group III (mGlu4 and mGlu6-8)) (Lujan et al.,, 2005).

D Glutamate
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\
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NMDA-R E_ﬁ Postsynaptic neuron )
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Figure 5. Schematic representation of a glutamatergic synapse. Glutamate is released into the synaptic cleft

through the VGLUT and binds to either ionotropic (AMPA, NMDA or KA) or metabotropic receptors located
in the presynaptic and postsynaptic neurons. Abbreviations: AMPA-R, 3-hydroxy-5-methyl-4-isoxazole
propionic acid receptor; KA-R, kainate receptor; NMDA-R, N-methyl-D-aspartate receptor; VGLUT,

vesicular glutamate transporter.

As was reported for the GABAergic system, glutamate subunit expression depends on the brain
region and the developmental stage in which it is evaluated (Lujan et al., 2005). All KA receptor
subunits, except for KAl, seem to be expressed in the embryonic brain and downregulated
during the postnatal period, as are the GluR2 and GluR3 AMPA subunits. On the other hand, KA1
and GluR4 subunits increase their expression during postnatal development and in the adult
brain, whereas the expression of GluR1 is constant throughout brain development (Bahn et al.,
1994; Martin et al,, 1998; Métin et al., 2000). Regarding NMDA subunit receptors, both GluN2
and GluN3 presented different developmental expressions. The GluN2A and GluN2C subunits are
widely expressed in brain after birth, while GluN2B and GluN2D subunits are abundantly
expressed in embryonic and neonatal brain (Takai et al, 2003; Watanabe et al, 1993).

Nevertheless, the GluN3 subunit has a peak of expression during late gestation and early
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postnatal brain development, indicating that their expression is more abundant during early

stages than during adulthood (Sun et al.,, 1998).

1.2.3. Autism animal models

Although autism has a strong genetic component, some cases (known as idiopathic) are related to
environmental factors such as toxins, pesticides, infections or in utero exposure to drugs. This,
lead to the generation of both, pharmacological and genetic animal models of autism, which are
based on behavioral observations resembling the three core impairments of the disorder (Chaliha

etal., 2020; Nicolini and Fahnestock, 2018; Silverman et al., 2010).

Rodents have been used as animal models as they make it possible to carry out experiments that
cannot be carried out in humans. This experiments give greater insight into the mechanism
underlying the behavioral manifestation of autism (Crawley, 2012; Silverman et al, 2010).
Nevertheless, the small differences between species must be taken into account (e.g., drug

metabolism, genetics, or biochemical pathways) (Crawley, 2012).

1.2.3.1. Pharmacological animal models

The first pharmacological animal model of autism was developed in 1987 by Vorhees (1987),
who exposed pregnant rats to different doses (from 0 to 600 mg/kg) of valproic acid (VPA). His
findings support the view that VPA is a teratogenic compound which at high doses can cause
offspring malformations or pregnancy loss. However, it was not until 1996 that Rodier et al.
(1996) described the VPA model as an animal model for ASD. Since then, a large variety of
studies have used this VPA model to investigate molecular pathways and therapies associated

with autism behaviors.

Valproic acid or 2-propylentanic acid is a branched-chain fatty acid widely used as an
antiepileptic drug and mood stabilizer (Loscher, 2002). VPA has also been reported as an
epigenetic regulator because it influence gene expression through chromatin remodeling, which
inhibits histone deacetylase activity (Phiel et al., 2001). Other chemical and physical properties

of this compound are summarized in Table 3.

Although dose and time of exposure vary between studies, VPA exposure during the first
trimester of human pregnancy has been linked to congenital malformations that could affect the
digestive, cardiovascular, dermatologic, or musculoskeletal systems, and cause spina bifida, cleft
palate or craniosynostosis (Jentink et al, 2010; Meador, 2008). In addition, in utero VPA

exposure has also been associated with an increased risk of intellectual disability, verbal and
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non-verbal cognitive deficit, and a higher incidence of ASD in offspring (Roullet et al., 2013).
Along the same lines, studies conducted in rodents have indicated that exposure at around GD
12 has been associated with lower social interaction, increased repetitive behaviors, and altered
pattern of growth, in a sex-dependent manner, being males the most affected (Markram et al.,
2008; Schneider and Przewtocki, 2005). Moreover, prenatal VPA exposure has also been linked
to several comorbid non-autistic symptoms such as increased anxiety like-behaviors, altered
response to eye blink or dysregulation of circadian rhythms (Mehta et al,, 2011; Stanton et al,
2007; Tsujino et al., 2007). Altogether, the various studies have demonstrated that the VPA
animal model of autism is considered to be valid because rodents show some of the core and
secondary symptoms observed in individuals with ASD, even though most of the autistic

population have not been prenatally exposed to this antiepileptic drug.

Table 3. Physical and chemical properties of VPA.

Molecular formula CsH1602
Chemical name
o O . . .
E (IUPAC) 2-propylpentanoic acid
E Cas number 99-66-1
% HO
E Molecular weight 144.21 g/mol
=
§ Density 0.904 g/cm3 at 25 °C
=)
= Boiling point From 219 to 222 °C
Vapor pressure 8.47 x 102 mmHg at 25 ¢C

Adapted from National Center for Biotechnology Information (NCBI, 2022)

1.2.3.2. Genetic animal models

Pharmacological animal models are not the only ones used in the search for possible therapeutic
targets for ASDs. In recent years, the scientific community has been looking for other factors that

may explain the etiology of the disorder.

The high heritability observed in autism has led to many genetic studies that associate hundreds
of genes with the behavioral phenotypes analogous to the clinical symptoms of the disorder
(Banerjee et al., 2014; Vorstman et al,, 2017). Most genetic animal models of autism are used to
explore the duplications, deletions or mutations of the genes involved in synapse formation and
maturation, particularly in postsynaptic densities, dendritic spines, and the signaling mechanism
downstream of the receptors that mediate excitatory neurotransmission (Crawley, 2012). These

genes include neuroligins, contactins and shanks, whereas other genes involved in transcription
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or methylation such as tuberous sclerosis 1 and 2, fragile X mental retardation 1 or methyl-CpG-
binding protein 2 have also been associated with the ASD phenotype (Banerjee et al., 2014;
Schroeder et al,, 2015; Silverman et al., 2010). However, the fact that every individual with
autism has a different gene alteration hinders the search for a therapeutic target for the

disorder.

1.3. Evidence on the relation between CPF exposure and ASD

A growing body of literature suggests that environmental factors and gene-environmental
interactions contribute to the etiology of the autism, with particular focus on pesticides. This has led
to studies on the possible association between autistic behaviors or their symptomatology with CPF,
a pesticide used all over the world. However, results have been controversial. A review conducted
by Williams and DeSesso (2014) indicates that exposure to CPF or its active metabolite (CPF-oxon)
does not produce behaviors associated with autism. On the other hand, the reviews by Pelch et al.

(2019) and He et al. (2022) have found a clear association between the pesticide and the disorder.

Exposure to high doses of CPF (6 mg/kg/day) from GD 14 to 18 appears to have a poor association
with the three core symptoms of ASD (Venerosi et al., 2009, 2006). In this regard, Venerosi et al.
(2009, 2006) found no effect on repetitive behaviors in young and adult mice but did find a decrese
in the number and duration of pups ultrasonic vocalization (USVs) on PND 10 and an increase in
unrestricted solid encounters in adults. Despite this, prenatal exposure to CPF with doses ranging
from 2.5 to 5 mg/kg/day, led to a decrease in adult social interactions and an altered preference in
the socially conditioned paradigm (Lan et al,, 2017). These results were confirmed in a later study
(Lan et al.,, 2019), which identified a sex bias: male mice exposed to the highest dose presented a
decrease in social preference, while female mice presented the same decrease after being exposed
to 2 mg/kg/day. Finally, prenatal exposure to doses below the threshold of CPF toxicity (1
mg/kg/day) showed pup USV impairments similar to those in the VPA model. In particular, the
offspring of treated dams emitted fewer calls with longer latency (Morales-Navas et al,, 2020).
These results suggest that exposure to the pesticide during gestation plays an important role in the
development of ASD-like behaviors. In contrast, drawing conclusions about postnatal exposure is
more complicated. It seems that exposure to high doses of the pesticide (3 or 6 mg/kg/day) from
PND 1 to 4 or PND 11 to 15 does not cause deficits in communication, social alterations or increased
repetitive or stereotyped behaviors (Ricceri et al.,, 2003; Venerosi et al., 2008, 2006). Nevertheless,
postnatal exposure to low doses of CPF (0.3 or 1 mg/kg/day) results in impaired USVs in pups and

altered social behaviors in adult rats (Perez-Fernandez et al., 2020a; Berg et al., 2020).

Likewise, as reported in preclinical studies, research in humans also reveals conflicting results.

Although some investigations do not associate OP exposure with ASD-like behaviors (Millenson et
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al,, 2017; van den Dries et al,, 2019), most do (Roberts et al., 2007; Sagiv et al., 2018; Shelton et al,,
2014; von Ehrenstein et al., 2019). The latest studies evaluate the presence of CPF metabolites in
the urine or blood of children exposed during pregnancy. They confirm that maternal exposure can
increase the risk of autism in the offspring, and that incidence is greater when the exposure occurs
during the second or third trimester of pregnancy (Roberts et al.,, 2007; Sagiv et al., 2018; Shelton et
al., 2014; von Ehrenstein et al.,, 2019). However, exposure to OP in clinical studies coexists with

exposure to other environmental factors that are often not taken into account.

1.4. Apolipoprotein E

In 1973, apolipoprotein E (APOE) was first described by Shore and Shore (1973) as a component of
very low-density lipoproteins (VLDL). At first, APOE was identified as an arginine-rich protein
because of their high content. In 1975, however, Utermann (1975) suggested the current
classification of APOE, based on the alphabetical nomenclature that was stating to be used in this

field.

Nowadays, the apolipoprotein E (APOE) gene is one of the most widely studied genes, and in 2017 it
was in the top ten (Dolgin, 2017). As a protein, its general function is to regulate cholesterol and
lipoprotein metabolism, and to control lipid transport and redistribution in plasma and the CNS
(Marais, 2019; Weisgraber, 1994). APOE is associated with VLDL, intermediate density lipoproteins,
chylomicrons, chylomicron remnants and some subclasses of high-density lipoproteins (HDL)
(Huang and Mahley, 2014; Mahley et al.,, 1984). It is synthesized in a wide variety of tissues such as
skin, kidney, adipose tissue, or adrenal gland, but particularly in hepatocytes. Nevertheless, the
brain is the second highest APOE-producing organ with astrocytes being the primary source (Huang

and Mahley, 2014).

1.4.1. APOE polymorphisms, structure and functions

APOE is a polymorphic gene found in the long arm of chromosome 19 (19q13.2). It consists of four
exons that encode a 299-amino acid protein with a molecular mass around 34 KDa (Bekris et al,,
2010; Hatters et al,, 2006; Mahley and Rall, 2000). This gene is clustered in a genomic region that
encodes other apolipoproteins such as apoC1, apoC2 and apoC4 (Bekris et al., 2010). In humans, it
mainly presents three alleles (€2, €3, €4) with three common isoforms (apoE2, apoE3 and apoE4),
which are defined by two single nucleotide polymorphisms (rs429358 and rs7412) (Figure 6)
(Bekris et al,, 2010; Hatters et al, 2006; Zannis et al, 1982). This gives rise to six different
phenotypes: three homozygous (E2/2, E3/3 and E4/4) and three heterozygous (E3/2, E3/4 and
E4/2) (Zannis et al, 1982). Nevertheless, these isoforms are differently distributed in the
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population; apoE3 has a frequency of 78.3 % (SD=12.1), apoE4 a frequency of 14.5 % (SD=8.5)
and apoE2 a frequency of only 6.4 % of the population (SD=5.1) (Eisenberg et al., 2010).

A Hinge Region

NHzDomain

COOHDomain

B 112 158

Figure 6. Representation of the human APOE protein structure (A) and its three major isoforms (B). The N-
terminal domain (residues 1-167) contains the LDL receptor binding region, while the C-terminal domain
(residues 206-299) contains the lipid binding region. Both domains are joined by the hinge region (residues
168-205). The three major isoforms differ from each other at two amino acid positions (112 and 158) where
there can be a cysteine or an arginine. Abbreviations: Arg, arginine; Cys, cysteine; Glu, glutamic acid; LDL,

low-density lipoproteins. Adapted from Fan etal. (2019)

Like other soluble apolipoproteins, all three apoE isoforms are made up of two folded structural
domains at each end of the molecule (N-terminal and C-terminal domain) separated by a hinge

region (amino-acid residues 168 to 205). The N-terminal domain encompasses protein residues 1



UNIVERSITAT ROVIRA | VIRGILI
INFLUENCE OF PRENATAL CHLORPYRIFOS EXPOSURE, APOE GENOTYPE AND SEX ON NEURODEVELOPMENTAL
DISORDERS: BEHAVIORAL AND BIOCHEMICAL ABNORMALITIES IN MICE

Judit Biosca Brull

Introduction

to 167 and forms an anti-parallel four-helix bundle that contains the receptor binding region. The
residues in the 136-150 region mediate the interaction of APOE with the ligand binding domain of
low-density lipoproteins (LDL) (Huang and Mahley, 2014; Mahley and Rall, 2000). On the other
hand, the C-terminal domain (amino-acid residues 206 to 299) contains three a-helices and has a
critical role in lipid binding (Mahley and Rall, 2000; Phillips, 2014). The residues in the 244-272
region form a amphipathic a-helices that mediate the binding of apoE to lipoproteins (Figure 6A)

(Huang and Mahley, 2014; Mahley and Rall, 2000).

However, isoforms were observed to have differences in amino acids at position 112 and 158.
ApoE3 isoform presented a cysteine at position 112 and an arginine at position 158, whereas
apoE4 isoform had two arginines and apoE2 isoform two cysteines (Figure 6B) (Weisgraber et al,,
1981). These differences in amino acids affect the structure, and the biophysical and
pathophysiological properties of apoE isoforms. The presence of an arginine at position 158
appears to influence correct receptor binding activity, since both apoE3 and apoE4 isoforms are
associated with a high affinity for LDL receptor binding. On the other hand, the presence of a
cysteine at this position means that LDL receptor binding is defective, so apoE2 isoforms are
associated with type III hyperlipoproteinemia, a lipid disorder that is characterized by increased
plasma levels of cholesterol and triglycerides, and premature cardiovascular disease (Mahley et
al., 1999; Mahley and Stanley C. Rall, 2001). In addition, an arginine at position 112 results in the
Arg-61 side chain being oriented away from the four-helix bundle that enables this residue to
interact with glutamic acid 255 in the C-terminal domain. This produces an alteration in the
protein conformation that results in a binding preference for large VLDL and LDL particles, in the
case of apoE4 isoform, and for smaller HDL particles in the case of apoE3 and apoE2 isoforms
(Dong and Weisgraber, 1996; Dong et al., 1994; Mahley et al,, 1999; Mahley and Huang, 2007).

Table 4 summarizes all the properties of apoE isoforms.

Table 4. Key differences in apoE isoforms.

apoE isoforms

apoE2 apoE3 apoE4
Functional differences
LDL receptor affinity Low High High
Lipoprotein-binding preference HDL HDL VLDL/LDL
Structural differences
Domain interaction No No Yes
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The main function of APOE is to transport and delivery lipids from one tissue or cell type to
another. It binds to specific cell surface receptors such as LDL, VLDL receptors or the apoE
receptor-2 (apoER2) and enables lipoproteins that contain APOE to be eliminated, thus
maintaining lipid homeostasis (Hatters et al., 2006; Mahley and Rall, 2000). However, APOE has
been associated with other biological processes such as cognitive function, immunoregulation or
Alzheimer’s disease (AD) (Mahley and Rall, 2000). In this regard, apoE4 isoform have been
associated with an increased risk of AD in adults, particularly in homozygous individuals (Corder
et al,, 1993). In addition, Meyer et al. (1998) noted that the presence of the APOE €4 allele can
reduce the age at AD onset, while the APOE €2 allele seems to exert a protective role (Corder et al,,

1994).

1.4.2. Transgenic apoE animal models

Animal models are essential to gain a more complete understanding of human physiology and
disease. The first apoE animal model was generated in 1992. Piedrahita et al. (1992) developed a
mouse model using gene targeting to inactivate the gene encoding the APOE protein in embryonic
stem cells (Plump et al., 1992; Zhang et al,, 1992). Thus, the apoE knockout (KO) mice or apoE (-/-
) came into existence. More specifically, this model was created by using homologous
recombination to insert the neomycin resistance gene into exon 3 and part of intron 3 of the Apoe
gene (Seitz et al, 2005). Then, animal models that lacked the murine Apoe gene and expressed the
human isoform were generated (e.g,, in astrocytes under the control of the glial fibrillary acidic
protein (GFAP) promotor or in neurons under the control of the neuron-specific enolase
promoter) and afterwards, matted with other mice that carried typical mutations of AD (Balu et
al,, 2019; Graybeal et al, 2014). However, in these mouse models the distribution of the human
isoforms in the organism varied. To overcome this difficulty, Sullivan et al. (1997) developed a
transgenic mice model by replacing the murine Apoe gene with one of the three human isoforms,
without disturbing any of the known sequences. Thus, apoE transgenic remplacement (TR) mice
express the human APOE gene at physiological levels in both temporal and spatial patterns that
are similar to wild animals and humans. Therefore, it is an optimal model for research (Sullivan et

al, 2004).

1.4.3. Influence of apoE isoforms on development and behavior

During the early stages of development there is a high demand for cholesterol and other lipids to
cover the need of neurogenesis, synaptogenesis, and myelination. Consequently, the synthesis of

lipids increases in the brain, but declines dramatically in adulthood when this processes end.
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Thus, lipid distribution and elimination depend on the stage of development, and the type of apoE
isoform, and so indirectly influence cognitive and behavioral functions (Dietschy and Turley,

2004; Vance and Hayashi, 2010).

The APOE4 genotype is the greatest risk factor associated with the development of AD. It is well
known that it might produce detrimental consequences in later life, but it seems to confer
cognitive advantages in young adults. Caselli et al. (2009) reported an age-related memory decline
in healthy APOE €4 carriers. In particular, these individuals present accelerated memory loss that
can begin before the age of 60. Moreover, the early development of AD is gene-dose dependent,
and homozygous APOE €4 carriers are at greatest risk of developing the disease. On the other
hand, Wright et al. (2003) reported that APOE €4 carriers showed an improved score on the
Mental Development Index at very early developmental stages (24 months of age), whereas other
investigations in children between the age of 8 and 16 reported, that APOE €4 carriers have better
verbal fluency (Oria et al, 2005). Likewise, Marchant et al. (2010) also found greater verbal
fluency in healthy APOE €4 carriers between 18 and 30 years old, and improved decision making
and prospective memory, although spatial memory and word recall were not affected. Moreover,
other research that evaluates the same period of age associated the APOE4 genotype with a better
episodic memory and less learning- and retrieval-related brain activity, which can be interpreted

as APOE €4 carriers making a more efficient use of memory (Mondadori et al,, 2007).

Along the same lines, preclinical studies in KO mice also suggest that the APOE genotype plays a
major role in learning and memory processes, and deteriorates considerably over time.
Champagne et al. (2002) evaluated learning and memory in a Morris Water Maze (MWM) at two
different points of life (three and twelve months old). They found that old apoE KO mice presented
greater learning and memory deficits than younger mice. In accordance, East et al. (2018)
reported an impairment in odor habituation in apoE4-TR mice which seem to present a hyper-
excited system associated with deficits in memory. Nevertheless, the APOE genotype does not
affect only learning and memory processes; it is also associated with anxiety, impulsivity,
attention and stress behaviors. A study conducted with GFAP-ApoE transgenic male mice showed
higher anxiety-like behaviors in eight-month-old GFAP-ApoE4 mice than in their matched GFAP-
ApoE3 (Meng et al., 2015). In addition, Zhang et al. (2021) associated the apoE4 isoform with a
greater susceptibility to stress, and a higher association with depression-like behaviors in eight-
but not three-month-old mice, suggesting that the apoE4 isoform increases susceptibility to

stress-induced depression-like behaviors in an age dependent manner as it was observed in AD.

In our laboratory we have investigated the differences between the three human isoforms in the
apoE-TR mice model. Body weight was observed to be lower in young- and old-adult apoE4-TR
mice (four and twelve months old), particularly in young-adult mice. On the other hand, apoE2-TR

mice showed the highest body weight (Reverte et al.,, 2013, 2012). Moreover, apoE4-TR mice were
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associated with less activity in the elevated zero maze and the open field test and also with more
anxious behaviors (Reverte et al., 2012). Subsequent studies revealed that apoE4-TR mice
exhibited delayed eye-opening, while apoE2 was the most advanced isoform (Reverte et al., 2014).
Differences were also observed in impulsivity and attention behaviors using a five-choice serial
reaction task (5-CSRTT). Particularly, an increase in the preservative and premature response was

observed in eight-months-old apoE-TR female mice (Reverte et al., 2016).

However, genotype differences are not only influenced by age; they can also be affected by sex. In
fact, females carrying the APOE €4 allele seem to present earlier onset and more extensive
pathology than their male counterparts (Pontifex et al., 2018). In this respect, Fleisher (2005)
observed memory impairments in females carrying the APOE €4 allele with a consequent
reduction in the hippocampal volume. Moreover, another study that evaluated more than 5,000
brain samples demonstrated that womans carrying the APOE €4 allele had more neurofibrillary
tangles (NFTs) and senile plaques, which results in early onset of the pathology of AD (Corder et
al., 2004). Preclinical studies also report that females carrying the APOE €4 allele showed higher
neurocognitive impairments. In this respect, Bour et al. (2008) demonstrated that old apoE4-TR
female mice (15 months old) presented spatial learning and memory deficits when they were
compared with apoE4-TR male mice. Grootendorst et al. (2005) found similar results in animals
between four and five months of age. Along the same lines, Reverte et al. 2012 reported that
apoE4-TR mice performed worse in the acquisition phase of MWM. As far as retention is
concerned, apoE4-TR mice, and especially females, were unable to remember the location of the
platform. In addition, Rijpma et al. (2013) found a reduction in the density of females’ presynaptic
hippocampus, which was not found in apoE4-TR males. Therefore, age and sex are important

factors that can modulate the differences observed between the distinct APOE genotypes.

1.4.4. APOE in brain

APOE is involved in neuropathology and plays an important role in normal metabolism and the
functioning of the CNS. It is the major apolipoprotein in nervous systems linked to triglycerides,
phospholipids and cholesterol delivery to neurons for growth, repair, and synaptogenesis
processes (Mahley, 1988; Mauch et al., 2001; Pitas et al., 1998). The presence of APOE in blood
and cerebrospinal fluid (CSF), suggest that APOE can cross the blood-brain barrier. However, Liu
etal. (2012) states that apolipoprotein in the CSF cannot be derived from a plasma pool, so it must
be synthesized in brain. As has been mentioned previously, astrocytes are the major brain APOE
producers, although APOE can also be produced to a lesser extent by other glial cells such as

microglia or even some types of neurons (Huang and Mahley, 2014; Pitas et al.,, 1987).
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1.4.4.1. APOE and neurodegeneration

Alzheimer’s disease is a progressive neurodegenerative disorder characterized by a progressive
decline in memory, executive function, language, and other areas of cognition. Moreover, it is
associated with pathological changes in the brain such as the formation of amyloid-f (AB)
plaques and NFTs, as well as neuronal and synaptic loss and brain atrophy and inflammation.
Genetically, the apoE4 isoform is the only one that has been strongly associated with early and
late-onset AD (Corder etal,, 1993; Kim et al., 2009). APOE genotype has been associated with the
regulation of the A metabolism in an isoform-specific manner. Indeed, apoE4 isoform decreases
the clearance of AP plaques and accelerates the accumulation, aggregation, and deposition of
plaques in brain, thus contributing to the pathology of AD (Ye et al,, 2005). ApoE4 isoform has
also been associated with an increase in the concentration of tau proteins, and a consequent
increase in the production of NFTs (Benson et al., 2022). Furthermore, the detrimental effects of
apoE4 isoform have been related to the domain-domain interaction reported above altering the
protein conformation and making this isoform highly susceptible to proteolytic cleavage and the
generation of truncated fragments that can produce neurotoxicity. These fragments are
associated with such detrimental effects as mitochondrial dysfunction, altered cytoskeletal
profiles and impaired synaptogenesis (Mahley and Huang, 2012). Moreover, it has been shown
that fragments are produced by neurons in specific brain regions that are highly affected in AD,

which indicates a direct role in disease onset and progression (Mufioz et al., 2019).

1.4.4.2. APOE and neurotransmission

Studies in humans and animal models have shown that APOE genotype has an important
relationship with the cholinergic system. Poirier (1999) showed that postmortem brains of AD
patients presented a reduction of several cholinergic markers in a genotype-dependent manner.
More specifically, ChAT activity and the density of the nicotinic-receptor binding-site were
reduced in the cortex and hippocampus, particularly in APOE €4 carriers. These results were
confirmed by Soininen et al. (1995a) who also observed reduced ChAT activity in the frontal
cortex of patients who carried the APOE €4 allele. The reduction was greatest, in those with a
homozygous genotype. Differences between genotypes were also observed in apoE-deficient
(apoE KO) mice. Gordon et al. (1995) observed decreased ChAT levels in the hippocampus and
frontal cortex of 6-month-old mice, whereas Kleifeld et al. (1998) showed reduced VAChT levels
in the forebrain of 4-month-old mice. Moreover, studies carried out in our laboratory with apoE-
TR animal models expressing one of the three human isoforms showed that young apoE4-TR
mice presented a decrease in the expression of VAChT and an increase in the a7 nAChR subunit,

whereas studies on adult mice (six months old) reported contradictory results (higher levels of
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ChAT and VAChT) (Basaure et al,, 2018, 2019b). These findings point to age-related differences

in the cholinergic system between the APOE genotypes.

Nevertheless, although information is limited, the cholinergic system does not appear to be the
only one to exhibit alterations related to the APOE genotype. Sweet et al. (2016) observed that
patients with AD had a reduction in NMDA receptor subunits, which was greatest in the APOE 4
carriers. Chen et al. (2010) showed a similar reduction in animal studies. On the other hand,
several studies hypothesize that hippocampal GABAergic interneurons are susceptible to APOE-
mediated neurotoxicity. In fact, Andrews-Zwilling et al. (2010) and Leung et al. (2012) observed
a loss in GABAergic interneurons in the hilus of the apoE4-TR mice hippocampus, which
correlates with adult hippocampal neurogenesis and spatial learning and memory deficits. In

turn, this generates an E/I imbalance in the brain of APOE €4 carriers.

1.5. Interaction between CPF exposure, APOE genotype and ASD

The different isoforms of the APOE gene are an important source of variability in the response to
toxic insults. Although very few clinical studies study this association, in our laboratory we have
shown that apoE isoforms confer different vulnerabilities to CPF exposure. For example, Peris-
Sampedro et al. (2015a) exposed apoE-TR male mice to CPF through a supplemented chow diet
which intended to deliver a dose of 2 mg/kg/day. Young adult apoE3-TR mice showed an increase
in their body weight after being treated with CPF, although apoE2- and apoE4-TR mice did not.
Subsequent studies reported that CPF disrupts leptin and insulin hemostasis. The APOE3 genotype
was the most affected, which suggests that it is the most vulnerable to the detrimental metabolic
effects of the pesticide (Peris-Sampedro et al, 2018). The APOE polymorphism also elicits a
different response to CPF in terms of impulsive- and compulsive-like behaviors. Peris-Sampedro et
al. (2016) orally expose apoE-TR mice to 3.75 mg/kg/day of CPF. The evaluation of impulsivity and
compulsivity behaviors using a 5-CSRTT showed an increase in premature and preservative
responses in apoE4-TR mice. This may lead to deficiencies in inhibitory control, although they can
be reversed by CPF exposure, which points to an interaction between the cholinergic agent and the
apoE4 isoform (Peris-Sampedro et al, 2016). Later studies investigated the effects of early CPF
exposure (from PND 10 to 15) on spatial learning and memory in 6-month-old mice, as well as the
effects of an adult CPF re-exposure. Results showed that postnatal exposure disrupts the spatial
search strategy and reference memory in apoE3-TR mice, whereas adult re-exposure improved the
learning and memory abilities of apoE4-TR females (Basaure et al, 2019b). In addition, social
behaviors were also affected in a genotype- and exposure-dependent manner. Postnatal exposure to
CPF enhanced the preference for social stimulus in APOE €4 carriers, whereas adult exposure had
the same effect in APOE €3 carriers, which suggests that there is a relationship between APOE

genetic background and some autistic-like behaviors (Basaure et al., 2019a).
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However, it is well known that the pathogenesis of ASD involves a complex interaction between
environment and heredity (Fernell et al, 2013). As reported in the section 1.3 of this document,
exposure to CPF is well associated with some of the core symptoms of ASD. The results on social
behaviors observed by Basaure et al. (2019b) in apoE-TR mice prompted us to study the
involvement of these apoE isoforms in autistic-like behaviors. The APOE protein shared biological
pathways with reelin (RELN), a protein that has been implicated in autism by such evidence as
position data from linkage or candidate gene studies. Both RELN and APOE protein competes to join
the same LDL receptors (VLDL and apoER2 receptors) (D’Arcangelo et al.,, 1999). A study by Persico
et al. (2004) observed an apparent distortion in the transmission of the APOE €2 allele in autism
families due to a fault in the APOE signaling pathways. Other authors associated the
hypermethylation of the APOE gene with an increased risk of ASD (Hu et al,, 2018), whereas Raiford
et al. (2004) and Ashley-Koch et al. (2007) found no evidence for the linkage of APOE to autism.

Therefore, the literature on this topic is scarce and contradictory, so further research is needed.
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2. HYPOTHESIS AND OBJECTIVES

In the last few years, our laboratory has focused on studying the neurobehavioral and metabolic

effects of exposure to environmental toxics. More specifically, we are interested in studying the

adverse effects produced by the OP pesticide CPF. Although its use has recently been restricted or

banned in US and EU, it continues to be used in developing countries (EFSA, 2019; EPA, 2021).

Moreover, its potential role as a long-range transport compound means that the general population

can be indirectly exposed (Mackay et al., 2014). To date, our research has been aimed at studying the

short-, medium- and long-term effects of postnatal exposure to CPF during the first two postnatal

weeks, coinciding with third trimester of pregnancy in humans and the first months of life (Azad et

al., 2017; Richard and Flamant, 2018). In addition, for many years our laboratory has also studied the

effect of different human APOE polymorphisms on behavior, as well as the gene-environmental

interaction between CPF and APOE genotype. Our findings show alterations in anxiety, spatial

learning and memory, and social behavior (Basaure et al., 2019a; Reverte et al., 2012).

Nevertheless, the current growth of interest in the etiology of neurodevelopmental disorders has led

us to investigate how environmental factors and gene-environmental interactions contribute to the

development of these disorders. In particular, we have focused on two of the three core symptoms

associated with ASD. Because exposure to the antiepileptic drug VPA during pregnancy is well-known

to be associated with an increased risk of ASD (Chaste and Leboyer, 2012; Lord et al., 2018), we used

this autism model to compare the effects of gestational CPF exposure and its possible association with

autistic-like behaviors, covering another developmental window which matches the second and third

trimester of pregnancy in humans (Azad et al., 2017; Richard and Flamant, 2018). Moreover, since

autism is highly heterogenous between individuals and it has numerous associated genes (Banerjee

etal, 2014; Vorstman et al., 2017), we also studied how the apoE3 and apoE4 isoforms contributed to

the development of the disorder, and interacted with CPF.

The purpose of this thesis was to continue our research into the short- and medium-term adverse

effects of the neurodevelopmental disorders produced by CPF exposure during pregnancy, as well as

the contribution of sex and APOE genotype.

2.1. Hypothesis

Prenatal exposure to chlorpyrifos affects neurodevelopment of offspring and causes ASD-like

behavioral symptoms in infant and young mice in an APOE genotype- and sex-dependent manner.
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2.2. Objectives

60

2.2.1. Main objective

The main objective of this thesis is to assess the contribution of prenatal chlorpyrifos exposure
and APOE genotype to neurodevelopmental disorders, such as ASD, by evaluating short- and

medium-term physical, behavioral and biochemical endpoints in males and females.

To this end, both male and female C57BL/6] and homozygous mice for the human APOE alleles €3
and €4 were subject to two experimental phases in order to study the adverse effects of

chlorpyrifos exposure during the initial stages of development and adolescence.

2.2.2. Specific objectives

I. To review the evidence published on exposure to different pesticides and the incidence of

ASD, with particular focus exposure to organophosphates.

II. To determine the adverse effects of late gestational exposure to chlorpyrifos and its influence
on communication skills in newborn mice and anxiety-like behaviors in adolescent mice,
according to sex, strain (C57BL/6] and apoE-TR mice) and genotype (APOE3 or APOE4).

— To study the effect of prenatal chlorpyrifos or valproic acid exposure, APOE genotype
and sex on the activity of acetylcholinesterase and maternal behavior.

— To study the changes in physical and neuromotor development during the preweaning
stages and differences between groups.

— To study how chlorpyrifos and valproic acid exposure, APOE genotype and sex affects
communication and anxiety behaviors and its relation to neurodevelopmental
disorders.

— To study differences between sexes.

— To study differences between genotypes.

III. To examine changes in social behaviors in C57BL/6] mice pre or postnatally exposed to CPF
and its effects on excitatory and inhibitory brain systems.
— To study two different exposure windows.
— To study how chlorpyrifos and valproic acid exposure and sex affects social behavior
and its relation to neurodevelopmental disorders.
— To study the alterations in GABAergic and glutamatergic systems.

— To study the differences between sexes.
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IV. To examine changes in social behaviors in apoE3- and apoE4-TR mice exposed prenatally to
chlorpyrifos and its effects on excitatory and inhibitory brain systems.
— To study how chlorpyrifos exposure, APOE genotype and sex affects social behavior and
its relation to neurodevelopmental disorders.
— To study the alterations in the GABAergic and glutamatergic systems.
— To study differences between sexes.

— To study differences between genotypes.

V. To compare the results from different animal models (C57BL/6] exposed to valproic acid and

apoE-TR mice).
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3. MATERIAL AND METHODS
3.1. Animals

Adult C57BL/6] mice and humanized apoE3 and apoE4-TR homozygous mice were, respectively,
obtained from Charles Rivers Laboratories (Barcelona, Spain) and Taconic Europe (Lille Skensved,
Denmark). After one week of quarantine, one male and a maximum of three females of the same
strain were mated for 3 h. The matings were then separated and the presence of a vaginal plug was
noted to assign GD 0. All the mice were housed in plastic cages containing between two and five
animals. On GD 12, pregnant females were weighed to confirm pregnancy and housed individually.
The day of delivery was assigned as PND 0. Pregnant C57BL/6] mice were randomly assigned to one
of the three treatment groups (control [CNT], CPF or VPA), whereas the apoE-TR mice were
randomly assigned to one of the two treatment groups (CNT or CPF). Animals were maintained in a
12-hour light/dark automatic cycle (light ON between 8 a.m. and 8 p.m.) with controlled
temperature (22 + 2 °C) and humidity (50 + 10 %). Food (SAFE® A04 diet, Panlab, Barcelona, Spain)
and tap water were administered ad libitum. The present study was given an authorization code
(10735) by the Government of Catalonia and approved by the Animal Care and Use Committee of
the Rovira i Virgili University (Catalonia, Spain). It was conducted following the ARRIVE Guidelines
(Percie du Sert et al., 2020) and in compliance with Spanish Royal Decree 53/103 on the protection

of animals used in experiments and the European Communities Council Directive (86/609/EEC).

3.2. Chemicals, treatment, and experimental design

Pregnant C57BL/6] females were exposed to either 0 or 1 mg/kg/day of CPF [0,0-diethyl O-(3.5.6-
trichloropyridin-2-yl) phosphorothioate] with a purity of 99.6 % (Sigma-Aldrich, Madrid, Spain) via
supplemented diet between GD 12 and 18. In addition, a group of C57BL/6] females were exposed
to 300 mg/kg/day of VPA (2-propypentanoic acid sodium) with a purity of 98 % (Sigma-Aldrich,
Madrid, Spain) via a subcutaneous injection on two consecutive days (GD 12 and 13). This group of
females was used as a pharmacological model for autism (Sakai et al,, 2018). Pregnant apoE-TR
mice were exposed to 0 or 1 mg/kg/day of CPF in the diet between GD 12 and 18. In both strains,
standard food was supplemented with 15 mg CPF/kg chow (Panlab, Barcelona, Spain). The food
intake and body weight of dams were monitored every day to adjust the amount of food and achieve

the dose of 1 mg/kg/day of CPF. All animals were provided with regular chow ad libitum (Figure 7).

Another group of C57BL/6] mice was postnatally exposed to CPF from PND 10 to 15. The pesticide
was dissolved in corn oil (vehicle) and adjusted to administer an oral dose of 1 mg/kg in 1 uL/g of

body weight, using a micropipette. The control group received the vehicle during the same period.
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During the preweaning period (from PND 0 to 28), the communication skills of C57BL/6] and apoE-
TR pups of dams treated prenatally with CPF or VPA were evaluated on three PNDs (2, 7 and 9). In
addition, on PND 2, and after USV assessment, maternal care and nest quality were assessed in
dams. Throughout this stage, physical and motor development of the litter was also evaluated. On
PND 28, the weaning day, C57BL/6] and apoE-TR mice were separated in plastic cages containing
between two and five animals of the same sex, treatment and strain. During adolescence, a
maximum of two animals of the same sex and litter were evaluated in the open field and in a three-
chamber test. In this last test, individuals treated postnatally with CPF were also evalauted (Figure
7).

C57BL/6J (CNT, CPF and VPA)

apoE-TR (CNT and CPF) Preweaning Period |
i
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Figure 7. Experimental design of the thesis. Both strains were exposed to 0 or 1 mg/kg/day of CPF in the diet
between GD 12 and 18. In addition, a group of C57BL/6] females were prenatally exposed to 300 mg/kg/day of
VPA via a subcutaneous injection on GD 12 and 13, while another group of C57BL/6] mice were postnatally
exposed to 1 mg/kg/day of CPF between PND 10 and 15. During the preweaning period, communication skills
were evaluated assessing USVs on PND 2, 7 and 9 in C57BL/6] and apoE-TR pups prenatally treated with CPF
or VPA. Also on PND 2 we evaluated the nest quality and maternal care in dams. The physical development of
the litter was evaluated in terms of body weight (from PND 2 to 28) and eye opening (from PND 12 to 16). The
motor development of the litter was evaluated by assessing climbing ability (from PND 14 to 16) and pull
strength (PND 21). During the adolescent period, animals were evaluated in an open field (prenatally exposed)
and in a three-chamber test (prenatally and postnatally exposed). Abbreviations: CNT, control; CPF,

chlorpyrifos; VPA, valproic acid; GD, gestational day; PND, postnatal day; USVs, ultrasonic vocalizations.

3.3. Preweaning assessment
3.3.1. Maternal care

After assessing the USVs on PND 2, we assessed the nest quality with the following score: no nest
(0), not all the pups are in the nest (1), or the nest is well-defined (2). Subsequently, maternal care
was evaluated in dams. The mothers were removed from the home cage, while the pups were
weighed. The pups were then placed in the corner opposite the nest and the dam was returned to

the home cage. The time she took to collect the first pup (latency) and all the pups was recorded
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for a maximum of three minutes. Furthermore, we assessed another variable called efficiency,
which was obtained by correcting the total time for latency and dividing by the number of pups in
the litter (time to collect all the pups - latency)/(number of pups in the litter) (Reverte et al,
2014).

3.3.2. Physical and motor development of the litter

As reported in the section above, the developmental timeline of mice was monitored between PND
2 and 28 with a battery of tests that allowed the evaluation of litter physical and motor
development. Physical development was assessed by measuring body weight on PND 2, 7, 9, 14,
16, 21, 23 and 28, whereas eye opening was evaluated between PND 12 and 16 with the following
scores: both eyes are closed (0), one eye open and one eye closed (1), or both eyes open (2). On
the other hand, between PND 14 and 16, motor development was evaluated in terms of climbing
ability using a metallic grid (24 x 24 cm) placed at an angle of 452 in a plastic cage and the pups
were placed at the bottom (scores: no movement (0), less than half of the grid (1), or more than
half of the grid (2)). On PND 21 pull strength was measured with a grip strength meter. Mice were
placed near the grid and gently pulled backward by the tail (Basaure et al., 2018; Reverte et al,
2014).

3.3.3. Evaluation of communication by analyzing ultrasonic vocalizations

Communication skills were assessed by recording mice USVs in a sound-attenuated chamber
using the software SeaWave (Gianni Pavan®©, Pavia, Italy) and an UltraMic 250 microphone

(Dodotronic, Italy).

Since the rate of USV calls increases during the first 5-6 days and decreases after PND 7, we
recorded the vocalizations of mice for three minutes on different days (PND 2, 4, 6, 8 and 10) in
order to obtain the complete communication profile of each strain. Data obtained by Branchi et al.

(2001) and our recordings indicated PND 2, 7 and 9 as the best days to conduct the USV analysis.

USVs were recorded in one male and one female from each litter. Before the test was started, the
animals were transported to the testing room in their home cage. After five minutes, we randomly
selected a pup and placed it in the sound-attenuated chamber for five minutes. Subsequently, we
cleaned the working place with ethanol 70 % in order to eliminate olfactory clues. Immediately, an
animal from the same litter but of different sex was randomly selected and placed in the chamber
for five minutes. This protocol was performed each day of evaluation and the distance between

the microphone and the pup was set at 10 cm (Scattoni et al,, 2008). We assessed the changes over
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the five-minute period, the total number of calls and the average duration, frequency and

intensity, as well as the time taken to emit the first call (latency).

3.4. Behavioral assessment

Locomotor and anxiety like behaviors were evaluated in both C57BL/6] and apoE-TR mice on PND
44 using the open field test, whereas social behaviors were assessed the day after (PND 45) with the
three-chamber test. Both working places were cleaned with ethanol 70 % after each evaluation to
eliminate olfactory clues. Behavioral tests were recorded by a video camera (Sony CCD-IRIS) and
computerized using a video-tracking program (Etho-Vision XT 11.5, Noldus Information

Technologies, Wageningen, The Netherlands).

3.4.1. Open field test

The open field test consists of an open wooden box measuring 60 x 60 cm with walls 50 cm high.
The field was divided into two virtual areas: a quadrant of 30 x 30 cm in the middle of the field
and the periphery, which covers the remaining space of the wooden box. As in the evaluation of
USVs, the animals were transported to the testing room before the beginning of the test. After five
minutes of acclimation, the animals were gently placed in the center of the box and allowed to
explore freely for 30 minutes. Locomotor activity was evaluated by recording the total distance
travelled in periods of five minutes. Anxiety-behaviors were also evaluated by measuring the time,
the velocity and the distance that the animals spend in the center zone versus the time in the

periphery (Kraeuter etal, 2019).

3.4.2. Three-chamber test

The three-chamber test consists of a non-automated rectangular Plexiglas box (60 x 30 x 30 cm)
with three interconnected chambers (20 x 30 x 30 cm) and two middle walls with doorways that
allow the mouse to move freely between compartments. In both lateral chambers, there were two
empty wire cups (7 x 7 cm). Five minutes before the start of the test, the mice were transported to
the testing room for acclimation. Then, animals were placed in the central compartment and
allowed to explore the space for 10 minutes. After this habituation phase, we assessed the
sociability or social preference phase for six minutes. An unfamiliar mouse of the same sex and
age was placed in one of the two wire cups (social chamber), while an inanimate object was placed

in the other (i.e. red plastic frog 2.5 x 2.5 cm) (non-social chamber). Finally, we assessed the
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novelty or social novelty preference phase for an additional six minutes. In this case, we kept the
mouse from the sociability phase under the same wire cup so it was now the familiar mouse or the
non-novel chamber, while the inanimate object was replaced by an unfamiliar mouse of the same
sex and age (novel chamber). The preference for the social or novel stimulus was evaluated by
recording the time that the subject animal spent in the social or novel chamber versus the non-
social or non-novel chamber. We also evaluated other variables such as the sociability or novelty
ratio (time in the social or novel chamber - time in the non-social or non-novel chamber)/(sum of
time in both lateral compartments). A positive ratio indicates a preference for the social or novel

stimulus (Crawley, 2004).

3.5. Sacrifice and sampling

Biological samples were obtained in two different periods. On PND 2, four animals from different
litters, and of different sex, genotype, strain and treatment were randomly selected and sacrificed
by decapitation, whereas in adolescence (on PND 46) six animals from different litters, and of
different sex, genotype, strain and treatment were euthanized by exsanguination under isoflurane
anesthesia. In both cases, we removed the brain, flash frozen it in RNAse-free cryotubes and then

stored it at -80 2C until analysis.

3.6. Biochemical analysis

3.6.1. AChE activity

AChE activity was evaluated on PND 2. Brain samples were weighed and homogenized in cold
with 1 % Triton X-100 in PBS 0.1 M at pH 8. Subsequently, homogenates were centrifuged at 2,000
g for 10 minutes at 4 °C and the supernatant was removed for analysis. AChE activity was
measured in duplicates and determined spectrophotometrically using a semiautomatic COBAS
MIRA analyzer (Hoffman-La Roche & Co., Basel, Switzerland) and an updated version of the
Ellman method (Ellman et al,, 1961; Peris-Sampedro et al., 2015b). Enzyme activity was calculated
relative to the protein concentration, which was assessed by the Lowry method (Lowry et al,

1951)(see section 3.6.3). Brain AChE activity was represented as U/mg protein.

3.6.2. Gene expression analysis

RNA was extracted using the SPEEDTOOLS Total RNA Extraction Kit (Biotools, Madrid, Spain).

RNA concentration and purity was measured with a Nanodrop 2000 spectrophotometer

69



UNIVERSITAT ROVIRA | VIRGILI
INFLUENCE OF PRENATAL CHLORPYRIFOS EXPOSURE, APOE GENOTYPE AND SEX ON NEURODEVELOPMENTAL
DISORDERS: BEHAVIORAL AND BIOCHEMICAL ABNORMALITIES IN MICE

Judit Biosca Brull

Material & Methods

70

(ThermoFisher Scientific, Waltham, MA, USA). Subsequently, we synthetized complementary DNA
(cDNA) using a Maxima First Strand ¢cDNA Kit for RT-qPCR (ThermoFisher Scientific, Waltham,
MA, USA). Duplicates or triplicates of each RNA sample were included in the quantitative real-time
polymerase chain reaction (qPCR), which was performed with Maxima SYBR Green/ROX qPCR
Master Mix (2X) Kit (ThermoFisher Scientific, Waltham, MA, USA) and the Rotor-Gene Q Real-time
Q cycler (Qiagen Inc., Hilden, Germany) or the 7900HT Fast Real-Time PCR System (ThermoFisher
Scientific, Waltham, MA, USA). The qPCR analysis was used to assess the expression of some
GABAergic- and glutamatergic-related genes such as glutamate decarboxylase 1 and 2 (Gad1 and
Gad2), vesicular GABA transporter (SIc32al), glutamate ionotropic receptor NMDA type subunit
2A (Grin2a) and 2B (Grin2b), GABA-A receptor subunit alpha 1 (Gabral), alpha 2 (Gabra2), alpha 5
(Gabra5) and beta 3 (Gabrb3), solute carrier family 12-member 5 (Slc12a5) and 2 (Slc12a2),
parvalbumin (Pvalb) and retinoic-acid related orphan receptor alpha (Rora), which is an
hormone-dependent transcription factor that could help understand the differences between
sexes. To calculate the cycle threshold (Ct) we used the Rotor-Gene Q Real-Time PCR 2.0 software
(Qiagen Inc., Hilden, Germany) or the ExpressionSuite software 1.3 (ThermoFisher Scientific,
Waltham, MA, USA). Each sample was normalized to the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) (ACt) and standardized to the average of C57BL/6] or apoE3
control male (AACt) to assess the relative gene expression levels with the 2-24Ct method (Livak and

Schmittgen, 2001).

3.6.3. Western Blot analysis

Brain samples were homogenized in RIPA buffer (Merck, Darmstadt, Germany). Homogenates
were then shaken for 40 minutes and centrifuged for 15 minutes (4 2C, 20,000 g). The proteins of
the supernatant were separated by electrophoresis on 15 % acrylamide gels and transferred to
Immobilon-P PVDF sheets (Millopore Corp. Bedford, MA, USA), using a transblot apparatus
(BioRad, Madrid, Spain). Subsequently, we blocked the membranes for 1 h with 5 % non-fat milk
dissolved in TBS-T buffer (50 mM Tris, 1.5 % NaCl, 0.05 % Tween 20 at pH 7.5). Primary
monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) against PVALB and the
housekeeping protein (GAPDH) were incubated overnight. On the following day, the blots were
washed thoroughly in TBS-T buffer and then incubated with peroxidase-conjugated IgG antibody
for 1 h. An ImmunStar Chemiluminescence Kit (BioRad, Madrid, Spain) was used to visualize
immunoreactive proteins. Digital images were obtained using the VersaDoc system (BioRad,
Madrid, Spain) to perform the semi-quantification of the band intensity (Image Lab, Bio-Rad,
Madrid, Spain).
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3.7. Statistical analysis

Data were analyzed using the 27.0 SPSS software (IBM Corp. Chicago, IL, USA). A three-way analysis
of variance (ANOVA) was conducted to assess the general effects of sex, treatment and genotype,
and their interactions. In those cases, in which a variable was assessed over time, effects were
evaluated by using repeated measures ANOVA (RMANOVA). The maternal care latency and physical
and motor developmental landmarks were analyzed using the number of pups as a co-variable,
while in the case of litter size and viability index, the co-variable was the age of the dams. The
Levene test was used to study the homogeneity of variance. Consequently, in order to assess
differences between groups when appropiate, non-parametric data were analyzed by the Kruskal-
Wallis or Mann-Whitney U test, while parametric data were analyzed by a two-sample t-test or one-
way ANOVA followed by a post-hoc Tukey or DMC. Social behavior was analyzed with a paired- or
one-sample t-test in order to find differences between the time spent in the social/novel
compartment versus the non-social/non-novel or the socialbility and novelty ratio, respectively. A
principal component analysis (PCA) of ACt was used to perform a general screening of gene
expression. Correlation between genes was also assessed using Pearson or Spearman coefficients,
depending on the homegenity of the sample. All data are presented as the mean + S.E.M, with the

statistical significance set at p<0.05.
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4. RESULTS

This thesis includes four original articles, already available in the scientific literature or in the process

of being published. The specific objective of this thesis and the corresponding publications are shown

in Table 5.

Table 5. Specific objective of the thesis and corresponding publications.

Specific objective

Publications

Biosca-Brull ], Pérez-Fernandez C, Mora S, Carrillo B, Pinos H, Conejo
NM, Collado P, Arias JL, Martin-Sanchez F, Sanchez-Santed F, Colomina
MT. Relationship between Autism Spectrum Disorder and

pesticides: A systematic review of human and preclinical models.

International Journal of Environmental Research and Public Health

2021; 18; 5190

| FAY

Biosca-Brull ], Basaure P, Guardia-Escote L, Cabré M, Blanco ], Morales-
Navas, Sanchez-Santed F, Domingo JL, Colomina MT. Influence of
gestational chlorpyrifos exposure and APOE polymorphism on
autistic-like behaviors: differences with the valproic acid animal

model

sV

Biosca-Brull ], Guardia-Escote L, Blanco |, Basaure P, Cabré M, Sanchez-
Santed, Domingo JL, Colomina MT. Prenatal, but not postnatal
exposure to chlorpyrifos affects social behavior of mice and the

excitatory-inhibitory balance in a sex-dependent manner

Food and Chemical Toxicology 2022, 169; 113423

IVaV

Biosca-Brull ], Guardia-Escote L, Basaure P, Cabré M, Blanco ], Pérez-
Fernandez C, Sdnchez-Santed F, Domingo ]JL, Colomina MT. Exposure to
chlorpyrifos during pregnancy differentially affects social behavior
and GABA signaling elements in an APOE- and sex-dependent

manner in a transgenic mouse model

Environmental Research 2023, 224; 115461
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4.1. Publication I

Relationship between Autism Spectrum Disorder and pesticides: A systematic review of

human and preclinical models.

Judit Biosca-Brull, Cristian Pérez-Fernandez, Santiago Mora, Beatriz Carillo, Helena Pinos, Nelida
Maria Conejo, Paloma Collado, Jorge L. Arias, Fernando Martin-Sanchez, Fernando Sanchez-Santed,

Maria Teresa Colomina

International Journal of Environmental Research and Public Health 2021; 18; 5190

https://doi.org/10.3390/ijerph18105190

Study I overview

In the last few years, an increasing number of neurodevelopmental
disorders are being diagnosed. Environmental factors such as pesticides
What do we & & p

already know? have been strongly associated with the development of some autistic-like

behaviors, even though there is a wide variety of studies that show

conflicting results.

This is the first review to assess the effects of different families of

pesticides on autism-related behaviors in both, clinical and preclinical

What does the studies. It provides a comprehensive synthesis of the information
study add? available about pesticides such as organochlorides, carbamates,
pyrethroids, as well as mixed exposures, but it focuses above all OP

compounds.

Prenatal and postnatal pesticide exposure was associated with autism
symptomatology in clinical studies. In animal models, pesticide exposure
around GD 12 was associated with primary and secondary clinical signs of
Highlights P y y &
ASD. Both clinical and preclinical studies showed little evidence of
pesticide exposure, genetic interactions or considering different

covariates.

* No edited version of the online article
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Abstract: Autism spectrum disorder (ASD) is a complex set of neurodevelopmental pathologies
characterized by impoverished social and communicative abilities and stereotyped behaviors.
Although its genetic basis is unquestionable, the involvement of environmental factors such as
exposure to pesticides has also been proposed. Despite the systematic analyses of this relationship
in humans, there are no specific reviews including both human and preclinical models. The present
systematic review summarizes, analyzes, and discusses recent advances in preclinical and
epidemiological studies. We included 45 human and 16 preclinical studies. These studies focused on
Organophosphates (OP), Organochlorine (OC), Pyrethroid (PT), Neonicotinoid (NN), Carbamate
(CM), and mixed exposures. Preclinical studies, where the OP Chlorpyrifos (CPF) compound is the
one most studied, pointed to an association between gestational exposure and increased ASD-like
behaviors, although the data are inconclusive with regard to other ages or pesticides. Studies in
humans focused on prenatal exposure to OP and OC agents, and report cognitive and behavioral
alterations related to ASD symptomatology. The results of both suggest that gestational exposure to

certain OP agents could be linked to the clinical signs of ASD. Future experimental studies should
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focus on extending the analysis of ASD-like behaviors in preclinical models and include exposure

patterns similar to those observed in human studies.

Keywords: autism spectrum disorder; sociability; pesticide; organophosphate; carbamates;

organochlorine; chlorpyrifos

1. Introduction

Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental disorders
characterized by varying degrees of altered sociability, reduced communicative skills, and
repetitive stereotyped behaviors unfocused on a specific goal [1]. Although these constitute the
core clinical signs of ASD, it is well-known that ASD-diagnosed children also display alterations
in other physical and cognitive functions such as motricity [2], attention [3], memory [4], and

inhibitory control [5], amongst others.

Although the etiopathology of ASD remains unknown, there is a consensus regarding the relevance
of its heritable/genetic basis, confirmed in various human twin studies [6] and animal models
that show a simplified ASD-like phenotype, as in the case of the fragile X mental retardation
(FMR1)-KO rodents, the BTBR models, and the neuroligin 3 (Nlgn3)-KO rodents, amongst others
[7]. There is considerable empirical support for this genetic component [8], with multiple genes
and loci found to be strongly associated with the diagnosis of ASD, of which the matrix
metallopeptidase 12, neurotrimin, potassium calcium-activated channel subfamily N member 2,
and the microtubule-associated protein tau are particularly noteworthy. However, the prevalence
of ASD has increased significantly in recent decades [9], which can presumably be taken to indicate
that heritability and genetic background are not the only causes of this set of disorders. This
impressive rise in the prevalence of ASD diagnoses can be partially explained by changes in

diagnostic criteria (for a food example, see [10]).

Concerning neurotoxic agents, various families of pesticides have recently been linked with ASD. Of
these, Organochlorine (OC), Pyrethroids (PT), Carbamates (CM), Neonicotinoids (NN), and
Organophosphates (OP) have been studied in most depth. Briefly, OC compounds are synthetic
pesticides widely used globally, with important applications in both industry and agriculture and

whose main mechanisms of toxicity are the regulation of the axonal sodium gates (DDT-Type) and
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GABAergic regulation of Chloride ion influxes (Chlorinated Alicyclic-type) [18]. Some of the
most important OC agents are DDT, DDD, Eldrin, Dieldrin, and Endosulfan, amongst others [19].
Moreover, PT agents are compounds commonly used as insecticides that induce excitatory
paralysis by directly acting on the voltage-gated sodium channels [20]. Some of the most
representative PT compounds are: Allethrin, Dimethrin, Tetramethin, and Alphametrin [19].
CM xenobiotic compounds generally induce their toxic profile by reversibly inhibiting the
Acetylcholinesterases (AChE), thus increasing the cholinergic tone in the CNS [21]. From this
chemical family, Carbaryl, Aldicarb, Pyrolan, and Carbanolate are among the most notable methyl
agents [19]. Added to this, NN xenobiotic agents are a group of effective insecticides whose
main use is focused on the control of sucking insects and flea control, since they act as selective
agonists of nicotinic receptors [22]. Of these, Imidacloprid, Thiamethoxam, and Clothianidin
are among the most used [22]. Finally, OP compounds are a wide-range group of pesticides
commonly applied in industry, agriculture, and, to a less extent, used for residential purposes
[23]. Their main mechanism of toxicity is the irreversible inhibition of the AChE in the CNS.
Some of the most noteworthy OP agents are Chlorpyrifos (CPF), Malathion (MAL), Parathion,
and Tricholorfan [19].

Both human and rodent studies have found interesting links between exposure to these
various pesticides and ASD diagnosis or ASD-like behaviors [24,25]. However, results differ
depending on the agent, the dose, the time of exposure, age of behavioral assessment, and the
outcomes measured. Thus, whilst it appears that we have sufficient empirical results to
establish solid conclusions, this is not actually the case, since the different studies have not
been adequately analyzed based on the specific characteristics previously defined. Moreover,

there is alack of adequate discussion regarding the qualityof each individual study.

Given these considerations, we thought it worthwhile to conduct a systematic reviewof the most
important empirical studies concerning exposure to different pesticides and their effect on ASD
diagnosis and core behaviors in humans, and on ASD-like outcomes in preclinical rodent
models. In doing so, the scientific community will have access to a clearer picture of the real

relationship between exposure to these compounds and the incidence of ASD.

2. Material and Methods

2.1. Review Protocol

Prior to the literature search and in accordance with the “Preferred Reporting Items forSystematic
Review and Meta-Analysis Protocol” (PRISMA-P) Moher et al. [26] a detailed review protocol was
created. As recommended by the PRISMA-P guidelines, and according to the suggestions of the
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PROSPERO reviewers, two registrations were created on the PROSPERO database: one for
animals (Prospero-ID: 145135, October 2019) and one for humans (Prospero ID: 153081,
October 2019).

2.2. Eligibility Criteria

The systematic review was structured initially with the aid of the PICOS acronym
(Participants, Interventions, Comparators, Outcomes measures, Study design). Participants were
young humans (children or adolescents) and rodents. Interventions were prenatal or postnatal
exposures to potential neurotoxic pesticides, herbicides, or insecticides. Moreover, comparison of
environmental exposure (pre or postnatal) to pesticides, herbicides, or insecticides with a
control/non-exposed group or comparison between groups with different levels of exposure
(i.e., low, medium, high) were assessed according to the proximity to agricultural/industrial

areas or the metabolite levels in blood/urine samples.

Biological outcomes such as agent exposure biomarkers (metabolite levels in blood or urine
samples), hormonal alterations (enzymatic analyses in blood or urine), neurotransmitter
activity alterations (protein levels in immunochemical arrays of blood and tissue samples
and genetic expression in PCR), and cytokine alterations (protein levels in immunochemical
arrays of blood and tissue samples) were assessed. Furthermore, behavioral measures related to
autism such as cognitive and psychomotor alterations, as well as social communication

impairments, were also evaluated.

In addition, experimental studies in the literature with animal models and cohort, cross-sectional
and case-control human studies were considered, along with studies written in English and
published within the last ten years. Exclusion criteria were defined by considering those aspects
that did not meet the previously defined PICOS characteristics. Therefore, we did not select case
studies, reviews, abstracts, or communications at scientific meetings, or qualitative studies. Lastly,

we only included articles published in peer-reviewed journals.

2.3. Information Sources

We carried out comprehensive literature searches of Pubmed and Scopus until March 2020. The
keywords used were autism spectrum disorder (ASD), pesticides, insecticides, herbicides,
gestational, prenatal, and postnatal exposure, neurodevelopment, humans (plus combinations).
Filters employed in the database searches were language (English) and data publication (last ten

years). The search formula was: (TITLE-ABS-KEY (pesticides) AND (TITLE-ABS-KEY (prenatal
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AND expos*) OR TITLE-ABS-KEY (postnatal AND expos*) OR TITLE-ABS-KEY (gestational AND
expos*) AND TITLE-ABS-KEY (autism*) OR TITLE- ABS-KEY (ASD) OR TITLE-ABS-KEY
(neurodevelopment*). In Scopus, an asterisk served as a substitute for any number of
characters, expanding the search. Furthermore, a hand-search was performed in relevant

journals and the reference lists of reviews focusing on the subject.

2.4. Study Selection and Data Collection Process

After eliminating duplicates, one reviewer examined the complete list of results foreligibility.
If further relevant decisions were to be made, these were discussed among the research team
until reaching a consensus. Moreover, two reviewers independently extracted the data in an

unblended manner. Any disagreements were resolved until achieving consensus.

2.5. Risk of Bias in Individual Studies

Two tools were employed to assess the risk of bias: for animal studies, we used the “SYRCLE'’s
tool for assessing the risk of bias” [27], which is an adaptation for animal studies based on the
Cochrane collaborations RoB tool [28], whilst for human studies, we employed the Newcastle-

Ottawa Scale (NOS) to rate cohort and case-control studies [29].

In this regard, the SYRCLE consists of five quality parameters: selection, performance, detection,
attrition, and reporting bias. It assigns a maximum of six points for selection, four points for
performance, four points for detection, four points for attrition, and four points for reporting (for
a total of 18 points). Therefore, the total quality index score was ranked as follows: 0 to 3, 4 to 6, 7
to 9, 10 to 12, 13 to 15, and 16 to 18, these being very low (VL), low (L), medium-low (ML),
medium-high (MH), high (H), and very high (VH) quality, respectively. For human studies, the NOS
uses three quality parameters: selection, comparability, and exposure/outcome assessment. It
assigns a maximum of four points for selection, two points for comparability, and three points
for exposure or outcome (making a total of 9 points). Hence, the total quality index score was
ranked as follows: 0 to 2, 3 to 4,5 to 6, and 7 to 9, these being L, MH, H, and VH quality,

respectively.
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3. Results

3.1. Selection of Studies

A flow diagram illustrates the whole search strategy (Figure 1). The first screening provided a

total of 464 studies, and after removing duplicates and selecting

articles based on year,

language, and exclusion of reviews, a total number of 170 articles were selected. Further, 7

preclinical and 43 clinical studies were eliminated after reviewing

the title and abstract. A

parallel search based on words mentioned previously allowed us to find a further nine

preclinical and two clinical studies. Thus, 16 preclinical and 45 clinical studies comprised the

total number of studies included in this review.
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Figure 1. Flow Diagram. From top to bottom, the total number of outputs from S

copus and PubMed searches

(n = 464). Selection based on year, language (n = 308) and exclusion of duplicates (n = 194), the total number

of studies that successfully passed the selection checklist (n = 50), and the total
after parallel searching (n = 61).
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3.2. Search Results and General Quality

Sixteen preclinical and 45 clinical studies were accepted. With regard to the studiesconducted
in rodents, the majority exposed the animals to CPF or CPO (11 out of 16, 68.5%) [30-40]. A
further two studies used other OP compounds such as CPF, MAL [41], and Phosphomedon
(PMD) [42]. That is, most of the studies included in the present review are concerned with OP
exposure (13 out of 16, 81.3%). Of the remaining articles,two used Glufosinate ammonium
(GLA) (12.5%) [43,44], and one exposed their animals to the synthetic Pyrethroid
cypermethrin (CYP) (6.3%) [45]. From all of these studies, only one [42] did not administer the
pesticide during development; thus, most of the studies included in this systematic review
present good examples of developmental neurotoxicity (15 out of 16, 93.8%). Interestingly, 10
out of the 16 studies (62.5%) followed a gestational exposure protocol, two used postnatal
exposure (12.5%), and three employed a continuous exposure regime during both gestational and
postnatal stages (18.8%). All of these studies, with the exception of the adult study, used mice
models. Basaure et al. [40] also exposed their rodents to CPF during adulthood along with

postnatal exposure.

Regarding the studies conducted in humans, 17 out of 45 (37.8%) studied OP exposure using
urine, blood, and house-dust metabolite measures [46-62], with OP being the most studied
pesticide in this review. From the remaining articles, 9 out of 45 (20.0%) studied OC
exposure by DDT and/or DDE exposure [63-71], while Puertas et al. [72] and Boucher et al.
[73] used other OC compounds such as Mirex and Chlordecone, respectively. Thus 11 out of 45
(24.4%) of the total studies were related to OC exposure. Further, PT exposure was assessed in 3
out of 45 studies (6.7%) [74-76], whereas exposure to Permethrin, and Piperonyl butoxide
(PBO) (a synergistic component of pesticide formulation) and the metabolite of PT insecticide
3-phenoxybenzoic acid (3-PBA) exposure were reported by Horton et al. [77] and Watkins et
al. [78], being five (11.1%) the total PT studies. Additionally, Zhang et al. [79] and Mora et al.
[80] used Carbofuranphenol and Mancozeb compounds to assess CM exposure, whereas Keil et
al. [81] assessed Imidacloprid exposure, a NN pesticide. Finally, 9 out of 45 (20.0%) studies [82-
90] reported exposure to a common mix of different types of pesticides. From all these studies,
37 out of 45 (82.2%) followed a longitudinal design, while only 8 (17.8%) were case-control
studies. Moreover, 32 out of 45 (71.1%) defined a prenatal exposure period, two (4.4%) a
postnatal exposure period, while the remaining 11 (24.4%) considered both prenatal and
postnatal periods. In human studies, exposure outcomes were assessed during childhood or

adolescence.

Concerning the quality of the preclinical studies, three out of the 16 were labeled as H (18.8%)
[30,37,38], 10 as MH (62.5%) [31-36,40,43-45], and the remaining three as ML- quality (18.8%)
[39,41,42]. In a similar vein, 37 out of 45 human studies were classified as VH (82.2%) [46,48-
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53,56-59,61,63-67,70-77,80-85,87-91], 7 as H (15.6%) [47,54,55,60,68,69,78] and only Woskie et

al. [62] was classified as MH-quality.

3.3. Pesticide Exposure and ASD-Like Outcomes: Preclinical Studies

All of the preclinical studies concerned with pesticide exposure and ASD-like behaviors are

summarized in Table 1.

3.3.1. Organophosphates Compounds

There were no preclinical studies labeled as VL or L-quality. Three out of the 13 OP studies were
labeled as ML (23%) [39,41,42], seven were labeled as MH (54%) [31-36,40] and only three
studies were classified as H-quality (23%) [30,37,38]. The OP studies were characterized as
following a gestational exposure protocol (eight out of 13, 62%), although some studies used
postnatal (2 out of 13, 15%) [30,40] and continuous gestational-postnatal exposure protocols
(two out of 13, 15%) [33,41], with the exception of the adult study. Four of these studies
used different genetic models of autism such as BTBR mice [35,36] and KO reeler mice [39]
and other genes that could potentially modulate social behavior such as the different

polymorphism of the human Apolipoprotein E (APOE) [40].

Gestational exposure to OPs both decreased [31,37,38] and enhanced [32,34,35] different
social and communicative behaviors in mice. Lan et al. [37] exposed male mice from GD12
to 15 using a dose ranging from 2.5 to 5 mg/kg/day and found decreased social interaction
and altered preference in a socially conditioned paradigm, without maternal care
alterations. This result was confirmed in a later study [38] in both exposed males (highest
dose) and females (lowest dose), without observing significant effects of the exposure on
hypothalamic oxytocin mRNA expression. Further, Venerosi et al. [31] found that these
abnormal social interaction patterns were complemented by alterations in communication
skills, observing a decrease in the number and duration of the exposed pups’ ultrasonic
vocalizations (USVs) as well as alterations in maternal behavior (increased licking and
exploration-tendency) following 6 mg/kg of CPF from GD15 to 18. Venerosi etal. [32] found
a decrease in maternal aggressive behavior, increased anxiety in females, and a generally
hyposensitized serotonergic system. De Felice et al. [34] exposed their mice following a
similar exposure protocol and found that the exposed females showed enhanced social
investigation rates. Further, De Felice et al. [35] also found an increased rate of USVs and

social investigation in males using the same exposure protocol in BTBR mice. In addition to
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their previous observations, De Felice et al. [36] found that the BTBR mice had, at baseline,
higher levels of two of the most significant biomarkers of oxidative stress, 15-F2t-IsoP, and
PGE2, both of which are associated with ASD. Interestingly, these authors found that this
gestational exposure to CPF generally increased the levels of these molecules, eminently in
male BTBR mice, which is congruent with their previous findings of altered neuromotor
development in BTBR exposed animals [35]. Finally, Mullen et al. [39] used
heterozygous/homozygous reeler mice (RI*/~ and RI*/*, respectively) and exposed them to
CPO (6 mg/kg/day) from GD13 to delivery. The authors found that the exposure increased
the number of USVs in the +/- male mice, but the opposite was foundin the +/+ condition,
whilst the females decreased USVs showed increased levels of social interaction in both

genetic conditions.

Postnatal exposure to OPs was analyzed in Venerosi et al. [30] and Basaure et al. [40], both
studies using CPF at the preweaning developmental stage. Venerosi et al. [30] found that 3
mg/kg from PND11 to 14 had no effects on the sociability indexes of mice but altered
maternal care and social investigation whilst also reducing maternal aggression, a finding
that was presumably related to a decreased state of anxiety in the exposed female rats. Further,
Basaure et al. [40] used human APOE-3 or -4 mice models to characterize the presumable
influences of genetic background on the social mismatches associated with preweaning CPF
exposure (1 mg/kg/day from PND10 to 15). They also repeated this exposure during
adulthood in both postnatal exposed and non-exposed groups. Postnatal CPF exposure
increased the reaction to social novelty in APOE4 mice but reduced this reaction in APOE3
mice, this latter effect being blocked following the adult exposure protocol. The authors
found that the adult exposure regime enhanced sociability regardless of the prior exposure
condition in the APOE3 mice. Furthermore, the authors also analyzed various molecular
markers and found that adult CPF exposure differentially modulated the hypothalamic levels of
Oxytocin and Vasopressin mRNA (amongst others) depending on genotype background.
Interestingly, chronic exposure (30, 45, or 60 days) to PMD (35 ppm) during adult ages did not
alter sociability but produced a significant increase in locomotor activity along with multiple

histological alterations in rats [42].

Finally, the studies that employed continuous gestational-postnatal exposure were those of
Venerosi et al. [33] and Ouardi et al. [41], which used CPF and MAL, respectively. Venerosi et
al. [33] exposed mice to 6 mg/kg of CPF from GD15 to PND14 and found a generalized
enhancement in social investigation/recognition in both sexes (stronger in males) without
altering motricity. Interestingly, the authors also analyzed the levels of oxytocin and
vasopressinla receptor in the amygdala and found that CPF exposure reduced the former in

males and increased them latter. OQuardi et al. [41] exposed their mice to MAL (5-15 mg/kg)
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from GD6 to PND21 and found a significant reduction in sociability and reaction to social
novelty in the exposed animals compared with their control counterparts, along with an
increased anxiety state and multiple molecular alterations in the CNS such as increased
MDA levels and decreased CAT, SOD, GST and GNX in a dose and age-dependent fashion,

presumably indicating an increased state of cellular oxidative stress in exposed rodents.

3.3.2. Other Potential Neurotoxic Compounds

All three studies that used xenobiotic compounds other than OPs were labeled as MH-quality
[43-45]. Dong etal. [44] exposed female mice to GLA from 8 weeks before matingto delivery,
whilst Laugeray et al. [43], and Laugeray et al. [45] used GLA (the former) and CYP (the
latter) in a continuous gestational-postnatal exposure protocol in mice models. Dong et al.
[44] exposed mice to 12 pg/mL of GLA (in water) and found a general decrease in social
interaction and reaction to social novelty, along with decreased locomotor activity, increased
compulsive/anxiety-like behavior, and a reduction in the mRNA expression levels of the
cortical Nrxnl gene. The authors also found a significant gut dysbiosis characterized by an
increase and decrease of both Bacteroidetes and Firmicutes bacteria at the phylum taxa level
and reduced biosynthesis of fatty acids, amongst other molecular changes. These effects on
sociability were also found in Laugeray et al. [43], who exposed rodents to GLA from early
gestational ages to PND14 in a range of doses from 0.2 to 1 mg/kg/day, finding a
significant decrease in USVs and social interaction rates followingthe highest dose (without
affecting anxiety-state levels), along with several molecular outcomes such as a reduction in
both Pten and Peg3 brain genes, which are commonly associated with ASD. Similarly,
Laugeray et al. [45] also found decreased sociability and self-grooming and increased
motricity in mice exposed to 5 mg/kg/day of CYP, as well as altered maternal behaviors
following a higher dosage (20 mg/kg/day), without effects on USVs and anxiety.

Interestingly, the authors also found that these exposure regimens altered multiple genes.

3.4. Pesticides Exposure, Cognitive and Behavioral Alteration Related to ASD: Clinical Studies

The clinical studies included in this review evaluated different aspects related to
neurodevelopmental, behavioral, and cognitive outcomes. This broad spectrum of study
designs, methods, and functions evaluated added certain difficulties since each study
assessed different aspects at different ages, thus hindering the possibility of drawing firm

conclusions.
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Table 1. ASD & preclinical studies. From left to right: Study ID, animals’ strain, age at the time of behavioral /physiological assessment, sex analyzed, the xenobiotic
agent used, dose, age of exposure, route of exposure, exposure measures of control, behavioral tests, physiological measures, and quality of the study.

Study, year Strain/age at Exposure Exposure . . . . . Quality
(Reference) evaluation/sex agent/dose/age /route control Behavioral tests Behavioral/pharmacological /physiological outcomes index
Organophosphate compounds
Three-chambers test.
Venerosi et Mice/PND>40. Mums CPF. 3mg/kg/d PND11-15 Neuromotor Maternal behavior. = sociability and reaction to social novelty. | maternal care. | anxiety in mums. | maternal q
al. [30] postpartum/Both s.C. battery Nest building. Dark- aggressive behavior. T maternal social investigation. | motricity
light test
Mice/PND5 Maternal behavior.
(maternal care) and CPF. 2.5-5mg/kg/d GD12- . Three-chambers test. e ) s _
Lanetal [37] PND90 15 Gavage Weight, reflexes Social conditioned | Sociability. = maternal care. | preference social conditioned place. = NOR H
(sociability) /M place preference. NOR
Three-chambers test. . .
Lan etal [38] Mice/PND90,/Both CPF. 2.5-5mg/kg/d GD12- NA. Social conditioned 1 Social preference males vs. the rest_(Smg/kg). 1 Social preference females vs. males H
15 Gavage (2.5mg/kg). = Oxytocin mRNA levels at hypothalamus
place preference.
AChE activity, Maternal behavior.
Venerosi et . CPF. 6mg/kg/d GD15-18 weight, ) Altered maternal behavior in CPF exposed mums (increased wall rearing and decreased
Mice/PND4-15/Both . USVs. Spontaneous L . ; - . . 0 MH
al. [31] Gavage neurobehavioral motrici digging). ! USVs (calls/min and duration) only in PND10. | pivoting. T immobility.
battery, reflexes vy
Venerosi et Mice/>PND90. Mums CPF. 6mg/kg/d GD15-18 Maternal aggression. | Maternal aggressive behavior. T Anxiety (Females). = Depressive-like behaviors.
- N.A. . . s . . MH
al. [32] postpartum/Both Gavage Light-dark test Serotonergic hyposensitivity (challenged with fluvoxamine)
De Felice et Mice/>PND70/Both CPF. 6mg/kg/d GD14-17 Pups, sclex ratio, Social Discrimination T Social investigation (Females). = Reaction to social novelty MH
al [34] Gavage weight test
ACE activit T Social investigation males (all phases) and females (second exposure to the same
Venerosi et Mice/>PND70/Both CPF. 6mg/kg/d GD15- weight. litter s}i];e Social Recognition test. partner). | reaction to social novelty (females). T Estrogen Receptor  at Hypothalamus MH
al. [33] PND14 Diet gse;( ratio ’ Open field (Males). | Oxytocin at Amygdala (males). T Vasopressin receptor 1a at amygdala. =
locomotor activity
BTBR Mice/PND4, 6, Weight, litter
De Felice et 8,8 (USVs).>70 CPF. 6mg/kg/d GD14-17 size, sex ratio, USVs. Social T (trend) calls. T USVs and social investigation (sniffing) (males to females). Altered MH
al. [35] (Sociability and Gavage mortality, Interaction test developmental neuromotor functioning in exposed mice
USVs)/Both reflexes
. . T 15-F2t-IsoP in BTBR model (vs. wild-type). CPF both reduced (wild-type) and increased
De Felice et Mice BTBR/PND1- CPF. 6mg/kg/d GD14-17 Weight, litter size Enzyme immunoassay (BTBR) 15-F2t-IsoP brain levels in PND1. CPF 15-F2t-IsoP in BTBR animals (males) at MH

al. [36]

21/Both

Gavage

PND21. CPF increased PGE2 brain levels in BTBR animals at PND21 (males) and PND70.
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Study, year Strain/age at Exposure Exposure . . . . . Quality
(Reference) evaluation/sex agent/dose/age /route control Behavioral tests Behavioral/pharmacological/physiological outcomes index
T Sociability in adult exposed (both preweaning exposed and not) APOE3 mice. | reaction
to social novelty in APOE3 mice postnatally exposed to CPF. Adult exposure blocked this
effect. T reaction to social novelty in APOE4 mice postnatally exposed. Hypothalamus: T
Ba;slar:(()e]et Nﬁlc)eo/i?;\fll\:llSd/T\/I Sl:;:l leg;]l:g;: ;I\]\I]\?[;Omlest Weight Three chambers test Oxytocin mRNA in adult exposed APOE3, | in adult exposed APOE4. Adult exposure MH
i 8/X8, increased low expression rates of Vasopressin in APOE3. Adult exposure decreased
Vasopressin and vasopressin receptor 1a mRNA levels in APOE4. Adult exposure decreased
Estrogen receptor 1, Proopiomelacortina in APOE4, amongst others.
Reeler Mice/PND7 . . .
+/- X
Mullen et al. (USVs), PND30 CPO. 6mg/MI GD13- N USVs. Three-chambers T USVs number. in exposed Reeler (males) fror.n 1'.[5 vehlclle l US\./slnumber exposed
, R R AChE activity . +/*Reeler from its vehicle- | USVs duration. T social interaction (sniffing, females, both ML
[39] (Social Delivery Pump test. Open field. MBT
. . exposed */+ and */-)
interaction)/Both
Hazarika et PMD. 35 ppm for 30-, 45- . Social Interaction test. = Sociability. T Locomotion (longer exposure protocol). Multiple histopathological
al. [42] Rats/adulthood/Both and 60-days Adulthood Diet Weight Open field disruptions following the different exposure protocols. e
. . | Sociability. | Reaction to social novelty. T anxiety (time in periphery, the highest dose). T
O“a;::;ft al | Mice/PND21/Both MAL';N}JSz”l‘gG/;Vg; deGD6 We;gc}t‘it‘;i‘:ChE 3 Chambfi:;e“' Open 5 o in MDA (PND21). { brain CAT and SOD (PND5-21 for the high exposure, PND21 for the ML
g Y ) low exposure condition). ! brain GST (PND21) and GPX (PND15)
Other families of pesticides
Mlce/PNDl-s (QSVSJ. GLA. 0.2-1mg/kg/3 times Neurobehavlloral Social Interaction test. 1 USVsin ex;)-os?d mice .(hlghfest dose). ! Soc1at?1llty in the Fhree»chambers ltest (hlghlest
Laugeray et >PND90 (sociability)/ battery, weight, dose). | social interaction with females. = anxiety. T relative gene expression of brain
per week GD?-PND14 . Three-chambers test. . . B MH
al. [43] Both (pups) and M reflexes, litter phosphatase and Pten (lowest dose). ! relative gene expression of brain phosphatase and
Intranasal . USVs. Plus-maze .
(adulthood) size Pten and Peg3 genes (highest dose).
Mice/PND1-15 CYP. 5-20 me/ke/3 times . Social Interaction test.
(USVs). >PND90 8/ i/ Neurobehavlloral Three-chambers test. | Maternal behavior (highest dose). | Sociability (lowest dose). = reaction to social novelty
Laugeray et L per wee battery, weight, . C e )
al, [45] (sociability)/ Both reflexes, litter USVs. Maternal (lowest dose). ! self-grooming (lowest dose). = USVs. T motricity (velocity in the highest MH
i (pups) and M siz'e behavior. Open field. exposed mice). = anxiety (lowest dose). Dysregulation of multiple genes
(adulthood) GD6-PND15 Intranasal Plus-maze
| Locomotor activity. ! Social interaction, sociability, and reaction to social novelty.
Dong et al GLA.12ug/mL for 8 weeks Pregnancy rate Social Interaction test. compulsivity/anxiety (MBT). | Relative expression of cortical Nrxn1 gene. T Relative
[54] ' Mice/PNW6-10/Both (mums before mating to littefsize )\Cveigl;t 3-Chambers test. Open abundance of Bacteroidetes bacteria in the gut. | Relative abundance of Firmicutes in the MH

delivery) Water

field. MBT

gut. | species diversity in the gut. Gut dysbiosis concerning multiple bacteria at genus level.
| Fatty acids biosynthesis.

GD = Gestational day. PND, PNW & PNM = Postnatal day/week/month. s.c. = subcutaneous. F = Female. M = Male. USVs = Ultrasound vocalizations. CPF = Chlorpyrifos. CPO = Chlorpyrifos-
Oxon. d = Day. PMD = Phosphomedon. MAL = Malathion. GLA = Glufosinate ammonium. CYP = Pyrethroid Cypermethrin. N.A. = Not applied. AChE = Acetylcholinesterase. NOR = Novel object
recognition. MBT = Marble Burying Test. = No effects concerning exposure. T Increased following exposure. | Decreased following exposure. 15-F2t-IsoP = 15-F2t-isoprostane. PGE2 =
Prostaglandin E2. APOE = Human Apolipoprotein. MDA = Malondialdehyde. CAT = Catalase. SOD = Superoxide dismutase. GST = Glutathione transferase. GPX = Glutathione peroxidase. Pten =
Phosphatase and tensin homolog. Peg3 = Paternally expressed gene 3. H = High quality. MH = Medium-high quality. ML = Medium-low quality.
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The 45 human studies included in this review are summarized in Table 2 according to the
quality index. We have further categorized these studies by describing them according to the

type of pesticide and period of exposure.

3.4.1. Organophosphate Compounds

We found 17 studies (37.8%) that referred to the association between OP and autism or
developmental disorders. Of these, 12 were classified as VH (70.6%) [46,48-53,56-59,61], four as
H (23.5%) [47,54,55,60] and only one [62] was classified as MH-quality. Twelve studies out
of 17 assessed only prenatal exposure to OP, whilst five out of 17 (29.4%) [46,48,50,57,61]
evaluated both prenatal and postnatal exposure and only Gonzalez-Alzaga et al. [55]

studied postnatal exposure alone.

All of these studies assessed prenatal exposure to OPs by means of maternal urine or
cord blood biomarkers, or child urine biomarkers (in the case of postnatal exposure). In
general, the studies analyzed a set of different dialkyl phosphate metabolites (DAP) including
dimethyl (DM) phosphate and diethyl (DE) phosphate metabolite [47-54,56-62]. Only two
studies used other metabolites such as 3,5,6-trichloro-2-pyridinol (TCPy) as an indicator of
exposure to CPF [46] or a direct estimation of pesticide exposure together with metabolites

[60].

Two of these studies, conducted in Thailand and China, evaluated the effects of prenatal
exposure to OPs during the first postnatal week [49,62]. In a pilot study, Woskie et al. [62]
found a significant positive relationship between maternal urinary DM phosphate
metabolites levels and the Bazelton Neonatal Behavioral Assessment (NBAS) habituation
cluster score, along with a significant positive relationship between total DE phosphate
metabolites and the NBAS range of state cluster score. However, Zhang and coworkers [49]
reported a consistent negative association between neurodevelopmental scores and OPs
metabolites in maternal urine, that is, they found an association between DEs and lower
scores on the behavior scale whilst DMs concentrations were associated with poorer

scores in passive tone, active tone, and primary reflex [49].

Another two studies evaluated children during the first year of life, between 6 weeks and 9
months of age [60] and at 5 months of age [56]. The former study measured metabolites and
pesticides in cord blood samples from a Chinese population, and whilst they found no
effects in six-week-old children, a significant negative association was found between
exposure to Naled and CPF and motor function among girls aged nine months [60].

Moreover, Kongtip and coworkers [56] studied a population from Thailand and found an
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association between concentration of DEs in maternal urine during the third trimester of
gestation and a decrease in cognitive and motor function at 5 months of age, as well as a

significant relationship between prenatal total DAP levels and motor scores.

In addition, three studies evaluated children aged from one to two years [48] and at two
years of age [53,57]. Wang and coworkers [48], studying a population from China, found
a significant negative association between prenatal urine levels of DEs and DAPs and social
scores (among boys) at two years of age. In addition, in this study, postnatal urine levels
of DAPs and DMs were also associated with increased scores on the adaptive domain in
children at two years of age [48]. A study conducted in California, with the CHAMACOS
cohort, found that maternal DAPs were negatively associated with cognitive and mental
abilities as well as with child PON1 polymorphism, whilst no sex differences were
reported [53]. Moreover, in a study of a cohort living in Shenyang (China), Liu et al. [57]
reported that prenatal DEs levels were associated with an increased risk of developmental
delay (in boys), while postnatal DAPs and DEs levels were associated with delays in

development, particularly in motor and social areas among boys [57].

Two more studies evaluated children at three years of age [46,47] with the former
finding no association between prenatal maternal levels of TCPy metabolite, although the
authors reported an association between postnatal levels of the metabolite TCPy and social
development, mainly in boys. Philippat et al. [47], evaluated a population of mothers from
California at high risk of having a child with autism (the MARBLES cohort) and found
a positive association between exposure to OPs and risk of autism (clinical diagnostic),
but only in girls. However, it is necessary to interpret these results with caution since the

sample size for girls was very small.

Moreover, a set of four studies longitudinally evaluated outcomes in children aged from
one to five years [51], from one to nine years [52,54], and from one to fourteen years of age
[59]. Donauer and coworkers [51] did not find any effect at any age on cognition and
neurodevelopment in a population from Ohio. However, in another study conducted in a
cohort from New York (80% black or Hispanic women) where metabolites of OPs were
measured in cord blood samples, the levels of DAPs were negatively associated with
mental development at one and two years of age, but no association was observed between
DAPs and psychomotor development. In this study, certain associations were also found
in relation to DAPs and race/ethnicity at one year of age. In this cohort, prenatal levels of
DEs were negatively associated with 1Q, perceptual reasoning, and working memory in
children from seven to nine years, associations that are influenced by PON1 Q192R QQ
genotype, which affects CPF metabolism [52]. In a similar vein, and in the same cohort

from New York, Furlong et al. [54] found that levels of DEs were associated with poorer
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social responsiveness in black participants, with a stronger effect found in boys, although
in this study only social functioning was evaluated in children from seven to nine years [54].
Similarly, in a study conducted in California (CHAMACOS), maternal DAPs were
associated with an increase in autism-related traits in childhood and adolescence, but no
association was observed with deficits on specific facial recognition tests for children aged

nine and twelve years [59].

Evaluations conducted with prenatally exposed cohorts aged six [61], seven [50], and
eight years [58] reported different outcomes. A study conducted in a cohort from the
Netherlands found no association between DAPs measured in urine during pregnancy and
autism traits [61]. In a Californian cohort (CHAMACOS), prenatal exposure to DAPs was
associated with lower cognitive scores, particularly in IQ, verbal comprehension (DAPs),
and processing speed (DEs). However, postnatal urinary concentrations of DAPs were not
associated with cognitive scores, and in this study, autism traits were not evaluated [50].
In the HOME cohort from Ohio, levels of DAPs were not associated with autism symptoms
and no evidence was found to suggest that PON1 polymorphism modified prenatal DAPs

exposure or autism risk [58].

Only one study evaluated postnatal exposure, in a cohort of children between the age of six
and eleven years from Andalusia (Spain) [55]. In this study, the authors reported that urine
DAPs levels of the children were associated with a decrease in verbal comprehension,
processing speed, and IQ (primarily in boys). Information about prenatal exposure and
the postnatal period until evaluation was estimated according to the proximity of their
residence to agricultural areas, with the authors concluding that postnatal exposure to
pesticides can negatively affect children’s neuropsychological performance while prenatal

exposure was weakly associated with neurodevelopment impairment.

3.4.2. Organochloride Compounds

Only 11 out of 45 studies carried out in humans reported an association between OC
pesticides and autism. Of these, nine were classified as VH (81.8%, [63-71]), and Kao et
al. [68] and Lyall et al. [69] were classified as H-quality. Prenatal exposure was the most
frequently studied exposure for OC, except Kao et al. [68] who studied postnatal
exposure, while prenatal and postnatal exposure was reported by Kim et al. [65] and

Boucher et al. [73].
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Table 2. ASD & clinical studies. From the left to the right: Study ID, Study design/region, age at evaluation/sex/sample size, type, agent and source of exposure
assessment, neurobehavioral or neuropsychological assessment in children, behavioral /physiological outcomes or Diagnostic and quality of the study.

Age at evaluation

Type, agent and

Neurobehavioral /

Study, Study desi . . . . . . . li
uay, year y .es1gn / Sex / Sample source of exposure neuropsychological assessment in Behavioral, Physiological outcomes / Diagnostic Q.“a ity
(Reference) Region . > index
size assessment children
Organophosphate compound
Env; OP (TCPy)
Prenatal (prior to No relationship between prenatal TCPy exposure and neurodevelopment
SMBCS Cohort / 3yo . : .
Guo etal. [46] . delivery) and Gesell Developmental Schedules alterations. | Motor and social development related to postnatal exposure VH
Shenyang (China) Both / N=377 . o
postnatal (3 yo) urine mainly in boys
samples
B; OP (DAPs) No association between prenatal or postnatal exposure was found in
LWBC Cohort / 1-2yo Prenatal (delivery) children at 1 yo. Prenatal exposure to DEs and DAPs was associated with
Wi tal. [48 Gesell Devel tal Schedul H
ang etal. [48] Shandong (China) Both / N=262 and postnatal (1 and 2 esell Developmental schedules a | in social scores (among boys), while postnatal exposure to DMs and v
yo) urine samples DAPs T adaptive domain in children 2 yo
Env; OP (DAPs) 1 Overall nefxrodevelopment scores after prenatal gxposure t.o oP
. . . . measured by urine DAPs metabolites. DAPs concentrations, specially DEs
Chinese Cohort / 3do Prenatal urine Neonatal Behavioral Neurological . . . .
Zhang et al. [49] . . was associated with lower scores in behavior scale and DMs was VH
Shenyang (China) Both / N=249 samples (prior to Assessment . . . . . .
. associated with poorer scores in passive tone, active tone and primary
delivery)
reflex
Pri;l;/;:l)?l(?‘::;]% Prenatal DAPs exposure was associated with lower cognitive scores,
Bouchard et al. CHAMACOS Cohort 7 yo w) and postnatal (6 Wechsler Intelligence Scale for Children especially, in IQ, verbal comprehension (DAPs) and processing speed VH
[50] / California (USA) Both / N=329 gmo 1 2p3 5,5 y0) - 4th edition (DEs). Postnatal urinary DAPs concentrations were not associated with
)2 S0 0 Y cognitive scores
urine samples
Env; OP (DAPs) Bayley S.c?les of l.nf.ant Development -
Annually from 1 to . 2nd edition / Clinical Evaluation of
Donauer et al. HOME Cohort / Prenatal urine s
[51] Ohio (USA) 5yo /Both / samples (16 and 26 Language Fundamentals - Preschool, 2nd No effect on cognitive and neurodevelopmental performance VH
N=327 P W) edition / Wechsler Preschool and
g Primary Scale of Intelligence - 3rd edition
Env; OP (DAPs) Bayley Scales of Infant Development -
- ol adic .
Engel etal. Mc?unt Sinai Maternal blood, cord 2 e-dltlon / Wechsler Psychometric ! mcin-tal developm.en.t by.DAPs (1 and 2 yo) and DMs (1 yo,
Environmental 1,2 yoand 6-9 yo Intelligence Test / Wechsler Preschool race/ethnicity). No association in DAPs and psychomotor development.
[52] blood and prenatal , . A . . ; - VH
Health Cohort / Both / N=169 urine samples and Primary Scale of Intelligence - 3rd DEs negatively associated with IQ, perceptual reasoning and working
New York (USA) P edition / Wechsler Intelligence for memory in children 7-9 yo
(between 26 and 28 X .
Children - 4t edition
gw)
Oc; OP (DAPs)
CHAMACOS Cohort
Eskenazi et al. / ohor 2yo Prenatal urine Bayley Scales of Infants Development — Maternal DAPs were negatively associated with cognitive and mental VH
[53] Both / N=353 samples (during 2nd edition abilities as well as with PON1 polymorphism

California (USA)

pregnancy)
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Age at evaluation

Type, agent and

Neurobehavioral /

Study, Study desi . . . . . . . li
ucy, year y -es1gn / Sex / Sample source of exposure neuropsychological assessment in Behavioral, Physiological outcomes / Diagnostic Q_“a ity
(Reference) Region . i index
size assessment children
B; OP (DAPs)
Kongtip et al. Cohort / Thailand 5 mo Prenatal urine Bayley Scales of Infants Development DEs exposure during 3rdtrimester were associated with ! in cognitive and
[56] Both / N=50 samples (around 28 - 3rd edition motor function, while DAPs maternal levels only affected motor scores VH
gw)
B; OP (DAPs)
Chinese Cohort / 2v0 Prenatal (prior to Prenatal DEs exposure associated with T risk of being developmentally
Liuetal. [57] . M delivery) and Gesell Developmental Schedules delayed (in boys). Postnatal DAPs and DEs exposure showed delays in VH
Shenyang (China) Both / N=310 . . . .
postnatal (2 yo) urine development, specially, in motor and social area among boys
samples
Env; OP (DAP:
. nv; OP . s) DAPs exposure was not associated with autism symptoms after adjusting
Millenson et al. HOME Cohort / 8yo Prenatal urine . . . ) . .
. Social Responsiveness Scales for covariates. No evidence that PON1 polymorphism modified prenatal VH
[58] Ohio (USA) Both / N=224 samples (between 13 . .
DAPs exposure and autism risk / ASD
and 19 gw)
Social Responsiveness Scales /
Env; OP (DAP: Behavioral A t Scales fi
1,2,5,7,9,105,12 nv; O ) s) ¢ a\{mra sses‘smen ca‘es for Maternal DAPs were associated with an T in autism-related traits in
. CHAMACOS Cohort Prenatal urine Children, Version 2 / Infant . . .
Sagiv etal. [59] . . and 14 yo / Both . . ) childhood and adolescence. However, no association was observed on facial VH
/ California (USA) samples (13 and 26 Neuropsychological Evaluation Facial L . .
N=333 . e recognition test in children 9 and 12 yo / ASD
wo) Expression Recognition Test / NEPSY-
11 Affect Recognition Test
Generation R Env; OP (DAPS]_
Van den Dries et Cohort / 6yo Prenatal (early, mid-
al. [61] Rotterdam Both /311\12622 ::;i la:Setgg(tegln(aglcg Social Responsiveness Scales No association between DAPs and autism symptomatology / Autistic traits VH
(Netherlands) p' Y
urine samples
Env; OP (DAP:
e nv; OP ( . ) Autism Diagnostic Observation Schedule OP exposure assessed by DMTP metabolite concentrations tended to T the
Philippat et al. MARBLES Cohort / 3yo Prenatal urine . C . ) . . Lo - :
. . / Social Communication Questionnaire / risk of autism only in girls. No association were observed without sex- H
[47] California (USA) Both / N=203 samples (1st, 2nd, 3rd ) I
. Mullen Scales of Early Learning stratification / ASD
trimester)
M inai Env; OP (DAP:
c‘>unt Sinai nv; OP ( . ) DEs levels were associated with poorer social responsiveness in black
Furlong et al. Environmental 1,2,4,6,7-9yo Prenatal urine . . o . - .
Social Responsiveness Scales participants with stronger effect on boys. No association was found with H
[54] Health Cohort / Both / N=136 samples (3rd DAPs and DMs concentrations /ASD
New York (USA) trimester)
Env; OP (DAPs)
Gonzalez-Alzaga Cohort / Between 6 and 11 Postnatal urine Wechsler Intelligence Scale for DAPs levels associated with a | in verbal comprehension, processing speed H
etal. [55] Andalusia (Spain) yo Both / N=256 samples (between 6 Children - 4th edition and IQ among boys

and 11 yo)
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Age at evaluation

Type, agent and

Neurobehavioral /

Study, Study desi . . . . . . . li
ucy, year y .es1gn / Sex / Sample source of exposure neuropsychological assessment in Behavioral, Physiological outcomes / Diagnostic Q_“a ity
(Reference) Region . > index
size assessment children
Chinese Cohort / 6 wo and 9 mo Env; OP No significant findings observed at 6 wo. Naled and CPF exposure
Silver et al. [60] ) Prenatal cord blood Peabody Development Motor Scales g . . g o . . P H
Fuyang (China) Both / N=199 associated with deficits in motor function, among girls at 9 mo
samples
. B; OF (DAP.S] . T Score in the Range of state cluster score associated with maternal DEP
Woskie et al. . Between 0 and 4 Prenatal urine Brazelton Neonatal Behavioral . . ) .
. Cohort / Thailand metabolite levels and T urinary DMP metabolite levels was associated MH
[62] do Both / N=82 samples (7 gm and Assessment Scale . . . .
. . with T scores in Habituation cluster
prior to delivery)
Organochlorine compounds
Env; OC Brazelton Neonatal Behavioral
Bahena-Medina Morelos Cohort / 1mo Prenatal blood Assessment Scale / Graham - Rosenblatt No effects on reflex. neurological or psychomotor development at 1 mo VH
etal. [63] Mexico Both / N=265 samples (each Scale / Bayley Scales of Infant ! s psy P
trimester) Development
FiPS-A Case- Env; 0C
0-7 yo / Both Prenatal blood . . . . . .
Brown etal. [64] Control / Oulu N=1556 samples (each Autism Diagnostic Interview - Revised DDE 1 odds of autism / ASD VH
(Finland) trimester)
Env; 38 OC
CHECK Cohort / Prenatal blood . .
No specific results related to OC pesticides exposure
Kim etal. [65] Seoul, Anyang, 13-24 mo (pregnancy) and Bayley Scales of Infant Development - VH
’ Ansan and Jeju Both / N=140 breast milk (30 days 2nd edition
(Korea) after delivery)
samples
Puertas et al. INMA Cohort / 4yo Env; OC (Mirex) ' , o ! Cogmtlve'performance, espef:lally, workllng memory and quantitative
. Placenta samples (at McCarthy Scales of Children’s Abilities area (numerical memory, counting and sorting). No effects were observed VH
[72] Granada (Spain) Both / N=255 . .
delivery) in perceptual-performance, verbal and motor areas
Env; 0C Ages and Stages Questionnaire / Bayle Prenatal exposure was associated with poorer motor ability among boys
Boucher et al. Timoun Cohort / 18 mo (Chlordecone) g & il P - b o . y g v
Scales of Infant Development — 2nd Postnatal exposure: no significant association with personal-social, VH
[73] Guadeloupe Both / N=204 Cord blood and breast o o ) )
. edition communication, problem-solving, fine and gross motor scores
milk (3 mo) samples
Env; OC
Prenatal and blood
HOME Cohort / 4 and 5 yo . . s )
Braun etal. [66] . samples (2nd Social Responsiveness Scales Maternal trans-nonachlor T autistic behaviors / ASD VH
h A Both =1
Ohio (USA) oth /N=175 trimester and at
delivery)
Env: OC No association between 3-HCH or DDE and communication scores (15
ALSPAC Cohort / 15-38 mo ! Adapted versions of the MacArthur and 38 mo). HCB ! vocabulary comprehension and production (15 mo)
Jeddy etal. [67] Prenatal blood VH
England Girls / N=400 Communicative Development Inventory and ! intelligibility scores (38 mo). DDT was associated with a ! in

samples (pregnancy)

communication scores (38 mo)
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Age at evaluation

Type, agent and

Neurobehavioral /

Study, Study desi . . . . . . . li
ucy, year y -es1gn / Sex / Sample source of exposure neuropsychological assessment in Behavioral, Physiological outcomes / Diagnostic Q_“a ity
(Reference) Region . i index
size assessment children
Env; OC
EMA Case-control / 4-9yo Prenatal blood Diagnostic and Statistical Manual of . - .
. [70
Hamra etal. [70] California (USA) Both / N=864 samples (2nd Mental Disorder — 4t edition No association between pesticides exposure and odds of autism / ASD VH
trimester)
Env; OC
- - 1 d tri i i iti
Torres-Sanchez Morelos (_Iohort/ 42-60 mo Prenatal blood McCarthy Scales of Children’s Abilities DDE exposure during the 3r trlmeste_r was associated with | cognition, VH
etal. [71] Mexico Both / N=203 samples (each verbal comprehension and memory
trimester)
Env; 20 OC
Kao etal. [68] FiPS-A Cohort / 8-12 mo Postnatal breast milk Bayley Scales of Infant Development — DDT and trans-chlordane | cognitive, language, social-emotional and H
: Taiwan Both / N=55 (between 2 wo and 1 3rd edition motor scores
mo) samples
Env; 46 OC . . -
Lyall etal. [69] EMA Case-Control / 3-10 yo Prenatal blood ]K/[l:rgl?;s];css:;elsﬂ;aflzacj(ligzzu;x: No clear evidence that higher levels of prenatal exposure to p,p’-DDE and H
4 ' California (USA) Both / N=1,144 samples (2nd Revision i trans-nonachlor increased risk of ASD / ASD
trimester)
Pyrethroids compounds
Env; PT No effect on neurocognitive scores after prenatal exposure
) PELAGIE Cohort / 6y0 Prenatal (6-19gw)  Wechsler Intelligence Scale for Children SUrocognitive prenata’ expe
Viel etal. [75] . o | Verbal comprehension and working memory associated with postnatal VH
Brittany (France) Both / N=287 and postnatal (6 yo) - 4th edition .
. exposure to 3-PBA and cis-DBCA
urine samples
Env; PT No significant association between maternal urinary PT metabolites and
PELAGIE Coh: P: 1(6-19
Viel etal. [76] Brittac;l ((is‘a?ll(‘:t:)/ Both6/3;\(l)—287 anr(ien?);ingial (6g“2) Strengths and Difficulties Questionnaire child neurobehavioral deficits. Childhood urinary levels of 3-PBA and VH
v N p. y trans-DCCA associated with T odds of behavioral disorders
urine samples
M -
Furlong et al. Ol_mt Su}al Env; PT . 3-PBA associated with depression, somatization, behavioral and
Children’s . Behavior Assessment System for . . . . . . )
[74] . 1,2,4,6,7-9yo Prenatal urine . . . emotional deficits. Cis-DCCA exposure was associated with behavioral
Environmental Children / Behavior Rating Inventory of . . .. R VH
Both / N=162 samples (3rd . 2 regulation, emotional and externalizing problems, while, trans-DCCA was
Health Cohort / trimester) Executive Functioning not associated with adverse effects
New York (USA)
Env; PT (PBO and
Permethrin) - S .
h 1 1 h 1
Horton et al. CCEH Cohort / 3yo Prenatal air (3rd Bayley Scales of Infant Development - No association between per.'met rin air and blood samples with mental or
. L motor development. | in mental development after prenatal PBO VH
[77] New York (USA) Both / N=342 trimester), maternal 2nd edition . L .
exposure, while no association was found in motor development
or cord blood
(delivery) samples
Env; PT Lower mental development in 1 yo children, being stronger in girls. No
Watkins et al. ELEMENT Cohort / 2-3yo Prenatal urine Bayley Scales for Infant Development - L p y § g 8 BIT’S:
. . . L. association between maternal 3-PBA and motor development at 2 or 3 H
[78] Mexico Both / N=187 samples (3rd Spanish version, 2nd edition

trimester)

years of age
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. Age at evaluation Type, agent and . . .
Study, Study d N beh 1 hol 1 . . . . . 1
uay, year y -es1gn / Sex / Sample source of exposure eurobehavioral / n-euro-psyc ologica Behavioral, Physiological outcomes / Diagnostic Cgua ity
(Reference) Region . assessment in children index
size assessment
Carbamates compounds
Env; CM
(Carbofuranp'henol) Prenatal exposure associated with | in social and adaptative behaviors
SMBCS Cohort / 3yo Prenatal (prior to X - . .
Zhangetal. [79] . . Gesell Developmental Schedules Postnatal exposure associated with language and social behavior VH
Shenyang (China) Both / N=337 delivery) and deficits
postnatal (3 yo) urine
samples
B; CM (Mancozeb)
ISA Cohort / Pregnancy and 1 Hair, blood :?md Bayley Scales of Infants Development - 3¢ ! Cognitive abilities in glrls, while lapguage gnd fine motor
Mora et al. [80] Matina (Costa Rica) yo prenatal urine edition development were affected in boys. | social-emotional scores in both VH
Both / N=355 samples (19, 30 and sexes
33 gw)
Neonicotinoids compounds
Env: NN Autism Diagnostic Interview - Revised /
v; . . . .
CHARGE Case- 3and 430 Gmidaclopric) e Loating  Vineland
Keil etal. [81] control / California y Prenatal household by . y 8 . Association between autism and Imidacloprid exposure / ASD VH
Both / N=669 - 5 Adaptive Behavior Scales / Child
(USA) maternal interviews . s
Development and Social Communication
Questionnaire
Mixture: pesticides and other potential neurotoxic
Oc; Insecticides,
fungicides and plant BAEP / Finger Tapping Test / Conner/s
growth regulators Continuous Performance Test Il / Wechsler T Brainstem evoked potential (BAEP) latency (boys and girls).
Andersen et al. Cohort / Between 6 and 11 Prenatal (1rst Intelligence Scale for Children - Revised / Impairment in neurobehavioral, language, motor speed and short- VH
[82] Denmark yo Both / N=177 trimester) exposure Woodcock Intelligence Tests of Cognitive term memory functions, only in girls
No biomonitoring, Abilities / Copying Test of the Stanford -
estimation of Binet, 4th edition
exposure
Env; 15 OP, 6 CM, 2 OP associated with IQ and verbal comprehension deficits. OP and CM
CHAMACOS Cohort 7y0 Mn-f:rrll(gililgtle\,] 8 PT Wechsler Intelligence Scale of Children — 4t associated with | th. {\JN, PT a-nd Mr:j-funilclldes asso}(‘:late.d with ! in1Q, i
Gunier etal. [91] | / California (USA) Both / N=283 edition perceptual reasoning and verbal comprehension
Prenatal house-dust
samples
B; OP, PT M
CHARGE Case- Prer;:tai houasr:::uSld 3 Autism Diagnostic Observation Schedule /
Schmidt et al. . . 2 and 5yo . Social Communication Questionnaire / Exposure to OP, PT and CM T autism risk, while FA intake { the risk /
Control / California mo before conception ; ) VH
[89] Both / N=516 . Mullen Scales of Early Learning / Vineland ASD
(USA) and during . A
Adaptive Behavior Scales
pregnancy)
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. Age at evaluation Type, agent and Neurobehavioral / .
Study, year Study design . . . . . . . Quality
. / Sex / Sample source of exposure neuropsychological assessment in Behavioral, Physiological outcomes / Diagnostic .
(Reference) Region . i index
size assessment children
B: OC and PT (1 yo) No effect of DDT/DDE exposure and neurodevelopment. Cis-DCCA,
. VHEMBRE Cohort / § . trans-DCCA and 3-PBA were associated with socio emotional deficits. (2
Eskenazi et al. . 1-2yo Blood and urine Bayley Scale of Infant Development - 3rd . ) . . -
Limpopo (South . " yo) Motor problems associated with DDT, while DDE ! in communication VH
[84] ) Both / N=705 (prior and post- edition . . . . o
Africa) delivery) samples and language. Cis-DBCA were associated with a | in communication and
y P language, among girls (1 yo) and both sexes (2 yo)
Mount Sinai Behavior Rating Inventory of Executive
Children’s Env; OP and PT Functioning / Behavior Assessment DMs levels associated with worse internalizing scores (anxiety scale) and
Furlong et al. . 1,2,4-7,9yo0 Prenatal (between 25 System for Children / Wechsler T working memory among black children, while DEs was associated with
Environmental ) . . e . VH
[85] Health Cohort / New Both / N=404 and 40 gw) urine Preschool and Primary Scale of worse working memory scores. No association was observed with PON1
samples Intelligence - 3rd edition / Wechsler polymorphism
York (USA) . -
Intelligence Scales - 4th edition
- Mullen Scales of Early Learning /
Oc; Pesticid
. CHARGE Case- ¢ resticides Vineland Adaptive Behavior Scales /
McCanlies et al. . . 2 and 5yo Postnatal . R . . . L. .
control / California Autism Diagnostic Observation Schedule No association between pesticides and autism / ASD VH
[87] Both / N=951 mother/father . N . . .
(UsA) ) . / Autism Diagnostic Interview - Revised
interviews ) - . .
/ Social Communication Questionnaire
B; CM (Propoxur) and
PT/P 1
/ Prenata . Motor development were affected after Propoxur exposure among boys
Cohort / 2yo maternal blood, hair e L ;
Ostrea et al. [88] o Griffiths Test No association was observed between Propoxur exposure and social VH
Bulacan (Philippines) Both / N=754 and postnatal cord .
. behavior
blood and children
hair
CHARGE Case- Between 2 and 5 Pie?lz;:ihflgz:ea}:‘o(:; (CS Autism Diagnostic Observation Schedule
Shelton et al. ) . ) / Social Communication Questionnaire / T autism risk after prenatal OP pesticides (1stand 2nd trimester) and PT (3
Control / California yo mo before conception . . . VH
[90] . Mullen Scales of Early Learning / mo before conception and 3t trimester) / ASD
(USA) Both / N=970 and during . . R
Vineland Adaptive Behavior Scales
pregnancy)
Env; Pesticides
Prenatal (3 mo before
ti d
Von Ehrenstein 1yo / Both d::ir:epr:eoz::c ) Diagnostic and Statistical Manual of T autism risk after prenatal exposure to pesticides such as Glyphosate, VH
etal. [83] Case-Control / N=38,331 8 preg -y Mental Disorders - 4th edition, revised CPF, MAL, Diazinon, Avermectin and Permethrin / ASD
. . and postnatal (first
California (USA) .
year of life)
residential samples

Gw = gestational week. gm, mo = gestational/month old. yo = year old. Oc = occupational. Env = environmental. B = both. DAP = dialkyl phosphate. DM = dimethylphosphate. DE = diethyl
phosphate. DMTP = dimethylthiophosphate. DDT = dichlorodiphenyltrichloroethylene. DEP = diethylphosphate. TCPy = 3,5,6-trichloro-2-pyridinol. DDE = dichlorodiphenyldichloroethylene.
PON1 = paraxonase 1. DCCA = 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acid. DBCA = cis-3-(2,2-dibromovinyl)-2,2-DCCA. 3-PBA = 3-phenoxybenzoic acid. PBO = piperonyl
buroxide. HCH = hexachlorocyclohexane. HCB = hexachlorobenzene. Mn = manganese fungicides. 1Q = intelligence quotient. FA = folic acid. CPF = Chlorpyrifos. MAL = Malathion. VH = Very
high. H = High quality. MH = Medium-high quality. ML = Medium-low quality.
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As previously stated, we evaluated studies of prenatal exposure that measure OCs metabolites in
maternal blood during pregnancy, along with breast milk samples of children given postnatal
exposure. The literature focuses on DDT and one of its principal breakdown products DDEs.
Authors that studied the effects of this exposure also assessed other metabolites such as
hexachlorocyclohexane (HCH) and hexachlorobenzene (HCB) [63-71]. Only two studies

assessed other OC compounds (Mirex, [72] and Chlordecone, [73]).

Two studies evaluated children during the first year of life [63,64]. Although no effects were
found on reflexes, neurological or psychomotor development after prenatal OC exposure at
one month of age [63], a national birth cohort study (Finland) which evaluated children within
the age range at risk of ASD (between O and 7 years of age) found a link between DDE

exposure and an increased likelihood of developing autism [64].

Only one study assessed children’s developmental problems at 18 months of age [73]. Prenatal
Chlordecone exposure was measured from umbilical cord blood, whereas postnatal exposure
was measured from breast milk collected at 3 months postpartum. Nevertheless, boys
prenatally exposed to this OC compound showed poorer motor abilities, whilst no significant
association was found between childhood exposure and personal-social, communication,
problem solving, fine and gross motor development [73]. A further evaluation was conducted in
children at 4 years of age [72]. While no effects were observed on perceptual performance,
verbal, and motor areas, the INMA cohort showed deficits in cognition, particularly in working

memory and quantitative areas (numerical memory or counting and sorting) [72].

Further, four studies evaluated the outcomes in children during the first five years of life, that is,
from 13 to 24 months [65], 15 to 38 months [67], 42 to 60 months [71], and four to five years
[66]. Even though analysis of maternal OC serum levels did not reveal any specific outcome
[65], Jeddy and coworkers [67] reported that an increase of HCB levelswas associated with
vocabulary comprehension and production deficits in 15-month-old children, while a
decrease in intelligibility scores were observed at 38 months of age. The same study found
communication problems associated with maternal DDT levels in children aged 38-months-
old, but no association was observed between 3-HCH or DDE and communication scores in
both exposure periods [67]. In addition, a study conducted in Morelos (Mexico) found that
DDE exposure during the third trimester of pregnancy was associated with verbal
comprehension, cognitive and memory problems [71], while the HOME cohort showed a link

between trans-nonachlor and an increased risk of developing autism behaviors [66].

Two more studies evaluated children aged between three and 10 years [69] and from four to 9
years [70]. All of these works evaluated the EMA population based on a case-control study

that identified biomarkers and their possible association with the risk of developing autism.
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Lyall and coworkers [69] found no clear evidence that higher levels of DDE and trans-
nonachlor in maternal serum analyzed during the second trimester of pregnancy increased
the risk of the disorder, whilst Hamra et al. [70] found no association between OC exposure

and the risk of developing autism.

Postnatal exposure to OC metabolites (measured from breast milk) was only assessed in one
study [68] in children aged between 8 and 12 months, finding that exposure to DDT and trans-
nonachlor were associated with socio-emotional, language, and cognitive deficits, along with

motor problems.

3.4.3. Pyrethroid Compounds

With regard to PT, five out of 45 (11.1%) studies were included. Of these, four were
classified as VH (80.0%, [74-77]) and only Watkins et al. [78] was classified as H-quality.All
studies assessed prenatal exposure, except for Viel et al. [75,76] who evaluated prenatal and

postnatal PT exposure.

The effects of PT exposure were generally assessed by measuring metabolites in maternal
urine, cord blood or air samples, and/or child urine. All of these studies assessed PT
differently, by 3-phenoxybenzoic acid (3-PBA) (a non-specific metabolite), Permethrin,
Cypermethrin and Cyfluthrin (by their c¢is or trans-3-(2,2-dichlorovinyl)-2,2-
dimethylcyclopropane carboxylic acid (cis or trans-DCCA) metabolite), 4-Fluoro-3-PBA (4- F-
3-PBA) (as a specific metabolite of cyfluthrin) and cis-3-(2,2-dibromovinyl)-2,2-DCCA (cis-
DBCA) (as a deltamethrin specific metabolite) [74-76,78]. The only exception was the study by

Horton et al. [77], which assessed Permethrin and Piperonyl butoxide (PBO) exposure.

One study evaluated children at two and three years of age [78], while Horton et al. [77] only
evaluated children at three years of age. A study conducted in Mexico (the ELEMENT cohort)
found lower mental development in 2-year-old children, with stronger effects ingirls. The
same study found no association between maternal urine 3-PBA levels and motor development
at both ages of evaluation [78]. Moreover, studies carried out with a New York cohort
(CCEH) also found mental development deficits with PBO air exposure during the third
trimester of pregnancy (but not motor problems), whereas no association between Permethrin
exposure and mental and motor development were found at two years of age [77]. Another
New York cohort study (Mount Sinai Children’s Environmental Health), which measured PT
metabolites in maternal urine, assessed outcomes in children aged between one and nine

years. The results revealed depression, somatization, behavioral and emotional deficits
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after 3-PBA exposure, and while cis-DCCA was associated with externalizing problems and
poorer behavioral and emotional regulation, the frans-DCCAisomer was not associated with

any adverse effects [74].

Finally, whilst no effects were observed following prenatal PT exposure in the PELAGIE cohort,
postnatal 3-PBA and cis-DBCA exposure assessed in urine in 6-year-old children was
associated with deficits in verbal comprehension and working memory [75], whilst an increased

risk of behavioral disorders was also observed following 3-PBA and trans-DCCA exposure [76].

3.4.4. Mixtures of Pesticides and Other Potential Neurotoxic Agents

The remaining articles, specifically 12 out of 45 (26.7%), studied the effects of exposure to a
common mix of pesticides and other toxicants or several types of pesticides. All of these
studies were classified as VH [46,80-85,87-91]. Eight out of 12 studies assessed only prenatal
exposure, three out of 12 (25.0%, [46,83,88]) assessed both prenatal and postnatal exposure,

whereas only one study [87] evaluated postnatal exposure.

Whilst previous studies evaluated a single exposure to pesticides in children, the most
common situation in humans is that they are exposed to a wide variety of pesticides,
something that is formally taken into account in recent studies related to the concept of
exposome science [92]. In this regard, general exposure to pesticides was assessed in three out
of 12 studies (25.0%, [82,83,87]). Moreover, six out of 12 studies assessed the effects of
exposure to a mix of different pesticides (50.0%, [84,85,88-91]), whilst the remaining two
assessed CM exposure (16.7%, [46,80]), and only Keil et al. [81] assessed NN exposure. With
regard to CM, maternal urine, blood, hair, cord blood, or child urine samples were used as
measures of prenatal and postnatal exposure to Propoxur, Carbofuranphenol, and
Mancozeb [46,80,88]. In addition, prenatal exposure to NN was evaluated by measuring
household levels of Imidacloprid [81]. The remainder of the included studies measured
prenatal and/or postnatal exposure to OP, PT, or OC, as mentioned in the previous sections.
Two studies evaluated children during the first two years of life [83,84]. A case-control
study based on individuals with a primary diagnosis of autism disorder reported an
increased risk of ASD following prenatal exposure to pesticides such as CPF, MAL,
diazinon, avermectin, and Permethrin during the first year of life [83]. A study carried out
in Limpopo (South Africa) found no adverse effects on neurodevelopment at one year of
age, whilst DDT exposure was associated with motor problems, and two-year-old children
showed communication and language deficits following DDE exposure. This same study

assessed exposure to PT metabolite, measured by blood and urine. Socio-emotional problems
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were observed during the first year of life, while cis-DBCA metabolite exposurewas linked to

communication and language deficit in 1-year-old girls and 2-year-old children of both

sexes [84].

Moreover, three studies evaluated outcomes in children aged from 2 to 5 years [87,89,90]. All of
these studies evaluated a Californian population (CHARGE cohort), which showed an
increased risk of autism in children following prenatal exposure to OP (during the second
trimester) and PT (3 months before conception and during the third trimester of
pregnancy) [90]. Similarly, Schmidt et al. [89] found the same increased risk of the disorder
following OP, PT, and CM exposure, while folic acid (FA) intake decreased this risk.
However, no association was found between autism and general postnatal exposure to

pesticides [87].

Two more studies evaluated children from one to nine years of age [85] and six to 11 years
[82]. One study assessed the Mount Sinai Children’s Environmental Health cohort (New
York) and found an association between prenatal urine DMP levels and internalizing
problems and better scores in working memory in black children, and whilst DEP was
associated with poorer working memory scores, no association was found with PON1
polymorphism [85]. A Denmark population, which evaluated general prenatal pesticide
exposure, found an increase in brainstem evoked potential (BAEP) latency in both sexes, as well
as impairments in neurobehavioral, language, motor speed, and short-term memory

functions, but only in girls [82].

Gunier et al. [91] evaluated 7-year-old children using a number of tests. This study assessed
the CHAMACOS cohort, which showed 1Q and verbal comprehension deficits following OP,
NN, and PT exposure. Furthermore, exposure to NN and PT was also linked to perceptual
reasoning problems, while combined exposure to OP and CM was only reported to be
associated with 1Q deficits [91]. Further, three studies evaluated exposureto only CM at one
year [80], two years [88], and three years of age [79]. During the first year of life, a
decrease in cognitive abilities in girls, deficits in language and fine motor development in
boys, and socio-emotional deficits in both sexes were observed following prenatal exposure
to Mancozeb [80]. Moreover, exposure to Propoxur was also associated with motor
development problems in boys, while no social behavior deficits were observed [88].
Finally, prenatal urine levels of Carbofuranphenol were linked to a decrease in social and
adaptive behaviors, whereas postnatal exposure was associated with language and social

behavior deficits [79].

Finally, only Keil et al. [81] assessed prenatal NN exposure using measurements of

Imidacloprid in children aged between 3 and 4 years. This study, conducted with a
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Californian population (CHARGE cohort), found an association between Imidacloprid and

autism disorder [81].

4. Discussion
4.1. Preclinical Studies and ASD

A total of 16 preclinical studies were finally included in the present systematic review. All of them
studied some effect on communication or social behavior after being prenatally or postnatally

exposed to OP, PT, or GLA.

When dividing the analysis according to developmental stages and compounds, gestational
exposure to CPF decreased sociability in mice exposed from GD12-15 to doses from 2 to 5
mg/kg in the best-qualified studies [37,38]. MH classified studies also revealed decreased USV
rates and maternal behavior when exposure occurred later during gestation [31,32], but the
opposite was also true for both vocalizations and social investigationin male BTBR mice [35]
and social interaction rates in wild-type female mice [34]. However, this gestational exposure
protocol from GD14 to 17 in BTBR ASD-like mice models was associated with deep
alterations in secondary behavioral markers usually observed in ASD patients such as
delayed neuromotor development [35], along with an increase in various biomarkers of
oxidative stress that are typically associated with autism [36]. Interestingly, this
phenomenon of enhanced social and communicative traits was also observed in another
model of ASD-like genetic background by using heterozygotes Reeler mice and exposing them
from GD13 to delivery, as found in Mullen et al. [39], a study categorized as ML quality. This
study is of special relevance as the influences of CPO on social outcomes varied depending
on sex, where */~ neonate female mice decreased USVs number whilst their male
counterparts increased them, as well as exposed females generally enhanced their social
interaction during adolescence. These results support the notion that genetic background and
environmental agents interact giving different results in a sex-dimorphic manner. As CPO
exposure altered females’ behavior in both */~ and */~ conditions, one explanation could be
because of the differences that exist between sexes regarding the development of the cholinergic

system during early neurodevelopment [93].

Studies of postnatal exposure also yielded inconclusive results. The only H-quality study
shows that pre-weaning exposure to CPF altered maternal care and aggressive behavior but
enhanced maternal social investigation without affecting the performance of pups in the
three-chambers test [30]. Interestingly, one MH-quality study found that pre-weaning

exposure to doses as low as 1 mg/kg/day differentially affected the reaction to social novelty
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in mice depending on the APOE genotype background, with decreased (APOE3) and
enhanced (APOE4) rates, both regulated by re-exposure to CPF during adulthood [40]. The
earlier data is relevant since isoform 3 is most widely expressed in humans [94]. Finally, the
results concerning continuous exposure to CPF [33] or MAL [41] during the whole developmental
period (gestational and postnatal ages) showed opposing results characterized by both general
enhancement (except for reaction to social novelty in females) and a significant decrease in
social traits, respectively. However, we must pointout that the differences in quality between
these studies (MH vs. ML), the chemical studied (CPF vs. MAL), and the age range of exposure
(medium-late gestation to the end of the second postnatal week vs. early gestation to
weaning) prevent us from reaching commonconclusions. Finally -and in relation to exposure
to non-OP compounds- all the three studies included were categorized as MH, and all of them
induced an ASD-like phenotypein their mice, using different doses of both GLA [43,44] or CYP
[45] during the whole developmental period. Once again, the lack of studies limits the

generalizability of theseinteresting, but insufficient, empirical results.

Based on all this information, we believe that there is not enough empirical support at any
developmental stage or exposure protocol to confidently conclude that exposure to OPs or other
pesticides can be linked to the development of ASD-like (core) behaviors. However, exposure to
CPF during medium gestational ages (around GD12) seems to be the protocol that shows more
promise in this regard [37,38]. This hypothesis gains support when using other well-known
chemicals that can elicit these behavioral alterations when exposed at this age, as in the case
of VPA [95], a drug that has also been linked to the diagnosis of ASD in humans [13].
However, the results provided by Lan and collaborators [37,38] must be replicated in other
laboratories and in other rodent species such as rats, which are probably more appropriate
models with regard to social outcomes [96], whilst there is also a need to include models with
well-known genetic vulnerabilities to study this complex gene/environmental relationship

that is thought to underlie ASD.

With respect to this last point, it is noteworthy that only two studies included in the present
systematic review used genetic models of ASD (BTBR and heterozygous Reeler mice) to study
behavioral outcomes [35,39] or molecular biomarkers [36], the two former studies finding
enhanced social rates following CPF and CPO exposure. If the current hypothesis- those
pesticides are environmental factors that can unmask or worsen the ASD phenotype codified in
genes of vulnerability- is valid, these preliminary results point toward another direction, at
least in relation to CPF. However, we consider that findings from a sum total of only two
studies, which differ markedly, are an insufficient basis upon which to draw firm conclusions.
We should not overlook the results obtained by De Felice et al. [35] regarding neuromotor

outcomes and later [36] for different molecular markers that are generally linked to ASD.
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4.2. Clinical Studies and ASD

As reported above, a total of 45 clinical studies were finally included in the present systematic
review, 17 of which assessed OP exposure by means of metabolite measures, with two of the
17 studies assessing TCPy as a measure of CPF exposure [46]| as well as other OP metabolites [60].
Moreover, 11 out of the 45 studies evaluated OC through metabolite measures, whilst two
studied Mirex [72] and Chlordecone exposure [73]. Further, five out of 45 assessed general PT
exposure by means of metabolite measures. CM exposure was assessed in two out of 45
(Carbofuranphenol, Zhang et al. [79] and Mancozeb, [80], whereas only Imidacloprid exposure
was employed as a measure of NN exposure [81]. Finally, nine out of 45 studies assessed the

effects of exposure to a common mix of pesticides.

As reported above, analyses were separated according to pesticide class (OP, OC, PT, CM, NN,
and mixtures), period of exposure, and assessment outcome. Considering the studies
analyzed assessing OP exposure, 14 out of 17 found effects on cognitive and behavioral
functions after either prenatal or postnatal exposure. In particular, studies that assessed the
effects of prenatal exposure to OP metabolites at very early ages (first days after delivery)
pointed to altered primary reflexes, tone, and behavioral regulation [49,62]. Similarly, VH-quality
studies observed alterations in motor function at 5 months [56], whereas H-quality works
observed these alterations at 9 months of age [60]. However, these studies lack an adequate
follow-up to establish future alterations during childhood or associations with ASD that are
more likely to be diagnosed around the age of 18 months and beyond [97]. In this sense,
another study classified as VH-quality [48] found associations between prenatal exposure to
OPs and alterations in behavioral domains that could influence social relations, along with
impaired social scores in boys evaluated at two years of age. Accordingly, social deficits
among boys (7-9 years) were also found by Furlong et al. [54] (H-quality), with stronger effects
observed in black participants following prenatal exposure, while a study classified as VH [58],
with the HOME cohort, did not find any significant associations between OP exposure and
autism when their model was adjusted for maternal sociodemographic and perinatal factors
(8 years), with the authors indicating that a larger sample size might have allowed them to detect
certain associations related to PON1 polymorphisms. Some of the discrepancies in results can
be due to differences in OP insecticide exposure in the studied population, given that HOME
study enrollment followed the U.S. EPA moves to restrict the residential use of OPs, thus
lowering the environmental concentrations in comparison with those to which participants
in the Mount Sinai Environmental Health study were exposed [98]. Moreover, another VH-
quality study included in this review did not find any association between prenatal exposure
to OP and ASD or ADHD [61]. The characteristics of the population included inthis study, that
is, high socioeconomic level and high levels of exposure mainly through diet (fresh fruit and

vegetables) raise an important question regarding the lifestyle and social factors that could
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increase population resilience to toxicant effects. Further, another study with a long follow-up
assessment (from one to 12 years of age) showed childhood and adolescence autism-related
traits to be associated with prenatal OP exposure [59]. In addition, an H-quality study [47]
found an association between prenatal OP exposure and autism diagnosis at three years of
age, but in this case, the effects were only observed in girls. This study is one of the few that
uses clinical diagnoses of autism instead of behavioral traits associated with social or
communication abilities. Even though the quality of the study is high, the use of a population that
is at high risk for ASD may have had some influence on this result. More studies are thus

needed to assess OP effects on populations at high risk for ASD.

Moreover, studies categorized as VH-quality also found cognitive and developmental delays
in children prenatally exposed to OP at two years of age [53,57] as well as

neuropsychological impairments at later ages [50,52].

Regarding early postnatal exposure, VH-quality studies found social impairments among
boys at two years of age [57], with similar results being reported by Guo et al. [46]related to
CPF exposure at three years of age, whilst Wang et al. [48] reported some changes in the adaptive
domain. Moreover, an H-quality study reported neuropsychological impairments associated

with postnatal exposures [55].

With regard to OC exposure, 7 out of 11 studies found some cognitive but not social adverse
effects in children exposed prenatally or postnatally to this type of pesticide. Two VH-quality
studies reported autistic behaviors associated with blood OC metabolitelevels [64,66]. All of
these use a prenatal exposure protocol, evaluated at early ages (between two and four months of
age) [64] and from four to five years of age [66]. In addition, a study using prenatal exposure
with a follow-up period between one and five years reported intelligibility, vocabulary
comprehension, and production deficits [67], while verbal comprehension, memory, and

cognitive problems were observed by Torres-Sanchez et al. [71].

Similarly, cognitive deficits, particularly in working memory and quantitative areas were
observed at four years of age following Mirex exposure [72], while Chlordecone exposurewas
linked to poorer motor ability amongst boys [73]. The same motor and cognitive deficits
were also observed in children aged between eight and twelve months following postnatal

exposure, in a study categorized as H-quality [68].

Conversely, the residential uses of PT have been rapidly increasing over the years [99]. In this
review, except for the study by Watkins et al. [78] (H-quality), all studies were categorized as
VH-quality. Moreover, all the included studies showed behavioral or development deficits,

being more evident in the two studies which evaluated postnatal exposure. Prenatal exposure
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to PT was associated with mental but not motor development problems in children between two
and three years of age [77,78]. Children aged up to three years showed behavioral and
emotional deficits [74], while the PELAGIE cohort showed an increased risk of behavioral
disorders [76], in addition to verbal comprehension and working memory deficits after
postnatal exposures [75]. These results are in accordance with those reported by Oulhote and
Bouchard [100], who also found behavioral problems in children. In any case, the literature on

PTs is scarce, and more longitudinal investigations are needed to verify these findings.

Likewise, all studies that assessed exposure to mixed or different types of pesticides were
classified as VH-quality. Moreover, only one study did not find any association with autism
symptomology after postnatal mixed exposure. Regarding prenatal exposure to some
pesticides mentioned above (CPF, MAL, Diazinon, Avermectin, and Permethrin) appears to
be associated with autistic behaviors in children assessed during their first year of life [83].
The same results were observed in the CHARGE cohort exposed to OP and PT [90] in
addition to CM and NN [81,89]. Interestingly, Schmidt and coworkers [89] reported a
decreased risk of the disorder when mothers received FA supplements during pregnancy. It
has previously been reported that FA intake prevents neurodevelopmental and behavioral
outcomes such as hyperactivity or verbal deficits, amongst others [101,102]. Accordingly, in a
case-control study conducted by the same authors, it was found that gestational FA
supplements near the time of conception were associated with a reduction in ASD risk (around
40%) [103]. Moreover, socio-emotional deficits were found after Pt exposure at one year of
age, as well as communication and language problems among girls, while at two years of age
this deficit was observed in both sexes. Similar communicative deficits were observed at
two years of age after OC metabolite exposure, followed by motor problems [84]. The same
outcomes were observed in girls when they were evaluated between six and 11 years of age,
whilst impairments in neurobehavioral and cognitive functions were also observed in this sex
[82]. In addition, Furlong et al. [74] found cognitive problems among black children, as well as
internalizing deficits after OC exposure. In a similar vein, Gunier et al. [91] found deficits in 1Q
and comprehension as well as perceptual reasoning problems following OP, PT, and NN
exposure, whilst combined OP and CM exposure was only associated with 1Q deficits [91].
Prenatal exposure to only carbamates (Mancozeb) at one year of age was associated with
cognitive problems among girls, motor and language deficits in boys, and lower socio-emotional
scores in both sexes [80]. Further, when studying the effects of exposure at two years of age
(Propoxur), Ostrea et al. [88] only found motor problems in boys, whilst at three years of
age prenatal and postnatal Carbofuranphenol exposure was found to be associated with social

behavior deficits [79].

Taking together, all of this information suggests that there are certain discrepancies in the

way in which autism is assessed, with some studies relying on clinical diagnoses of autism
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whilst others use scale scores to obtain data related to the symptomatology of ASD, which are
also shared with other multiple neurodevelopmental disorders such as depression and mood
disorders [54]. Moreover, other discrepancies could be related to the substantial variability
between studies when assessing the source, route, and period of exposure. Many of the
studies assessed exposure through metabolite levels in urine or blood, while others assessed
specific compounds such as CPF or MAL. The presence of metabolites in urine may not be
exclusively a result of environmental exposure, and in fact, these compounds could be
ingested through the diet by humans; therefore, metabolite measures reflect exposure by both
environmental and dietary routes [104]. In a similar vein,metabolite evaluation makes it difficult
to conclude, because some of these biomarkers are nonspecific (e.g, DAPs or 3-PBA) and
instead they arise from a multiple range of compounds with varying levels of toxicity and potency
[98]. Further, it is also worth noting that studies conducted in different countries use different
compounds and levels of exposure, which could explain some of the discrepancies between

results [49,62].

Another challenge is that humans are constantly exposed to a wide variety of pesticides (through
diet, house fumigation, or agricultural exposure), but most of the authors reported the effects of
exposure to a single pesticide since they studied only a limited number of metabolites. It
must also be taken into account that diet could have a pronounced impact on the outcomes
observed in children. Diet is a strong variable, and, along with its inherent importance as the
source of nutrients and vitamins, it is also associated with socioeconomic status. It remains
unclear as to whether the consumption of fresh fruit and vegetables could partially counteract
the adverse effects produced by pesticides, or whether there are potential beneficial effects of a
diet supplemented with FA [89,103]. Moreover, some studies reported a stronger association
between ASD or their symptomatology and sex. Although boys are almost four times more
likely than girls to be diagnosed with autism [105], the results did not suggest the
existence of a stronger association among boys, since an equal number of studies reported
effects among girls. This indicates that environmental factors could equally affect both sexes.
Alternatively, other studies find autism-related traits in children of black and unmarried
women, thus highlighting the influence of other factors such as diet, vitamin deficiencies,

socioeconomic status, or genetics [24].

Another important issue is related to the age at which the outcomes are evaluated since
studies assessing behavior at very early stages found more adverse effects than those using a
longer follow-up period. It appears that early detection of autism (one or two-week evaluations)
can be extremely valuable for detection, prevention, and establishing more effective

treatments [106].
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4.3. Relationship between Preclinical and Clinical Studies Concerning ASD

Comparisons between the preclinical and clinical results summarized in the present
systematic review can be made only with regard to OP compound exposure as the remaining
families of pesticides have not been systematically studied using animal models. However, the
type of compound differs among these studies; since animal studies are more focused on CPF
exposure, whilst human studies focus on non-specific OP metabolites. As previously
described, preclinical studies have yielded inconsistent results, but exposure during specific
gestational ages (around GD12) has the strongest empirical support. Thus, in clinical studies, it
is difficult to conclude because of the considerable variability observed in terms of age or type of
exposure. Nonetheless, it seems that exposure to OP during prenatal or early postnatal
periods is associated with cognitive and social deficits, OC exposure is linked to adverse
effects on cognition, and PT exposure is linked to behavioral problems. Therefore, we can
conclude that studies conducted in animals included more stable and controlled parameters

than those conducted in humans.

5. Conclusions

This review provides a comprehensive synthesis of the available evidence from various sources and
evaluates the link between exposure to a wide range of pesticides and ASD and associated
symptomatology. Our search, however, revealed that OCs have been the most widely studied

type of pesticides to date. In particular, the review of preclinical studies highlights that:

- The relation between exposure to different pesticides and the ASD-like phenotype concerning
the core symptomatology of autism is relatively under-explored in preclinical research. Even
in the case of those compounds for which there is a significant amount of empirical research
regarding sociability and/or communicative outcomes (e.g, CPF), the considerable
differences between studies regarding exposure protocols (e.g., gestational vs. postnatal or
early vs. medium vs. late gestational) make it impossible, in the end, for us to draw any

solid conclusions.

- There is a significant gap in the literature as only one study included in the review used
rats. Although the relevance of the use of mice is unquestionable, it is known that rat
models are closer to humans in terms of genetic background and behavioral regulation,

particularly with regard to social behaviors [96].

- Future preclinical research should focus on a more in-depth analysis of exposure to

developmental CPF and other pesticides concerning the core (sociability and USVs) and
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secondary (e.g.,, neuromotor development) clinical signs of ASD, with a special emphasis
on the gestational period around GD12, whilst it will also be necessary to include rat

models along with the work carried out with mice.

The study on wild-type mice should be complemented with the systematic analyses of the
interactions of this exposure with the various genetic backgrounds of vulnerability associated

with the ASD-like phenotype.

In relation to clinical studies:

It is difficult to draw solid conclusions as there are a wide variety of studies that differ in many

aspects such as route, age, or source of exposure.

The study of exposure to a single pesticide in humans lacks ecological validity, due to the fact
that humans are constantly exposed to a wide range of pesticides through arange of routes
such as diet, house fumigation, or agriculture. This wide variability of compounds and
environmental exposure could contribute to the heterogeneity of results found in the

literature.

Pesticide exposure appears to co-exist with other factors that may be harmful or beneficial for
the development of the nervous system. Examples of other factors that could explain the
association between pesticides and ASD are lifestyle, socioeconomic or educational status as
well as ethnicity or gender. Moreover, maternal age is an important factor to consider, as the
concentration of pesticides in the body increases with age, and so higher maternal ages are

more strongly associated with an increased risk of autism in their offspring [107].

Pesticide exposure did not always show harmful effects when authors considered different
covariates, suggesting the existence of certain genetic polymorphisms which could interact
with environmental factors and amplify the adverse effects of pesticides in relation to ASD

(gene-environment interaction).

Further clinical research is needed to homogenize exposure in human studies, particularly in
terms of exposure to specific pesticides, consideration of other risk factors, as well as the
use of a more well-defined follow-up period and validated tools for measuring behavioral

outcomes.
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4.2. Publication II

Influence of gestational chlorpyrifos exposure and APOE polymorphism on autistic-like

behaviors: differences with the valproic acid animal model

Judit Biosca-Brull, Pia Basaure, Laia Guardia-Escote, Maria Cabré, Jordi Blanco, Miguel Morales-

Navas, Fernando Sanchez-Santed, José L. Domingo, Maria Teresa Colomina

Study II overview

What do we

already know?

ASD is characterized by social and communication impairments, as well as
repetitive patterns of behavior. People with autism often have co-
occurring condition such as anxiety. Although its etiology is still unknown,
there are some genetic and environmental factors that make a child more
likely to develop the disorder. The OP pesticide CPF, as well as hundreds

of genes, have been strongly associated with the disorder.

What does the
study add?

This study evaluates the effects of prenatal exposure to CPF on
communication skills, early development and long-lasting anxiety
behaviors, and compares them to a pharmacological model of autism. At
the same time, the different characteristics conferred by the APOE
genotype are also studied, in search of a plausible cause that can explain

the etiology of autism.

Highlights

Prenatal exposure to CPF and VPA were observed to have opposite effects,
on communication skills. Basal differences between the APOE genotype
were observed in young and adolescent transgenic mice. VPA-treated

mice showed autism-like behaviors in all parameters evaluated.
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Influence of gestational chlorpyrifos exposure and APOE polymorphism on autistic-

like behaviors: differences with the valproic acid animal model

Judit Biosca-Brull 2b¢, Pia Basaure 2, Laia Guardia-Escote 2b, Maria Cabré 24, Jordi Blanco ace, Miguel
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e Universitat Rovira i Virgili, Department of Basic Medical Sciences, Reus, Spain

f Department of Psychology, Health Research Center (CEINSA), Almeria University, 04120 Almeria, Spain

Abstract: Autism spectrum disorder (ASD) encompasses several neurodevelopmental conditions
characterized by communication and social impairment, and repetitive patterns of behavior. It can
co-occur with other mental conditions such as anxiety. The massive use of chlorpyrifos (CPF) has
been linked to the increase the prevalence of the disorder, especially when the exposure occurs
during development. ASD has also been closely linked to a wide variety of genetic factors. The aim
of the present investigation is to study how gestational CPF exposure and APOE polymorphism
affects communication skills, early development and mid-term anxiety-like behaviors. C57BL/6]
and humanized apoE3 and apoE4 homozygous mice were exposed to 0 or 1 mg/kg/day of CPF
through the diet, from gestational day (GD) 12 to 18. In addition, a group of C57BL/6] females were
injected subcutaneously with 300 mg/kg/day of valproic acid (VPA) on GD 12 and 13. This group
was used as a positive control for studying some core and associated autism-like behaviors. Dams
were evaluated on maternal care and nest quality, whereas pups communication skills by means of
ultrasonic vocalizations and physical/motor development were assessed during the preweaning
period. Moreover, locomotor activity and anxiety-like behaviors were evaluated during adolescence.
Our results showed that C57BL/6] mice prenatally exposed to CPF or VPA showed a decrease in
body weight and a delay in eye opening, while communication and anxiety behaviors were affected
differently depending on treatment. In addition, none of the parameters evaluated in apoE
transgenic mice exposed to CPF were affected, but there were differences between genotypes.
Therefore, we suggest that prenatal CPF exposure does not influence communication and anxiety
behaviors as VPA exposure does, while the APOE genetic background confers resistance to prenatal

CPF exposure and influences the maturation rate by conditioning the behavioral response.

Keywords: Development, Autism, Chlorpyrifos, Anxiety, Ultrasonic vocalizations, APOE
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1. Introduction

Organophosphate (OP) pesticides have been used worldwide to control insect pests in agricultural
and residential areas. In 2003, the European Commission reported that 59.1 % of the total used
pesticies were OP, which amounts to 4,645 tons of this pesticide. Of all the OP, chlorpyrifos (CPF)
was the most used with 15.6 % (1,226 tones) (European Commission, 2007). It was also highly used
in the United States (US) (28,500 tons annually). After a considerable number of scientific reports
on the health effects associated with CPF, a number of regulatory measures were introduced in both
US and Europe. In brief, in 2001, the US Environmental Protection Agency (EPA) prohibited its
residential use (EPA, 2002), and in the last few years, the US and the European Union have
completely banned CPF, even though it is still used in developing countries (EPA, 2021; EFSA,
2019).

Although CPF is intended to have detrimental effects on pest species, some studies have reported
effects on non-target organisms including humans (Eaton et al., 2008; Maggio et al., 2021; Nandi et
al., 2022). Once CPF has been absorbed, cytochrome P450 metabolizes it to undergo either oxidative
desulfuration which gives its active metabolite (CPF-oxon), or diarylation, which gives 3,5,6-
trichloro-2-pyridinol (TCPy) and diethyl-thiophosphate. CPF-oxon can be hydrolyzed by A- or B-
esterases to TCPy and diethyl-phosphate (Chanda, 1997; Kamataki et al,, 1976; Pond et al,, 1998).
CPF and, in particular, CPF-oxon inhibits the activity of acetylcholinesterase (AChE) by binding to its
active site. This inhibition led to an accumulation of acetylcholine in the synaptic cleft and a
subsequent overstimulation of the postsynaptic cholinergic receptors (Pope and Liu, 1997; Sultatos,
1994). In rodents, AChE inhibition has been described at a threshold of 1 mg/kg/day of CPF (Silva,
2020), although doses below this threshold have been described without cholinergic signs of
toxicity but with alterations in locomotor activity (Lee et al., 2015; Silva et al,, 2017), cognition
(Gomez-Giménez et al,, 2017; Jett et al., 2001) or anxiety-like behaviors (Carr et al,, 2017; Silva et al,,
2017), since CPF has other targets such as the cannabinoid or endocrine system (Abreu-Villaca and
Levin, 2017; Casida and Quistad, 2004; Oténio et al., 2022). In addition, several studies have
demonstrated that young animals and humans are more sensitive to CPF toxicity than adults (Moser

etal., 1998; Pope and Liu, 1997; Timchalk et al., 2006).

Recent investigations suggest that CPF exposure contributes to the etiology of neurodevelopmental
disorders such as autism spectrum disorder (ASD) (Berg et al, 2020; Biosca-Brull et al., 2021;
Perez-Fernandez et al., 2022). Autism is a heterogeneous disorder characterized by difficulties in
social interaction and communication, as well as repetitive patterns of behavior (WHO, 2022). Apart
from these three core symptoms, ASD also presents significant impairments in the motor domain
and can co-occur with other mental health conditions (i.e., anxiety) that may precede social and
adaptative functioning deficits in children (Bhat, 2020; Kerns et al., 2015; Leary and Hill, 1996).

Genetics was first associated with this disorder in the 1980s, and today hundreds of genes have
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been suggested as risk candidates for autism (Rylaarsdam and Guemez-Gamboa, 2019). In our
laboratory, we have investigated the interactions between CPF exposure and different
polymorphisms of the apolipoprotein E (APOE) gene. In humans, there are three major isoforms -
apoE2, apoE3 and apoE4 - of which apoE3 is the most abundant in the population (Marais, 2021).
The apoE protein is involved in lipid transport and metabolism and competes with reelin (RELN) to
bind to very low-density lipoprotein and apoE receptor-2 (D’Arcangelo et al.,, 1999; Mahley, 1988).
The RELN gene has been closely related to ASD, making the APOE a possible candidate (Scala et al,,
2022). However, results on the association between the APOE polymorphism and ASD are scarce
and contradictory. Although Raiford et al. (2004) and Ashley-Koch et al. (2007) observed that the
different polymorphisms of the APOE gene are not a risk for autism, other studies have associated
the hypermethylation of this gene and the apoE2 isoform with increased risk (Hu et al, 2018;
Persico et al., 2004).

Mice predominantly communicate using ultrasonic vocalizations (USVs). USVs emitted by pups
while they are separated from their mother and littermates are important in terms of social
motivation (Ehret, 2005). The genetic background of the animals and exposure to environmental
factors make a considerable contribution to USV modifications. Moreover, altered USVs during the
early stages of development may be an early indicator of long-term behavioral alterations. For
example, changes in the total number of calls can be linked to anxiety-like behaviors (Budylin et al.,
2019). Along these lines, Morales-Navas et al. (2020) observed that prenatal CPF exposure (1
mg/kg/day) reduces the number of vocalizations and increases the latency to emit the first call on
postnatal day (PND) 7 in rats. These results were similar to those observed for rats treated with
valproic acid (VPA), a well-established pharmacological autism model (Mabunga et al, 2015).
Likewise, CD-1 mice exposed to 6 mg/kg/day of CPF during gestation also showed few
vocalizations, a high latency and a tendency to hyporeflexia (Venerosi et al, 2009). On the other
hand, in a study with a validated mouse model of idiopathic autism (BTBR mice) exposed to 6
mg/kg/day of CPF, De Felice et al. (2015) observed an increase in the number of USVs and a
reduction in the motor activity. In terms of the APOE genotype, there is no evidence of prenatal
exposure to CPF, but the evaluation of postnatal CPF exposure (1 mg/kg/day) by Basaure et al.
(2018) showed differences between the APOE genotype in terms of body weight and eye opening,
and a general effect of CPF.

As reported above, anxiety-like behaviors affect 40 % of children diagnosed with autism (Kent and
Simonoff, 2017). Studies with rodents observed that prenatal and postnatal exposure to CPF can
increase or trigger anxiety-like behavior (Braquenier et al., 2010; Silva et al., 2017). Accordingly,
Sanchez-Amate et al. (2001) suggested that CPF has an anxiogenic effect on rats exposed during
adulthood and Robertson et al. (2005) demonstrated that apoE isoforms have differential effects on

anxiety measures, with APOE €4 carriers being the most affected individuals. Anxiety also co-occurs
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with Alzheimer’s disease and, in this case, the apoE4 isoform is the most prevalent genetic risk

factor (Safieh et al., 2019).

The aim of this investigation is to study the contribution of prenatal CPF exposure and the APOE
genotype to the etiology of autism. To this end, communication, physical and motor development, as
well as anxiety-like behaviors were first studied in a pharmacological model of autism and then
compared with C57BL/6] mice exposed to CPF. Subsequently, these variables were also evaluated
in humanized apoE3 and apoE4 homozygous mice prenatally exposed to CPF. To the best of our
knowledge, this is the first study that assesses communication, early development and anxiety

behavior in apoE transgenic mice prenatally exposed to CPF and their relation to autism.

2. Material and Methods

2.1. Experimental animals

Adult C57BL/6] mice from Charles Rivers Laboratories (Barcelona, Spain) and humanized apoE3-
and apoE4 target replacement (TR) homozygous mice from Taconic Europe (Lille Skensved,
Denmark) were used in this study. The apoE-TR mice were generated by replacing the murine
ApoE gene with one of the two human APOE alleles (€3 or €4) without altering any endogenous
regulatory sequence (Sullivan et al, 1997). After one week of quarantine, one male and two
females of the same strain were mated for 3 h. The presence of a vaginal plug was assigned as
gestational day (GD) 0. All the mice were housed in plastic cages containing between two and five
animals until GD 12, when pregnant females were housed individually. Pregnant C57BL/6] mice
were randomly assigned to one of the three treatments (control [CNT], CPF or VPA), whereas
human apoE-TR were randomly selected to receive one of the two treatments (CNT or CPF). The
day of delivery was assigned as postnatal day (PND) 0, and the number of litters and live pups
were recorded. Only litters with at least four live pups were used in this study. Animals were
maintained in a 12-hour light/dark automatic cycle (light ON between 8 a.m. and 8 p.m.) with
controlled temperature (22 + 2 2C) and humidity (50 + 10%). Food (SAFE® A04 diet, Panlab,
Barcelona, Spain) and tap water were administered ad libitum. The present study was given an
authorization code (number 10735) by the Government of Catalonia and conducted following the
ARRIVE Guidelines (Percie du Sert et al.,, 2020). It was approved by the Animal Care and Use
Committee of the Rovira i Virgili University (Catalonia, Spain) and in compliance with Spanish
Royal Decree 53/2013 on the protection of animals used in experiments and the European

Communities Council Directive (86/609/EEC).
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2.2. Chemicals, treatment, and experimental design

Two parallel experiments were conducted in this study (Figure 1). In the first experiment, we
exposed C57BL/6] mice to either 0 or 1 mg/kg/day of CPF (0,0-diethyl O-(3,5,6-trichloropyridin-
2-yl) phosphorothioate) (Sigma-Aldrich, Madrid, Spain) through a supplemented diet from GD 12
to 18, and we included a group treated with a subcutaneous injection of 300 mg/kg/day of VPA
(2-propypentanoic acid sodium) (Sigma-Aldrich, Madrid, Spain), administered on two consecutive
days (GD 12 and 13). The group treated with VPA was used as a pharmacological animal model for
autism (Sakai et al, 2018). In the second experiment, apoE-TR mice were exposed to 0 or 1
mg/kg/day of CPF in the diet from GD 12 to 18. In both experiments, standard food was
supplemented with 15 mg CPF/kg chow (Panlab, Barcelona, Spain). The body weight and food
intake of dams were monitored daily to adjust the amount of food and achieve a daily dose of 1

mg/kg of CPF. All animals were provided with regular chow ad libitum.

= =
2 ____CPF exposure 3 Climb ability Z 5 g
VPA exposure A USVs Eyc opening S B o)

C57BL/6J — ; ;

Hep'ls : PND7 PND 14 PND 21
apoE-TR ; ] )
GDO GD 12 GDI 18 PNDO PND2 PND 9 PND 12 PND 16 PND 28 PND 44
CPF exposure Maternal care
Body weight

Figure 1. Experimental schema of C57BL/6] and apoE-TR mice. A group of C57BL/6] mice were exposed to
300 mg/kg/day of VPA by a subcutaneous injection on GD 12 and 13. Pregnant females of both strains were
orally exposed to CPF (1 mg/kg/day) between GD 12 and 18. USVs were assessed on PND 2, 7 and 9. Physical
and motor development were assessed from PND 2 to 28, whereas locomotor activity and anxiety-like

behavior were evaluated during adolescence (PND 44).

During the preweaning period, communication skills were evaluated, in both strains, on PND 2, 7
and 9. After USV analysis on PND 2, maternal care and nest quality were evaluated, and until
weaning on PND 28, the physical and motor development of the litter were evalauted. At weaning,
mice were assigned to groups of two to five animals of the same sex and treatment per cage. The
unit of analysis was the litter. Measures obtained from individuals of the same litter and sex were

subject to statistical analysis. All the animals and litters used in this study are summarized in

Table 1.
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Table 1. Number of litters used in this study.

C57BL/6] apoE3 apoE4
CNT CPF VPA CNT CPF CNT CPF
Ultrasonic vocalizations
Litters 15 14 18 12 13 16 13
Males 15 12 14 12 12 15 12
Females 12 12 15 12 12 15 12
Maternal care
Litters 15 15 15 15 13 15 15
Physical and motor development
Litters 10 10 8 8 10 10 10
Open field
Litters 18 13 21 12 16 19 15
Males 14 10 16 12 12 15 11
Females 15 13 10 10 12 17 12

CNT-Control; CPF-Chlorpyrifos; VPA-Valproic acid

2.3. Pre-weaning assessment

2.3.1. Litter characteristics and maternal care

On the day of delivery (PND 0), we recorded the number of living and dead pups. The mortality
between PND 0 and 2 was recorded to calculate the viability index (live pups PND 2/litter size

PND 0) (Basaure etal.,, 2018).

Nest quality and maternal care were assessed on PND 2, after pup communication had been
analyzed. First, we rated the quality of the nest as described in Table 2. Afterwards, the dam was
removed from the cage while the pups were weighed and placed in the corner opposite the nest.
The dam was then returned to the home cage and the time that she took to collect the first pup
(latency) and all the pups were recorded for a maximum of three minutes. In addition, we

calculated a new parameters named efficiency (time to collect all the pups - latency)/(number of

pups in the litter) (Reverte et al,, 2014a).

132



UNIVERSITAT ROVIRA | VIRGILI
INFLUENCE OF PRENATAL CHLORPYRIFOS EXPOSURE, APOE GENOTYPE AND SEX ON NEURODEVELOPMENTAL
DISORDERS: BEHAVIORAL AND BIOCHEMICAL ABNORMALITIES IN MICE

Judit Biosca Brull

Publication II

2.3.2. Evaluation of the litter’s physical and motor development

On the basis of previous studies conducted in our laboratory (Basaure et al., 2018; Reverte et al,,
2014a), the developmental timeline of mice was monitored between PND 2 and 28 to evaluate
physical and motor development at different timepoints (see Table 2). Physical development
was assessed by body weight and eye opening, whereas motor development was evaluated by
the climbing ability and pull-strength force. To assess climbing ability, we placed a metal grid
(24 x 24 cm) at an angle of 452 in a plastic cage with the pups at the bottom, and to measure
force we gently pulled the pup backwards by the tail three times and recorded the highest value,
with a grip strength meter (Ugo Basile, Gemonio, Italy). The value for each pup within the litter

was used to calculate the mean value of the litter.

Table 2. Assessment of maternal care and physical and motor development.

Test Day of evaluation (PND) Measure/score

Body weight 2,7,9, 14,16, 21, 23, 28 Weight (g)

Latency (s) to collect the first pup and time (s) taken to

Maternal care 2 collect all pups

Nest quality 5 (r)]eztri]: vr\]/eeilt-’dle f=inr£|t all the pups are in the nest, 2 = the
Climb ability 14-16 %;ren&amnorﬁ?]gp:helg:iéess than half of the grid, 2 =
Pull strength 21 Force (g)

2.3.3. Communication assessment: Ultrasonic Vocalizations

Communication was assessed by recording mice USVs, with SeaWave software (Gianni Pavan©,

Pavia, Italy) and a UltraMic 250 (Dodotronic, Italy) in a sound-attenuating chamber.

The USV call rate increases during the first 5-6 days, peaks are around PND 6-7 and then starts
to decrease until it completely disappears (Elwood and Keeling, 1982). In order to determine the
best days to carry out the test, we recorded mice communication for 3 minutes on PND 2, 4, 6, 8
and 10. Our data, together with that reported by Branchi et al. (2001), led us to select PND 2, 7

and 9 as the best days on which to observe the complete profile of vocalizations.

USVs were recorded in one male and one female from each litter. Animals were moved to the

testing room in their home cage five minutes before the start of the test. Then, we placed a
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random pup in the sound-attenuated chamber for five minutes. The distance between the
microphone and the pup was set at 10 cm (Scattoni et al., 2008). Subsequently, the chamber was
cleaned with ethanol 70 % to prevent olfactory clues and a pup from the same litter but opposite
sex was randomly selected and placed into the chamber to follow the same protocol. This
protocol was performed on every day of the evaluation. Changes over the five-minute period,
total number of calls, and the average of duration, frequency and intensity, as well as the latency

to emit the first call were assessed.

2.4. Behavioral assessment in adolescent mice: open field test

Locomotor and anxiety-like behaviors were assessed at PND 44 in both strains using an open field
test. Briefly, the apparatus consists of an open wooden box measuring 60 x 60 cm and with a 50
cm high wall. The field was divided into two zones: the center zone covering an area of 30 x 30 cm
in the middle of the field and the periphery which covers the rest of the space. Five minutes before
starting the test, the animals were transported to the testing room, placed in the center of the
arena and allowed to explore freely for 30 minutes. After the test had finished, the open box was
cleaned with ethanol 70 % to prevent olfactory clues. Locomotor activity was evaluated by
recording the total distance travelled in periods of five minutes and anxiety-like behaviors by
measuring the time that the animals spent in the center zone in comparison to the periphery, the
velocity at which they moved and the distance they covered. To this end, we used a video camera
(Sony CCD-IRIS) and a video-tracking program (Etho-Vision XT 11.5, Noldus Information
Technologies, Wageningen, The Netherlands) (Kraeuter et al., 2019).

2.5. Sacrifice, sampling and determination of brain AChE activity

Biological samples were obtained on PND 2. Four animals from different litters, sex and
experimental group were sacrificed by decapitation. Brains were flash-frozen and stored at -80 2C

until AChE activity was evaluated.

Brain samples were weighed and homogenized in cold PBS 0.1 M at pH 8 with 1 % Triron X-100.
Then, homogenates were centrifuged at 2,000 g for 10 minutes at 4 °C and the supernatant
removed for analysis. AChE activity was measured in duplicates and determined
spectrophotometrically using a semiautomatic COBAS MIRA analyzer (Hoffman-La Roche & Co,,
Basel, Switzerland) and an updated version of the Ellman method (Ellman et al., 1961; Peris-

Sampedro et al, 2015). The enzyme activity was calculated relative to the protein concentration,
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which was assessed by the Lowry method (Lowry et al,, 1951) described in our previous study

(Biosca-Brull et al., 2022). Brain AChE activity was represented as U/mg proteins.

2.7. Statistical analysis

Data were analyzed using the SPSS 27.0 software (IBM Corp. Chicago, IL, USA). A three-way
analysis of variance (ANOVA) was done to analyze the general effects of sex, treatment and
genotype, as well as their interactions. In those cases in which a variable was assessed over time,
effects were evaluated by using repeated measures ANOVA (RMANOVA). The number of pups in
each litter was used as a co-variable to analyze maternal care latency and all the developmental
landmarks evaluated, while in the study of litter characteristics (litter size and viability index) the
co-variable was the age of the dams. The homogeneity of variance was assessed by the Levene
test. Then, parametric data was further analyzed by one-way ANOVA followed by a post-hoc
Tukey or a two-sample t-test, while non-parametric data was analyzed by the Kruskal-Wallis or
Mann-Whitney U test to assess differences between groups when necessary. The results are

represented as mean values * S.E.M, with the statistical significance set at p<0.05.

3. Results

3.1. AChE activity was unaffected by prenatal exposure and APOE genotype

The activity of AChE was assessed on PND 2 in the brains of pups from both strains. No signs of
AChE inhibition or differences between groups were observed in either C57BL/6] or apoE-TR
groups (data not shown). Therefore, prenatal exposure to low doses of CPF (1 mg/kg/day) during
the late gestation of mice did not affect the activity of the AChE enzyme in pup brains, which

indicates that the cholinergic system was functioning correctly.

3.2. Prenatal treatment with CPF and APOE genetic background do not alter the litter characteristics

or maternal care

The analysis of litter size and viability index using a one-way (treatment) or two-way (treatment
and genotype) ANOVA depending on the strain used showed that neither the treatment nor the

genotype were of any statistical significance (data not shown).
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As far as maternal behavior is concerned, all the dams evaluated prepared a well-defined nest
with all the pups inside (data not shown). The latency to collect the first pup and the total time
corrected by the latency and the number of pups in each litter were analyzed using a one-way
(treatment) ANOVA in C57BL/6] mice and a two-way (treatment and genotype) ANOVA in apoE-

TR mice, but no differences between treatment or genotype were observed (Figure 2).
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Figure 2. Maternal care on PND 2. Latency and efficiency in C57BL/6 (A and B) and apoE-TR mice (C and D).

3.3. Assessment of litter development

The influence of the treatment, sex and genotype on the early development of mice was
determined by analyzing physical and motor endpoints evaluated between PND 2 and PND 28
(Figure 3 and 4).

3.3.1. Prenatal CPF and VPA exposure reduces body weight and delays eye opening in C57BL/6]

mice

The analysis of body weight with a two-way RMANOVA (sex and treatment), showed an increase
in weight with time [F7,70=609.595, p<0.001] and an interaction between PND and treatment
[F14,142-2.602, p=0.002] (Figure 3A). Subsequent analysis with one-way ANOVA or the Kruskal-
Wallis test (PND 14 and PND 21) revealed differences between CNT and CPF (PND2 (p=0.031),
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PND 7 (p=0.013), PND 14 (p=0.004), PND 16 (p=0.001), PND 21 (p<0.001), PND 23 (p<0.001),
PND 28 (p<0.001)) and also between CNT and VPA (PND2 (p<0.001), PND 14 (p=0.001), PND 16
(p=0.005), PND 21 (p=0.001), PND 23 (p<0.001) and PND 28 (p<0.001)), with CNT being the
heaviest group (Figure 3A).
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Figure 3. Physical development of C57BL/6] mice. Body weight from PND 2 to 28 (A) and eye opening
from PND 12 to 15 according to treatment (B) and sex (C). Symbols indicate significant differences between

treatments (*) and sex (@) at p<0.05, while t indicates a tendency.

Eye opening scores were analyzed from PND 12 to 16 using a two-way RMANOVA (sex and
treatment). Maturation of this parameter was observed over time [F448=409.877, p<0.001], and
by PND 15 both eyes were completely open in all groups. We also found an interaction between
PND and treatment [Fs98=2.891, p=0.006] and PND and sex [F448=2.769, p=0.038] (Figure 3B
and 3C). Analysis with the Kruskal-Wallis test showed a downward trend on PND 13 (p=0.057),
when the lowest eye opening score was for CPF- and VPA-treated groups (Figure 3B).
Differences between males and females were assessed by the Mann-Whitney U test (PND 13 and
PND 15) and a two-sample t-test. We observed that males opened their eyes earlier than

females, and this was significant on PND 13 (p=0.005) and PND 14 (p=0.017) (Figure 3C).

No effects of sex or treatment were observed on climbing ability or pull strength, but a
RMANOVA analysis showed progressive motor improvement from PND 14 to 16 [F2,26=110.260,
p<0.001] (data not shown).
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3.3.2. Physical and motor development of apoE-TR mice was not affected by prenatal exposure to

CPF, but differences between genotypes were observed

Body weight was analyzed with a three-way RMANOVA (sex, treatment and genotype). It
showed a progressive increase in weight over time [F7,33=857.260, p<0.001], and an interaction
between PND and genotype [F783=5.034, p<0.001], and PND and sex [F783=2.423, p=0.026]
(Figure 4A). A two-sample t-test with the genotype as independent variable indicates that apoE4
mice had lower body weight over the time (PND 2 [t9s=2.957, p=0.004], PND 7 [t9s=3.095,
p=0.003], PND 9 [t95=3.841, p<0.001], PND 14 [t95=3.841, p<0.001], PND 16 [t95=3.936, p<0.001],
PND 21 [tes=5.527, p<0.001], PND 23 [t95=5.255, p<0.001] and PND 28 [t9s=5.542, p<0.001])
(Figure 4A).
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Figure 4. Physical and motor development in apoE-TR mice. Body weight from PND 2 to 28 (A), climbing
ability from PND 14 to 16 (B) and pull strength on PND 21 (C). The symbol & indicates significant

differences between genotypes at p<0.05.

Treatment, sex and genotype were observed to have no effect on eye opening, but there was an
overall effect of time [F4,65=483.972, p<0.001], indicating that all mice opened their eyes during

the period studied (data not shown).

In terms of motor development, a three-way RMANOVA (sex, treatment and genotype) revealed
a progressive improvement in climbing ability [F269=74.524, p<0.001] and an interaction

between PND and genotype [F269=5.045, p=0.009]. Further analysis with a two-sample t-test or
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the Mann-Whitney U test (PND 16) revealed that apoE4 mice achieved top scores earlier than
apoE3 mice, which indicates different rhythms of motor maturation (PND 14 [t73=-2.869,
p=0.055], PND 15 [t76=-3.951, p<0.001] and PND 16 (p=0.040)) (Figure 4B). In addition, a three-
way ANOVA (sex, treatment and genotype) [F1,72=5.497, p=0.022] showed an overall effect of
genotype on the pull strength, the highest values being for the APOE3 genotype (Figure 4C).

3.4. Assessment of USVs

Mouse USVs were analyzed to study changes over the five-minutes period evaluated in periods of
one minute (data not shown) and the total number of vocalizations and the average changes on

duration, frequency and intensity, as well as the latency to the first vocalization (Figure 5 and 6).

3.4.1. CPF and VPA produced opposite effects on communication skills in C57BL/6] mice

As reported above, USVs were recorded on three different days. On PND 2, a two-way (sex and
treatment) ANOVA showed a general effect of treatment on the total number of calls
[F2,79=8.657, p<0.001], duration [F2,79=4.830, p=0.011], frequency [Fz79=3.449, p=0.037] and
intensity [F2,79=5.359, p=0.007] of vocalizations (Figure 5A to 5E). The subsequent analysis with
a Kruskal-Wallis test showed that VPA-treated animals emitted fewer vocalizations (CNT vs VPA
(p<0.001), CPF vs VPA (p<0.001)) with less duration (CPF vs VPA (p=0.011)) and intensity (CPF
vs VPA (p=0.014)), especially in comparison with the animals treated with CPF (Figure 54, 5C
and 5E).

However, these differences disappeared on PND 7 (data not shown), but on PND 9 treatment
was observed to have an overall effect on the total number of vocalizations [F278=11.032,
p<0.001], latency [F278=4.590, p=0.013], duration [F278=4.709, p=0.012] and intensity
[F278=3.942, p=0.024] of calls (Figure 5A to 5E). The analysis with the Kruskal-Wallis test
showed differences in the total number of vocalizations between CNT and VPA (p=0.036), CPF
and VPA (p<0.001) and CNT and CPF (p=0.046) (Figure 5A). In addition, a significant difference
was observed between CPF and VPA (p=0.004) in the latency to the first vocalization, while
differences in call intensity were observed between CNT and CPF and between CPF and VPA at
p=0.001 (Figure 5B and 5E). The duration of USVs was also analyzed by one-way ANOVA
(treatment) [F2,78=4.449, p=0.015]. Post-hoc analysis showed significant differences between the
CNT and VPA-treated group (p=0.017) (Figure 5C). These results indicate that the treatment
with VPA reduces the number, duration and intensity of USVs and increases the time to emit the

first call, which results in inefficient communication, while CPF does the opposite.
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Figure 5. Communication assessment by measuring USVs on PND 2 and 9 in C57BL/6] mice. Average of
total number of calls (A), latency (B), duration (C), frequency (D) and intensity (E). An asterisk indicates

significant differences between treatments at p<0.05, whereas a t indicates a tendency.

3.4.2. Prenatal exposure to CPF does not affect communication skills in apoE-TR mice, but genotype

does

Although, on PND 7 we observed significant differences in some USV parameters between
genotypes, these effects were not observed on PND 2 (data not shown) and disappeared by PND
9 (Figure 6). On PND 7, a three-way ANOVA (sex, treatment and genotype) showed an overall
effect of genotype on all parameters, except for the total number of vocalizations and latency
(duration [F1,101=7.771, p=0.006], frequency [F1,101=19.877, p<0.001] and intensity [F1,101=5.157,
p=0.025]). The APOE4 genotype shows an increase in the duration and intensity of calls, whereas
frequency decreased (Figure 6C to 6E).
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Figure 6. Communication assessment by measuring of USVs on PND 7 and 9 in apoE-TR mice. Average of
total number of calls (A), latency (B), duration (C), frequency (D) and intensity (E). The symbol & indicates
significant differences between genotypes at p<0.05.

3.5. Anxiety-like behavior in an open field test

3.5.1. C57BL/6] mice treated with VPA showed anxiety-like behavior and decreased locomotor

activity

General activity in the open field test was analyzed by a two-way RMANOVA (sex and
treatment). The total time (30 min) was divided into six periods of five-minutes. Locomotor
activity decreased during the testing period in all groups, except for the VPA-treated group in
which it increased at two different evaluation points, suggesting impaired habituation. However,
time was observed to have an overall effect [Fs45=5.753, p<0.001] (Figure 7A). In addition, the
total average of distance traveled and the distance and velocity in the central area were also
assessed (Figure 7B to 7E). Although no significant differences were observed in the distance
treveled in the center, a two-way ANOVA (sex and treatment) showed an overall effect of
treatment on the total average of distance [F254=3.953, p=0.026] and velocity [F254=4.975,
p=0.011] (Figure 7B and 7E). Subsequent analysis by a one-way ANOVA (treatment) revealed
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significant differences between CPF and VPA (total average distance traveled (p=0.011) and
velocity in the center (p=0.005)) (Figure 7B and 7E), with the group treated with CPF traveling

longer distances at greater velocity.

A —- CNT cPF —J-vrA B
E 3000 E 200009 *
&£ &
3 3
2 £ 15000
= S o
< 2500 ] B 0
= - —
& &
10000
z 2000 2
= = o
= Z 5000
= 1500 B
= 500 =
o 0 T T T T T T T E 0
1 1
5 10 15 20 25 30 CPF VPA
Time (min)
3000 25+
s ] = 2
£ [ ] <
e o E 20
5 [
£ 2000 o - g o
g == o080 g = -
£ = ] £ 10 o
@ O 4 =]
g 1000 3 - B E
A N
Q -
0 T T T 0 T T T
CNT CPF VPA CNT CPF VPA

Figure 7. Evaluation of locomotor activity and anxiety behavior in adolescent C57BL/6] mice. Total
distance travelled during the 30 minutes of the test in six five-minute periods (A). Total average distance
traveled (B) and distance (C) and velocity (D) in the central area of the open field. An asterisk indicates

significant differences between treatments at p<0.05.

3.5.2. APOE4 genotype showed more anxiety-like behavior than APOE3

As reported above, locomotor activity was assessed by three-way RMANOVA (sex, treatment and
genotype). Both apoE3 and apoE4 mice habituated to the novel space regardless of the
treatment [Fs551=20.358, p<0.001]. However, interaction between time and treatment
[Fs51=2.443, p=0.046] was observed. This, indicates that the CNT group presented greater
activity than the treated groups and that the differences were significantly different at 10
[t61=2.453, p=0.017] and 25 min [t61=2.298, p=0.025] of the test (Figure 8A). The analysis of the
total average distance traveled and the distance and velocity in the central zone using a three-
way ANOVA (sex, treatment and genotype) revealed an overall effect of the genotype (distance

in the center [F162=5.423, p=0.024] and velocity in the center [F162=5.918, p=0.018]), and that
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the apoE4 mice traveled the shortest distances more slowly in the center (Figure 8B to 8D). This

may indicate a more anxious phenotype in those mice carrying the APOE &4 allele.
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Figure 8. Evaluation of locomotor activity and anxiety behavior in adolescent apoE-TR mice. Total distance
travelled during the 30 minutes of the test in six five-minute periods (A). Total average distance travelled
(B) and distance (C) and velocity (D) in the central area of the open field. Symbols indicte significant

differences between genotypes (&) and treatment (*) at p<0.05.

4. Discussion

In the current study, we evaluate the potential risk associated with gestational exposure to CPF of
developing ASD-like symptomatology in various animal models. We studied the genetic
vulnerability and interactions with the pesticide in males and females in the VPA pharmacological
autism model, and a transgenic mouse model carrying the human APOE alleles €3 and €4. In
previous studies carried out in our laboratory, we observed that CPF exposure during late gestation
affects social behaviors in adolescence in a sex dependent manner (Biosca-Brull et al, 2022).
Moreover, Basaure et al. (2019) observed that social deficits in adult mice also depended on their

APOE genetic background.
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Thus, we studied how prenatal CPF exposure and APOE genotype affect early communication and
developmental landmarks, which are core and associated symptoms of ASD. To this end, we
designed two experiments that exposed C57BL/6] to VPA and CPF and apoE-TR mice to CPF during
gestation. Communication and physical/motor development was evaluated in the preweaning
period, and locomotor activity and anxiety behavior were assessed in adolescence (PND 44). In
C57BL/6] we observed that both CPF and VPA decreased body weight and delayed eye opening.
Mice treated with VPA showed communication deficits after birth and anxiety-like behavior in
adolescence, while prenatal CPF affected both communication and anxiety but in the opposite way.
Prenatal CPF exposure did not alter any of the parameters evaluated in the APOE genetic
background but significant differences were observed between APOE genotypes, with a greater
effect in APOE €4 carriers. This lack of any gestational toxic effects suggests a more resistant

phenotype in mice carrying the human APOE gene, and deserves more investigations.

Since no effect was observed on AChE activity, we can confirm that the dose used in this study had
no toxicity or clinical effects, as Silva (2020) reported in her review. However, it must be taken into
account that the time elapsed between maternal exposure and AChE determination is long enough
for any effects to have disappeared (Basaure et al., 2018; Carr, 2001; Morales-Navas et al., 2020;
Perez-Fernandez et al,, 2020b, 2020a).

As mentioned above, mice communicate by emitting USVs as distress calls when they are isolated
from the nest so that they can be retrieved by their mother (Portfors, 2007), although retrieval is
affected as much by the dams emotional and motivational state as by the quality and quantity of
USVs. Indeed, mothers involved in maternal behaviors such as lactation or actively caring for pups
showed a faster response than the non-lactating mothers (Ehret and Haack, 1984). Nevertheless,
our results were unable to detect any maternal behavior that could explain differences between
pups in terms of physical development or behavior later in life. In fact, body weight from PND 2 to
28 was lower in C57BL/6] exposed to both CPF and VPA. In addition, these treated animals showed
a delay in eye opening, but no motor alterations. Although the literature about the influence of
prenatal CPF exposure on fetal growth is scarce, a study on women living in New York associated
the levels of CPF in umbilical cord with lower body weigh and length at birth (Whyatt et al., 2004).
On the other hand, VPA exposure is associated with body weight gain in adolescents (Biton et al,,
2003; Wirrell, 2003) and adults (Mattson et al., 1992), but Espinosa et al. (2008) did not observe
any increase in the body mass index of prepubertal children. Likewise, apoE3 mice showed higher
body weight but poorer climbing ability, even though motor deficits were reversed as the animals
grew (PND 21), since the mice carrying the APOE €3 allele were stronger than APOE €4 carriers.
Published data indicate that the APOE3 genotype is the most vulnerable to metabolic alterations
such as obesity (Arbones-Mainar et al., 2008; Johnson et al., 2017; Tejedor et al., 2014) so this could

explain the differences observed in body weight.
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Communication skills are affected by such variables as the strain, age, sex and environmental
factors (Caruso et al., 2022; Sasaki et al., 2020; Scattoni et al., 2009). Rodent USVs increase during
the first PNDs which is when pups strictly depend on their mothers for survival, but progressively
decrease as they develop physically and in terms of motor function (Caruso et al,, 2020). In CD-1
mice exposed to 6 mg/kg/day of CPF during late gestation, Venerosi et al. (2009) found that the
number and duration of calls decreased but the latency to the first vocalization on PND 10
increased. Along these lines, Morales-Navas et al. (2020) showed similar results in rats on PND 7,
and these alterations were associated with those observed in VPA-treated rats. On the other hand,
our results showed opposite effects for CPF and VPA in C57BL/6]; CPF significantly increases the
number of calls on PND 9 in comparison to both control and VPA mice. These discrepancies
between the two experiments may be related to differences in the species and strain used. On the
other hand, increased USV rates have also been reported for ASD animal models. In fact, several
studies with idiopathic and knockout mouse models of autism showed an increase in vocalizations
(De Felice et al., 2015; Picker et al., 2006; Scattoni et al., 2008; Tsai et al., 2012). However, we did
not observe any significant effect of prenatal exposure to CPF on apoE-TR mice, but rather a
genotype effect. This is the first study to assesse communication skills in apoE-TR mice, and we
should point out the need to investigate the USV profile in this genetic background to determine
whether some apoE isoforms follow an idiopathic communication profile or whether there are

different rhythms of maturation.

Likewise, several studies have used developmental USVs to predict later-life anxious behaviors
(Budylin et al., 2019; Lukas and Wohr, 2015; Yamauchi et al., 2022). Although the literature on USVs
and late anxiety-like behaviors has discussed CPF and the APOE genotype very little, it is well
known that treatment with VPA increases anxiety levels in rodents (Olexova et al., 2016; Schneider
et al,, 2008, 2006). In agreement with this, our VPA-treated mice showed a reduction in center
velocity, indicating that they showed inactive behaviors in the inner zone as a sign of anxiety.
Furthermore, several studies observed that CPF exposure during late gestation or the first postnatal
week can induce long-term alterations in terms of anxious behaviors in rodents (Braquenier et al.,
2010; Ribeiro-Carvalho et al., 2020; Venerosi et al,, 2010). However, the results obtained in this
study show no differences between CNT and CPF-exposed mice. Our results on the APOE genotype
are in agreement with those of Reverte et al. (2014b), which show that the APOE genetic
background, and in particular the APOE4 genotype, confers different anxiety behaviors. However, it

was not affected by CPF treatment.

In summary, pregnancy is probably the most important stage in the development of a human or
animal. Exposure to environmental toxics during this period can have short-, mid- and long-term
adverse effects related to neurodevelopmental disorders, and these effects may be influenced by the
genetic background. Our results showed that communication and anxiety behaviors in animals after

prenatal exposure to CPF differ from those observed in animals after exposure to VPA, whereas
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both treatments reduced body weight and delayed eye opening in C57BL/6] mice. On the other
hand, we observed basal differences between APOE genotypes in all the variables evaluated, but
they were not affected by treatment with CPF. For this reason, we suggest that different human
apoE isoforms confer some protection against prenatal CPF exposure. Finally, we should point out
that small differences in the maturation profile between species or produced by treatment could be
masking some effects, and further research is needed to evaluate the possible long-lasting effects of

CPF in adults.
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Study III overview

What do we

already know?

CPF is a widely used OP in agriculture even though its uncontrolled used
has had negative effects on human health. Specifically,
neurodevelopmental disorders such as ASD have been associated with the
massive use of CPF, as well as a consequent imbalance between excitatory
and inhibitory neurotransmitters that could lead to inappropriate brain

development.

What does the
study add?

This study focuses on evaluating the effects of prenatal CPF exposure on
social behavior at two developmental stages. In addition, it studies the
glutamatergic and GABAergic systems in order to confirm the imbalance

observed in ASD population.

Highlights

Social novelty preference was impaired in male mice exposed prenatally
to CPF or VPA. Prenatal, but not postnatal exposure to CPF alters social
behaviors. Male mice prenatally exposed to CPF or VPA showed altered
gene expression in both the GABAergic and glutamatergic systems. The
toxic effects of prenatal CPF exposure involve different pathways

depending on sex.

* No edited version of the online article
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Abstract: The balance between excitatory and inhibitory neurotransmitters is essential for proper
brain development. An imbalance between these two systems has been associated with
neurodevelopmental disorders. On the other hand, literature also associates the massive use of
pesticides with the increase of these disorders, with a particular focus on chlorpyrifos (CPF) a
world-wide used organophosphate pesticide. This study was aimed at assessing social autistic-like
behaviors on mice pre or postnatally exposed to CPF (0 or 1 mg/kg/day), in both sexes. In prenatal
exposure, C57BL/6] pregnant mice were exposed to CPF through the diet, between gestational days
(GD) 12 and 18, while a positive control group for some autistic behaviors was exposed to valproic
acid (VPA) on GD 12 and 13. To assess postnatal exposure, C57BL/6] mice were orally exposed to
the vehicle (corn oil) or CPF, from postnatal days (PND) 10-15. Social behavior and gene expression
analysis were assessed on PND 45. Results showed social alterations only in males prenatally
treated. GABA system was upregulated in CPF-treated females, whereas an increase in both systems
was observed in both treated males. These findings suggest that males are more sensitive to

prenatal CPF exposure, favoring the sex bias observed in ASD.

Keywords: Chlorpyrifos, Autism, GABA, Glutamate, Social behavior, Excitatory/inhibitory balance
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1. Introduction

Pesticides have been used extensively in developed countries for both agriculture and residential
uses, with consequential effects on non-target organisms such as humans (Karalliedde et al., 2003;
Suratman et al., 2015). Exposure to pesticides can occur through different routes: ingestion (e.g.,
food contamination), inhalation (e.g, environmental and household pollution) and dermal

absorption (e.g, farmers) (Kim et al., 2017).

Organophosphate (OP) pesticides, and specially chlorpyrifos (CPF), are widely used in agriculture to
protect crops from insect attacks (Jokanovic, 2001). However, there is a great deal of evidence
demonstrating adverse health effects on humans leading to regulations in the United State, where
agricultural and food uses were banned in 2022 (EPA, 2021). In turn, in 2020, the European Union
did not continue renewing the authorization to use CPF (EFSA, 2019). However, several countries

still use this pesticide, which will lead to negative effects on human health for years to come.

Bioactivation of CPF is produced by its oxidation to CPF-oxon (active metabolite) in the liver by
cytochrome P450. Subsequently, CPF-oxon is hydrolyzed to diethylphosphate and 3,5,6-trichloro-2-
pyridinol (TCPy) (Chambers and Chambers, 1989; Sams et al,, 2004). The toxic effects of OP are
related to the irreversible inhibition of the enzyme cholinesterase (ChE), which causes an
overstimulation of the cholinergic system (Casida and Quistad, 2004; Flaskos, 2012). However,

other targets have also been identified (Casida, 2017).

There is a growing body of literature that points towards the relationship between CPF exposure
and the increase in neurodevelopmental disorders such as autism spectrum disorder (ASD), which
is characterized by difficulties with social interaction and communication, as well as a high
prevalence of repetitive patterns of behavior or stereotypes (Baird, 2003). The increased
prevalence in ASD observed in the last few years has triggered many authors to hypothesize a gene-
environment interaction involved in autism etiology (Havdahl et al,, 2021; Waye and Cheng, 2018).
Although existing data are not always consistent regarding CPF exposure and its relation to autism
symptomatology, a systematic review recently conducted by our group (Biosca-Brull et al., 2021)
informed consistent positive associations between OP exposure and neurodevelopmental disorders,
including autism-related traits, in clinical studies. Moreover, in preclinical studies, exposure to low
or high doses of CPF, during gestation or the first developmental stages, produce social deficits in
the adulthood in a sex-dependent manner (Venerosi et al,, 2006, 2015), while effects in earlier
stages such as adolescence, are more heterogeneous (Ricceri et al., 2003; Venerosi et al., 2008).
Besides, studies that evaluated both prenatal and postnatal exposure also reported short- and long-
term impairments in motor and novelty-related response (Laporte et al., 2018). Nonetheless, Lan et
al. (2019) reported that autism is a sexually dimorphic disorder, with a male bias inasmuch as for

every four males diagnosed, only one female is affected.
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The Three-Chamber test described by Crawley (2004) has been largely used to study social
behavior and social recognition in rodents (Silverman et al.,, 2010). Brain regions such as amygdala,
anterior cingulate cortex, medial prefrontal cortex, and hippocampus are critical for social memory
formation and consolidation (Tanimizu et al, 2017). A considerable amount of literature has
highlighted the CA2 hippocampal region as the principal area involved in social memory regulation
(Garrido-Zinn et al,, 2016; Hitti and Siegelbaum, 2014; Montagrin et al., 2018). Furthermore, it is
suggested that an imbalance between excitatory and inhibitory neurotransmitters (glutamate and
gamma-aminobutyric acid (GABA), respectively) is present in some neurodevelopmental disorders
(Lopatina et al., 2018). GABA is synthesized from glutamate by glutamic acid decarboxylase (GAD).
Then, vesicular GABA or glutamate transporters release their neurotransmitters to the synapses
through exocytosis, leading GABA or glutamate to join their receptors (Rowley et al, 2012).
Alterations in neurotransmitter balance, together with neurodevelopmental delays, were observed
in the offspring of epileptic mothers treated with valproic acid (VPA) (Godhe-Puranik et al., 2013).
Exposure to VPA during the first trimester, when organogenesis occurs, is associated with a high
prevalence of ASD in offspring (Arndt et al., 2005). In mice and rats, organogenesis is developing
between gestational day (GD) 8 and GD 15 (Ergaz et al., 2016). Prenatal VPA exposure (GD 11.5)
showed deficits in GAD levels and a downregulation of the GABAergic system in rats (Win-Shwe et
al,, 2018), while glutamate expression levels were upregulated (Markram et al., 2008). On the other
hand, post-mortem studies of autism showed a reduction in hippocampal GABAx receptor subunits
and GAD (Bozzi et al,, 2018). In the same line, developmental exposure to low and high doses of CPF
was associated with an increase in the glutamate N-methyl-D-aspartate (NMDA) receptor,
particularly, in the GluN2A and GluN2B receptor subunits) (Gomez-Giménez et al., 2018; Gultekin et
al,, 2007). In contrast, less is known about the effects of CPF in the GABA system. However, Perez-
Fernandez et al. (2020a) found an upregulation of GABA-A a2 subunits in rats that were postnatally
exposed to low doses of CPF, but no effects were observed in GAD1, GAD2 and GABA-A al subunit.
Taking together all these results, it could be suggested that both CPF and VPA exposure impair
GABAergic neurotransmission and enhance glutamatergic neurotransmission, leading to an altered

excitatory/inhibitory (E/I) balance.

Some evidence points towards the contribution of CPF on neurodevelopmental disorders being the
developmental period of exposure critical in producing different deficits. For this reason, the aims
of this study were to evaluate the effects of prenatal and early postnatal exposure to CPF on social
behavior, as well as to determine whether low pesticide exposure alters GABAergic and
glutamatergic hippocampal signaling, while looking for a plausible association between CPF

exposure and neurodevelopmental disorders.
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2. Material and methods

2.1. Animals

Adult male and female C57BL/6] mice were obtained from Charles River Laboratories (Barcelona,
Spain). One male and two females were mated for 3 h. When a vaginal plug was detected, this day
was designated as GD 0. Animals were housed in plastic cages containing between three and five
mice until GD 12, when pregnant females were housed individually. The delivery day was
designated as postnatal day (PND) 0. Only litters with at least four live pups were used in this
study. Pregnant females were randomly assigned to one of the three treatments (control (CNT),
chlorpyrifos (CPF_1) or VPA) for the prenatal exposure experiment or to one of the two treatment
groups (vehicle or CPF_2) for the postnatal exposure experiment. Animals were maintained in a
12-h light/dark automatic cycle (light ON between 8 a.m. and 8 p.m.) with controlled temperature
(22 = 2 2C) and humidity (50 £ 10%). Food and water were administered ad libitum. The present
study was assigned an authorization code (number 10735) by the Government of Catalonia. It was
conducted in compliance with Spanish Royal Decree 53/2013 on the protection of animals used in
experiments and the European Communities Council Directive (86/609/EEC) and was approved

by the Animal Care and Use Committee of the Universitat Rovira i Virgili (Catalonia, Spain).

2.2. Treatment and experimental design

Two experiments were designed in order to assess the effects of low doses of CPF at two different
developmental periods: late prenatal and early postnatal (Fig. 1). For the prenatal exposure
experiment, pregnant mice were exposed through the diet to a 0 or 1 mg/kg/day dose of CPF (0,0-
diethyl 0-(3,5,6-trichloropyridin-2-yl) phosphorothioate) 99.5% purity) (Sigma-Aldrich, Madrid,
Spain) between GD 12 and GD 18. The positive control group was based on a model of autism-like
behaviors taken from previous literature (Sakai et al., 2018). For the autism model mice, pregnant
females were treated with a dose of 300 mg/kg/day of VPA (2-propypentanoic acid sodium, purity
98%) (Sigma-Aldrich, Madrid, Spain) administered by subcutaneous injection for two consecutive
days (GD 12 and GD 13). For the postnatal exposure experiment, CPF was dissolved in corn oil
(vehicle) and adjusted to administer an oral dose of 1 mg/kg in 1 uL/g of body weight, using a
micropipette. Treatment was administered to pups from PND 10 to PND 15. The control group

received the vehicle during the same period.
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1 mg/kg/day CPF_1 (diet)

300 mg/kg/ day VPA (s.c.)
s " Prenatal exposure experiment
GD 0 h ﬁ

GD12& 13 GD 18

PND 45
Crawley Three-chamber test

GDO# ﬁ

Postnatal exposure experiment PND 10 PND 15

BIRTH

| mg/kg/day CPF_2 (by micropipettc)

Fig. 1. Experimental design of both exposure periods. In the prenatal exposure experiment, pregnant females
were exposed to CPF_1 (1 mg/kg/day) from GD 12 to GD 18, whereas in the positive control of autism, mice
were exposed to VPA (300 mg/kg/day) on GD 12 and GD 13. In the postnatal exposure experiment, mice
were exposed to the vehicle (corn oil) or CPF_2 (1 mg/kg/day) from PND 10 to PND 15. A social behavioral
test was performed on PND 45.

In both cases, on PND 28 (weaning day), mice were separated in order to assess social behavior.
Animals were housed in groups of two to four animals of the same sex per cage until behavioral
test day (PND 45). On PND 46, animals were euthanized by exsanguination under isoflurane
anesthesia, where brains were removed and stored at - 80 2C until analysis. The number of mice

used for each analysis is given in Table 1.

Table 1
Number of animals used in the study.
Prenatal exposure Postnatal exposure
CNT CPF VPA CNT CPF

Social behavior
Males 15 10 15 10 10
Females 15 13 13 10 10
Gene expression
Males 5 6 6 _ _
Females 6 6 5 _ _
Protein expression
Males 4 5 6 _ _
Females 5 5 6 _ _

CNT-Control; CPF-Chlorpyrifos; VPA-Valproic acid
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2.3. Behavioral assessment: three-chamber test

Sociability and preference for social novelty were evaluated in adolescent males and females on
PND 45, using a nonautomated three-chamber Plexiglas box based on the Three-Chamber test
described by Crawley (2004). Briefly, the apparatus consisted of a rectangular box (60 x 30 x 30
cm) with three interconnected chambers (20 x 30 x 30 cm). The two middle walls of the box had
doorways allowing the mice to move between chambers. There were also two empty wire cups (7
x 7 cm) at both ends of the box. Before starting the test, the mice were transported to the testing
room. Then, the animals were introduced into the space and allowed to explore freely for 10 min.
Next, we assessed sociability by placing an inanimate object (i.e., red plastic frog, 2.5 x 2.5 cm) in
one of the two cups (non-social chamber) and an unfamiliar mouse (same sex and age) in the
other wire cup (social chamber). Finally, we evaluated the preference for social novelty by
replacing the inanimate object with a novel unfamiliar mouse of same sex and age (novel
chamber), while the first mouse was kept inside the same wire cup as the familiar mouse (non-
novel chamber). In both, the social and novel phases, mice were also allowed to freely explore the
three compartments for 6 min. Upon test completion, ethanol 70% was used to clean and
eliminate olfactory cues. The time that the subject mouse spent in each of the three compartments
was recorded using a video camera (Sony CCD-IRIS), and then computerized using a video-
tracking program (Etho-Vision©, Noldus Information Technologies, Wageningen, The
Netherlands) to evaluate the innate preference for the novel stimulus (i.e.,, the preference to
explore a new mouse over a familiar one or an inanimate object) (Crawley, 2007). We also
analyzed two social variables, which were represented by sociability ratio ((time spent in the
social chamber-time in the non-social chamber)/total time exploring), and novelty ratio ((time
spent in the novel chamber-time in the non-novel chamber)/total time exploring). “Total time

exploring” refers to the sum of time the mice spent in the two lateral compartments.

2.4. Gene expression analysis

Hippocampal RNA was extracted using the SPEEDTOOLS Total RNA Extraction Kit (Biotools,
Madrid, Spain). RNA concentration and purity were measured with a Nanodrop 2000
spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Complementary DNA (cDNA)
was synthetized from 0.21 pg of RNA samples using a Maxima First Strand cDNA Kit for RT-qPCR
(ThermoFisher Scientific, Waltham, MA, USA). Duplicates of each RNA sample were included in the
quantitative real-time polymerase chain reaction (qPCR), which was performed with a Maxima
SYBR Green/ROX qPCR Master Mix (2X) kit (ThermoFisher Scientifics, Waltham, MA, USA) and the
Rotor-Gene Q Real-time Q cycler (Qiagen Inc., Hilden, Germany). A quantitative PCR analysis was

performed to study the expression of glutamate- and GABA-related genes such as glutamate
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decarboxylase 1 and 2 (Gadl and GadZ2), vesicular GABA transporter (Slc32al), glutamate
ionotropic receptor NMDA type, subunit 2A (GrinZa) and 2B (Grin2b), GABAa receptor subunit
alpha 1 (Gabral), alpha 2 (GabraZ), alpha 5 (Gabra5) and beta 3 (Gabrb3), solute carrier family
12-member 5 (Slc12ab5) and 2 (Slc12a2), parvalbumin (Pvalb) and matrix metallopeptidase 9
(Mmp9). Primer sequences are described in detail in Table 2. To calculate the cycle threshold (Ct)
we used Rotor-Gene Q Real-Time PCR 2.0 software (Qiagen Inc., Hilden, Germany). Each sample
was normalized to the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(ACt) and then standardized to the average of each male control group (AACt) to assess the

relative gene expression levels in accordance with the 2-2Ct method (Livak and Schmittgen, 2001).

Table 2
Sequences of primers used for the qPCR analysis.
Mus .
Article . .
musculus Forward primer Reverse primers Source
Symbology
gene
Gadl GAD1 ATGATACTTGGTGTGGCGTAG GACTCTTCTCTTCCAGGCTATTG Leeetal, 2017
Gad2 GAD2 CTCCGGCTTTTGGTCCTTCG ATGCCGCCCGTGAACTTTTG Leeetal, 2017
Slc32al VGAT TCATCGAGCTGGTGATGACG CTTGGACACGGCCTTGAGAT Okaetal., 2015
GrinZa GIuN2A CCATCAGCAGAGGTATCTAC CAGTCTGAATGCGTGAAGCT Chenetal, 2016
Grin2b GIuN2B TCCAGGAGTAATGGCACTGTTTC CGAACATCATCACCCAGACAG Tsang etal, 2015
Gabral ~ GABA-Aal  CACCATGAGGTTGACCGTGA CTACAACCACTGAACGGGCT Mitchell et al,

2018
Gabra2 GABA-Aa2  TTACAGTCCAAGCCGAATGTCCC  ACTTCTGAGGTTGTGTAAGCGTAGC Tanetal, 2011
Gabra5 GABA-Aa5  CCCTCCTTGTCTTCTGTATTTCC TGATGTTGTCATTGGTCTCGTCT Tanetal, 2011

Gabrb3 ~ GABA-AB3  GAGGTCTTCACAAGCTCAAAATC  AGGCAGGGTAATATTTCACTCAG Provenzano et

al,, 2020
Sle12a5 KCC2 CTCAACAACCTGACGGACTG GCACAACACCATTGGTT GCG Ag“;‘é‘(’) ;t al,
Sle12a2 NKCC1 AACCGCTTCGTGGTTACATC TTGCAAGTGATGCATGGAAT Liuetal, 2014
Pvalb PVALB TGTCGATGACAGACGTGCTC TTCTTCAACCCCAATCTTGC Huo et al, 2018
Kizaki et al.,
Mmp9 MMP-9 ACCAAGGGTACAGCCTGTTCCT  GGTAGCTATACAGCGGGTACATGA 006

2.5. Western blot analysis

PVALB protein levels were analyzed by western blotting. Hippocampal samples containing 25 pg
of protein/sample were mixed with RIPA buffer (Merck, Darmstadt, Germany). Samples were
shaken for 40 min and then centrifuged for 15 min (4 2C, 20.000 g). The proteins of the
supernatant were separated by electrophoresis on 15% acrylamide gels. Then, proteins were
transferred to Immobilon-P PVDF sheets (Millipore Corp., Bedford, MA, USA) using a transblot
apparatus (BioRad, Madrid, Spain). Membranes were blocked for 1 h with 5% non-fat milk
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dissolved in TBS-T buffer (50 mM Tris, 1.5% NaCl, 0.05% Tween 20 at pH 7.5). Primary
monoclonal antibody (Cell Signaling, Danvers, MA, USA) against PVALB (molecular weight [MW]:
12 kDa) and GAPDH ([MW]: 37 KDa) was incubated overnight. Blots were washed thoroughly in
TBS-T buffer and then incubated with peroxidase-conjugated IgG antibody for 1 h. An ImmunStar
Chemiluminescence Kit (BioRad, Madrid, Spain) was used to visualize immunoreactive proteins.
Digital images were obtained using the VersaDoc system (BioRad, Madrid, Spain) to perform semi-
quantification of the band intensity (Image Lab, Bio-Rad, Madrid, Spain). The protein load was

periodically monitored via the immune detection of GAPDH.

2.6. Statistical analysis

The data were analyzed using SPSS 27.0 software (IBM Corp. Chicago, IL, USA). General univariate
and multivariate (body weight, sociability /novelty ratio and gene/protein expression) analyses of
variance (ANOVA) were performed to screen general differences of sex, treatment or sex x
treatment interaction. A one-way ANOVA followed by the post-hoc DMC test was used to analyze
the differences between treatments or sex x treatment interactions when it was appropriate. Both
social behaviors were evaluated with a paired samples t-test in order to find differences in the
time spent in social/novel versus non-social/non-novel chambers. The one sample t-test was
performed to analyze the sociability and novelty ratio. A principal component analysis (PCA) of
ACt was carried out in gene expression as a general screening. Levene test was performed to
assess the homogeneity of variance. Kruskal-Wallis or Mann-Whitney U test were performed
when variances were not homogeneous. All data are presented as the mean values * S.E.M.

Statistical significance was set at a threshold of p < 0.05.

3. Results

3.1. Body weight

Body weight was measured in all animals during developmental period, from PND 2 to PND 28.
Differences of treatment were observed in both exposure periods (prenatal exposure [F770 =
2.602, p < 0.002] and postnatal exposure [Fo,16= 3.061, p = 0.025]), being in the prenatal exposure
the CNT group the ones that had higher body weight, whereas in postnatal exposure higher weight
was observed in the CPF-treated group (data not shown). During development treated groups
reach the value of controls and by PND 45, both pre or postnatal exposure had no effect on body

weight. We observed that sex had a general effect on both periods of exposure (prenatal exposure
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[Fie6 = 73.991, p < 0.001] and postnatal exposure [Fi30 = 90.799, p < 0.001]), indicating that

females were leaner than males, as expected (data not shown).

3.2. Social behavior: sociability and preference for social novelty in the three-chamber test

Sociability and the preference for social novelty are shown as follows: i. The time that the animal
spent in each compartment (social or novel vs non-social or non-novel) and ii. Sociability and
novelty ratio, which was compared to the fixed value basal equal exploration (i.e., 0), indicating a
social or novel preference when this ratio is positive and a non-social or non-novel preference

when this ratio is negative (Figs. 2 and 3).

3.2.1. Prenatal exposure to CPF and VPA disrupts the novelty preference

Male mice’s social memory was affected, particularly in that’s treated with CPF or VPA. No
adverse effects were observed during the sociability preference phase, with all groups
displaying a significant preference for the social stimulus. A paired sample t-test analysis
showed a significant preference for the social stimulus versus the inanimate object (CNT: [t29 =
6.642, p < 0.001], CPF_1: [tz = 6.722, p < 0.001] and VPA: [t32 = 7.024, p < 0.001]) (Fig. 2A).
Similar results were observed when we evaluated the sociability ratio by conducting one sample
t-test analysis, which also showed significant differences compared to the basal exploration in all
groups (CNT: [tz = 6.662, p < 0.001], CPF_1: [t22 = 6.784, p < 0.001] and VPA: [t3: = 7.016, p <

0.001]), indicating a general preference for the social stimulus (Fig. 2B).

In contrast, adverse effects on the preference for the novel stimulus were observed in the
novelty phase in some treated groups. Although we did not observe general significant
differences related to sex [F165 = 1.939, p = 0.151], a paired sample t-test analysis showed that
males had a significant preference for the unfamiliar mouse, but only in the CNT groups [t14 =
2.230, p = 0.043], while females showed a significant preference for the novel stimulus in both
the CNT [t1s = 3.599, p = 0.003] and CPF-treated group [ti2 = 2.210, p = 0.047]. A tendency was
observed in VPA-treated females [t14 = 2.006, p = 0.058] (Fig. 2C). Regarding the novelty ratio, no
differences related to sex were observed [F1,65 = 2.874, p = 0.094], even though the one sample ¢-
test analysis indicated that males in the CNT group [ti14 = 2.200, p = 0.045] showed a novel
preference, whereas CPF_1 [to = 0.157, p = 0.879] and VPA-treated males [t17 = 0.129, p = 0.899]
did not show a preference for the novel stimulus. Moreover, CNT females [t14 = 3.710, p = 0.002]

also showed a preference for the unfamiliar mice, while in CPF_1 [t12 = 2.083, p = 0.059] and
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VPA-treated females [t14 = 2.096, p = 0.055], the level of statistical significance was not reached
(Fig. 2D).
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Fig. 2. Social behavioral assessment in prenatal exposure experiment. The time that the animal spends in
the social or novel chamber versus the non-social or non-novel chamber (A and C). Sociability or novelty
ratio calculated as (time spent in social or novel chamber-time spent in non-social or non-novel
chamber)/total time exploring (B and D). The symbol # indicates the differences between the social or
novel and non-social or non-novel chamber at p < 0.05. Differences with the chance level (i.e., 0) are

represented by an asterisk, while trends are indicated with a t.

3.2.2. Postnatal exposure to CPF did not affect social behavior

Similar to prenatal exposure, all groups showed a preference for the social stimulus, but no
significant effects were observed in the social novelty preference phase. A paired sample t-test
analysis showed significant preference for the social chamber in both vehicle [tio = 6.294, p <
0.001] and CPF-treated groups [tis = 6.631, p < 0.001] when the time that the animals spent in

the social versus non-social chamber was compared (Fig. 3A). Moreover, the analysis of
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sociability ratio by one sample t-test also showed significant preference for the social
compartment in both the vehicle [ti9 = 6.442, p < 0.001] and CPF-treated groups [t19 = 6.640, p <
0.001]) (Fig. 3B), confirming that the treatment had no effect on social preference.
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Fig. 3. Social behavioral assessment in postnatal exposure experiment. The time that the animal spends in
the social or novel chamber versus the non-social or non-novel chamber (A and C). Sociability or novelty
ratio calculated as (time spent in social or novel chamber-time spent in non-social or non-novel
chamber)/total time exploring (B and D). The symbol # indicates the differences between the social or
novel and non-social or non-novel chamber, while different letters indicate differences between sexes at p <
0.05. Differences with the chance level (i.e., 0) are represented by an asterisk, while trends are indicated

withat.

Regarding the novelty phase, a non-significant effect of sex was observed [Fz3s = 3.139, p =
0.056]. When we analyzed the time that the animal spent in the novel versus the non-novel
compartment using a paired sample t-test, we saw a tendency for the unfamiliar mouse in CPF-
treated males [t = 1.711, p = 0.061], whereas others groups did not show any preference

(vehicle-treated males [t7 = 1.458, p = 0.094], vehicle-treated females [ts = - 0.662, p = 0.263] and
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CPF-treated females [to = 0.811, p = 0.219]) (Fig. 3C). In the same regard, when we analyzed the
novelty ratio, we observed a significant effect of sex [F1,39 = 4.185, p = 0.048] indicating that male
mice had a greater preference for the novel stimulus in comparison to female. A one sample ¢t-
test showed a tendency in vehicle-treated males [to = 2.106, p = 0.064], while other groups did
not present any preference for the novel stimulus (vehicle-treated females [to = - 1.179, p =
0.268], CPF-treated males [to = 1.706, p = 0.122] and CPF-treated females [to = 0.823, p = 0.432])
(Fig. 3D).

3.3. Hippocampal gene expression

Prenatal, but not postnatal exposure to CPF, disrupted social behavior, especially in treated male
mice. Therefore, we assessed hippocampal gene expression only in the prenatal exposure

experiment.

First, we performed a screening of all evaluated genes with a PCA (Fig. 4). The results showed
three main components. Principal component (PC) 1 accounted for about 49.05% of the variance
and included genes related to the GABAergic system such as GAD1 (r = 0.866), GAD2 (r = 0.655),
VGAT (r = 0.804), NKCC1 (r = 0.792), KCC2 (r = 0.811), GABA-A ol (r = 0.905) and PVALB (r =
0.565). PC 2 accounted for about 22.82% of the variance, where GABA-A a2 (r = 0.536), GABA-A
a5 (r=0.788), GABA-A 33 (r = 0.552), GluN2A (r = 0.536) and GluN2B (r = 0.560) were strongly
correlated. Finally, PC 3 accounted for about 11.64% of the variance, with MMP9 (r = - 0.882)
being the only gene in this component. It is important to highlight that gene clustering in the same

PC shares a similar gene expression pattern.
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Fig. 4. Principal component analysis (PCA) of hippocampal GABA- and glutamate-related genes in adolescent

mice prenatally exposed to CPF and VPA.
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3.3.1. Genes clustered in PC1

Prenatal exposure to CPF modulates RNA expression in treated females (Fig. 5). All GABAergic-
related genes clustered in PC 1 (GAD1, GAD2, VGAT, NKCC1, KCC2, GABA-A al and PVALB) are
part of the GABA components in synapses, which leads to a phasic response. A Kruskal-Wallis
test indicated that CPF-treated females showed an increase in GAD1 expression in comparison to
CNT males (p = 0.034), CPF-treated males (p = 0.037) and VPA-treated females (p = 0.011),
whereas a non-clear increase was observed with respect to CNT females (p = 0.072) (Fig. 5A). On
the other hand, a multivariate analysis of all the genes clustered in PC 1 only showed an
interaction between sex and treatment [F233 = 3.832, p = 0.034] in GABA-A a1 subunit. Post-hoc
analysis indicated a non-significant increase in females, between CNT and CPF (p = 0.092), as

well as a tendency between both treated groups (p = 0.056) (Fig. 5F).
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Fig. 5. Hippocampal relative gene expression related to PC 1 of the PCA. GAD1 (A). GAD2 (B). VGAT (C).
NKCC1 (D). KCC2 (E). GABA-A al (F) and PVALB (G). An asterisk indicates differences between treatments

at p < 0.05, while tendencies are indicated with a t.

3.3.2. Genes clustered in PC2

GABAergic- (GABA-A a2, GABA-A o5 and GABA-A (33 subunits) and glutamatergic- (GluN2A and
GluN2B) related genes were clustered in PC 2 (Fig. 6). The composition of ionotropic GABA
receptors establishes their distribution and regulation. In PC 2, we found an extrasynaptic
subunit (i.e., GABA-A a5) that leads to tonic activation; a postsynaptic and presynaptic subunit
(GABA-A a2) that, respectively, leads to phasic activation or acts as controllers of GABA release

(autoreceptors), and a GABA-A 33 subunit, which is located in postsynapse and extrasynapse.
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Moreover, the ionotropic glutamatergic (NMDA) receptor subunits, which were mainly

postsynaptic receptors, were also clustered in PC 2.

We observed a general increase in treated males of all genes clustered in PC 2 (Fig. 6). Regarding
GABAa subunits, a multivariate analysis of all genes clustered in this component showed a
general trend of treatment in the GABA-A a2 [Fz33 = 3.316, p = 0.051] and GABA-A 3 subunits
[F233 = 3.170, p = 0.057]. Moreover, we observed an interaction between sex and treatment in
the GABA-A 3 subunit [Fz33 = 3.877, p = 0.033], whereas GABA-A a2 showed a tendency [F233 =
3.237, p = 0.054]. In both GABA subunits, post-hoc analysis showed significant differences in
males, between CNT and both treated groups (GABA-A a2 subunit: CPF_1 (p = 0.024) and VPA (p
= 0.004) and GABA-A 33 subunit: CPF_1 (p = 0.011) and VPA (p = 0.007)) (Fig. 6A and C).
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Fig. 6. Hippocampal relative gene expression related to PC 2 of the PCA. GABA-A a2 (A). GABA-A a5 (B).
GABA-A 3 (C). GluN2A (D). GluN2B (E). An asterisk indicates differences between treatments at p < 0.05,

while tendencies are indicated with a t.

However, in terms of glutamatergic expression, we only observed an interaction between sex
and treatment [F233 = 4.962, p = 0.014] in the GIuN2A subunit (Fig. 6D). Post-hoc analysis
showed significant differences in males between VPA and CNT (p = 0.001), VPA and CPF_1 (p =
0.023), as well as a tendency between CNT and CPF_1 (p = 0.079) (Fig. 6D).
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3.3.3. Genes clustered in PC3

The MMP9, a protease that mediates extracellular matrix degradation, was the only gene that
clustered in PC 3. Although, results showed an upregulation of this gene, we did not observe

significant differences due to their high variability (data not shown).

3.4. Hippocampal PVALB protein expression

Previous gene expression analysis showed an increase in GABAergic interneurons and synapse
elements, but only in CPF-treated females. Intending to find a possible correlation between GABA
upregulation and GABA neurons, we evaluated PVALB protein levels (Fig. 7). However, we did not

find significant differences.
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Fig. 7. Hippocampal relative PVALB protein expression.

4. Discussion

In the present investigation, we assessed the effects that low doses of CPF can have on social
behavior when administered over different lifetime periods (prenatal or postnatal), as well as the
effects of CPF on GABAergic and glutamatergic synapses by studying the gene expression, looking
for an association between prenatal CPF exposure and neurodevelopmental disorders. For this

reason, we also included mice prenatally exposed to VPA, as a mice autism model.

Adolescent mice did not show deficits in sociability in either experiment (prenatal or postnatal), but
differences were observed when we evaluated the preference for the novelty phase. Males treated
during prenatal period with CPF or VPA did not show a preference for the novel stimulus. Similarly,
Lanetal. (2019) exposed mice between GD 12 and GD 15 to subtoxic doses of CPF ranging from 2 to
5 mg/kg/day. Then, they assessed their social behavior by conducting a Three-Chamber test in

adult mice (PND 90), where only the males showed a reduction in the innate preference for a
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conspecific (Lan et al, 2019). This suggests that prenatal exposure to CPF can disclose social
behavior in the early stages of development which may persist into adulthood. Nevertheless, it
should be borne in mind that our experiment was conducted with low doses of CPF according to the
European Food Safety Authority (EFSA), which has established an acceptable daily intake of 0.001
mg/kg/day, whereas Lan et al. (2019) exposed mice to higher doses that cause adverse effects that
perpetuate over time. On the other hand, a study conducted by Perez-Fernandez et al. (2020a)
assessed postnatal exposure to CPF in rats by using the same protocol as our postnatal experiment
and by evaluating social behavior at two different ages (adolescence and adulthood). In accordance
with our results, Perez-Fernandez et al. (2020a) did not find social impairment on PND 35
(adolescence), but did observe differences during adulthood (around 5 months of age) where
treated male rats reduced their novelty exploration. However, it must be noted that the difference
between the two species in postnatal experiments could generate discrepancies in the results.
These findings indicate that the CPF exposure period could condition adverse effects, suggesting
that prenatal exposure could affect social behavior from an early stage, whereas postnatal exposure
could disclose long-term social deficits. Anyway, further studies are needed to confirm this
hypothesis. Nevertheless, it is clear that CPF exposure affects rodents’ social behavior in a sex-
dependent manner, with males being the most affected sex, in accordance with the incidence of

autism in humans.

Behavioral outcomes observed in CPF- and VPA-treated males are related to nervous system
development. Prenatal exposure takes place from GD 12 to GD 18. This timeframe refers to humans’
second and third trimester of pregnancy (Azad et al, 2017) and encompasses the onset of
neurogenesis, which starts at embryonic day 11 and ends before adolescence (around PND 20).
Each brain region has a stage of neuron production. For example, in the cerebral cortex,
neurogenesis occurs from GD 12 to GD 17, while in the hippocampus, neuronal production occurs in
two stages; between GD 12 and GD 17 (neurogenesis of the CA2 region and pyramidal cells) and
from GD 17 to PND 15 (neurogenesis of dentate gyrus) (Chen et al, 2017). Furthermore, this
prenatal exposure encompasses other key brain developmental processes such as synaptogenesis
or neuronal migration, which begin around GD 11 (Chen et al., 2017). Postnatal exposure starts on
PND 10 and ends on PND 15, the equivalent to human brain development between the third
trimester and the first month of age (Richard and Flamant, 2018). In mice, this timeframe covers the
late stages of neuronal migration and synaptogenesis, in addition to developmental brain processes

such as gliogenesis or myelination (Schepanski et al.,, 2018).

A great number of cases of developmental disorders, including autism, lack etiology or genetic basis.
Recent biological evidence suggests that the autistic population presents alterations in the E/I
balance, and more specifically, their glutamatergic system is upregulated, whereas their GABAergic

system is downregulated (Uzunova et al., 2016). To find a plausible association between pesticides
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and autism, we evaluated GABA- and glutamate-related genes only during the prenatal exposure

experiment because this is where we found evidence for deficits in social behavior.

The GABA neurotransmitter has different important functions during development. It is involved in
neuronal migration, neuronal differentiation, and synapse formation (Ben-Ari, 2002). To the best of
our knowledge, this is the first time that a study has covered the hippocampal expression of a large
variety of GABAergic genes in relation to CPF exposure and the evaluation of behavior related to
autism. Although general upregulation of GABAergic synaptic genes was observed in CPF-treated
females, only the GAD1 and GABA-A a1 subunit showed significant differences. GAD1 and GAD2 are
the major rate-limiting enzymes that regulate GABA synthesis from a pool of L-glutamate (Tao et al,,
2018). In contrast to our results, postmortem studies carried out on humans with autism showed a
downregulation of both genes in the frontal cortex (Zhubi et al., 2017) and cerebellum (Fatemi et al,,
2002), indicating a deficiency in GABA availability. GAD1 is located in interneurons and cytoplasm
and is present during development in order to maintain metabolic activity, whereas GAD2 could be
more involved in the vesicular synthesis of GABA and it seems to be present when synaptic
inhibition is frequent (mature nervous system) (Fatemi et al., 2002). Thus, the overexpression of
the inhibitory system observed in the current study suggests that prenatal CPF exposure increases
the production of GABA neurotransmitter in females. In addition, prior to neuron maturation, GABA
is excitatory and exerts a depolarizing action related to a high expression of neuronal co-
transporter NKCC1. In adult neurons, GABA switches from excitatory to inhibitory action and,
consequently, GABAergic neurons exert a hyperpolarizing action producing an upregulation of the
co-transporter KCC2 and a downregulation of NKCC1 (Lemonnier et al, 2017). This switch from
excitatory to inhibitory GABA transmission during the second week following birth coincides with
the increase in cholinergic activity, which builds to adult levels during the third week following
birth (Abreu-Villaca et al., 2011; Leonzino et al,, 2016). Considering that ChE is the main target for
CPF, the current study suggests that CPF exposure may interfere with GABA switching on the
central nervous system. GABA’s E/I effects are mediated by GABA-A receptors, whose expression
varies over the course of development (Kang and Barnes, 2013). In our study, GABA-A al-
containing receptors were upregulated in CPF-treated females. These receptors are predominant in
synapsis, giving rise to a phasic response which is fundamental for information transfer in the brain
(Farrant and Nusser, 2005). The GABA-A a1 subunit was decreased in the parietal cortex (Fatemi et
al,, 2009) and cerebellum (Yip et al, 2007) of the autistic population, but little is known about its
expression in the hippocampus. Therefore, the results obtained from synaptic GABAergic gene
expression, suggest that CPF acts in a sex-dependent manner. CPF exposure increases GAD1
expression in females, suggesting an overproduction of the GABA neurotransmitter which is related
to the increase observed in the GABA-A al subunit. Therefore, this indicates an increment in

inhibitory neuronal activity, maybe because of an increase in GABAergic neurons.
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Another gene expression pattern was observed in CPF- and VPA-treated males. Glutamatergic
receptor subunits (GluN2A and GluN2B) and GABAergic receptor subunits (GABA-A a2, GABA-A o5
and GABA-A B3) were significantly increased compared to control males. Studies of GABA-A
receptor subunits in rats brains showed that a2, a3, a5 and 3 predominate during embryonic
development, while a1l and (2 increase after birth (Laurie et al,, 1992). Similarly, during postnatal
development, the GABA-A receptors (al, a4, 1 and (2 subunits) increase in the mice’s
hippocampus (Kim et al., 2015). The GABA-A a2 subunit is present in axon terminals of the
hippocampus (pre-synapsis), acting as an autoreceptor that regulates the release of GABA in the
synapse (Ruiz and Kullmann, 2013), even though some postsynaptic a2 subunits were also found
(Farrant and Nusser, 2005). In addition, the GABA-A a5 subunit is predominantly or exclusively
extra-synaptic, giving rise to a tonic response which is evident in certain embryonic regions before
synaptic formation (Farrant and Nusser, 2005), while the GABA-A 3 subunit could be postsynaptic
and extra-synaptic (Herd et al., 2008). The GABA-A a2 subunit has been associated with disorders
of altered neuronal excitability such as epilepsy (Butler et al, 2018), with which ASD shares
neurological mechanisms. In relation to this, Perez-Fernandez et al. (2020b) found a significant
upregulation of the a2 subunit in the frontal cortex of rats exposed postnatally to CPF. In the same
lines, GABA-A o5 and GABA-A 3 subunits are clustered in chromosomes 7 and 15 (mouse and
humans, respectively) (Kang and Barnes, 2013). Defects in that part of the genome are associated
with Prader-Willi and Angelman syndrome, two disorders that share symptoms with autism,
making both subunits important candidates for neurodevelopmental disorders. Therefore, as we
explained above, the upregulation in the treated males of the three GABA subunits (a2, a5 and (33)
would suggest that CPF and VPA affect the GABA system similarly during early developmental
stages. Indeed, prenatal CPF exposure affects GABAergic neurotransmission in both sexes, but

effects do not point in the same direction.

Glutamate ionotropic NMDA receptors, GluN2A and GIuN2B subunits, have a similar molecular
structure and function (Myers et al, 2019). These subunits appear at different stages during
development. GIuN2B is expressed early, whereas the GluN2A subunit is expressed postnatally
(Myers et al,, 2019). These subunits have been studied concerning social behavior. In this sense,
Jacobs et al. (2015) found that mice’s forebrain GluN2A overexpression impairs social memory,
while overexpression of the GluN2B subunit enhances social memory, suggesting that GluN2B is
crucial for social memory formation and consolidation. In this regard, we observed a significant
upregulation in the GluN2A subunit (CPF and VPA treated male mice), which could be related to
deficits in the preference for novelty that we observed in our experiment. Nevertheless, we did not
find any differences in the GluN2B subunit. The increase in GluN2A may suggest an imbalance
between these two subunits, leading to an E/I disequilibrium, which could be a consequence of a

delay or incorrect switch during development.
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Regarding the GABA system, we also evaluated the expression of PVALB to test a possible increase
in GABAergic interneurons which had been involved in the consolidation of short- and long-term
memory formation (Nahar et al, 2021). In fact, it has been suggested that PVALB coordinates
neuronal communication after novel experiences (Ognjanovski et al.,, 2017). Furthermore, the
activity of excitatory neurons is modulated by these inhibitory interneurons, which control
postsynaptic activation (Filice et al., 2020). Studies done in postmortem brains of humans with
autism observed a decrease in PVALB mRNA levels in cerebellar Purkinje cells (Soghomonian et al.,
2017) and the cerebral cortex (Schwede et al., 2018). In the same way, mouse models expressing an
autism phenotype, showed a decrease in PVALB cells in the hippocampus, striatum and cortex,
which is related to PVALB downregulation (Pefiagarikano et al, 2015). Moreover, Lauber et al.
(2018) found a decrease in PVALB protein expression, only in the striatum. Despite this, our gene
expression analysis did not show significant differences in both PVALB expression and protein
levels. However, a non-significant increase in CPF-treated females was observed, suggesting that
CPF enhances the inhibitory system in females, whereas, in male’s treatment seems to not affect
PVALB gene and protein expression. These findings indicate that CPF’s toxic effects involve different

pathways in males and females.

In conclusion, the results of the current study show that the period in which exposure to CPF takes
place plays a key role in determining the adverse effects produced in the short, medium or long
term. Our results also suggest that CPF exposure during pregnancy could lead to social behavioral
deficits in a sex-dependent manner. The same-sex bias was also observed in gene expression,
suggesting that females treated with CPF presented an upregulation in the GABAergic system,
whereas treated males showed a more immature pattern in both the GABA and glutamate systems,

which could be compatible with an increase in neuronal excitability.
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Study IV overview

In our laboratory, we have been studying the effects of CPF exposure
throughout life. Prenatal exposure to the pesticide showed alterations
in social behavior and an imbalance between excitatory and inhibitory

What do we

neurotransmitters. We have also investigated the different

already know?
vulnerabilities of the APOE genotype, and found that genetic
background influences behavior, metabolisms and the cholinergic

system.

This study evaluates the effects of prenatal exposure to CPF on social

What does the behavior in apoE-TR mice. In addition, it studies the effects of prenatal

study add? exposure to the pesticide and the influence of the APOE genetic

background on the gene expression of the main excitatory and

inhibitory neurotransmitters in the hippocampus.

Social novelty preference was impaired in apoE3 and apoE4 females
prenatally exposed to CPF. Both apoE3 and apoE4 females treated
with CPF showed an increase in GABA-A a1l subunit. Young apoE mice
Highlights showed differences in the GABAergic system, specially, in the
expression of GAD1, KCC2 and the GABA-A o2 and o5 subunits.
Prenatal exposure to CPF increases the expression of GAD1 and the

ionic cotransporter KCC2.

* No edited version of the online article
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Exposure to chlorpyrifos during pregnancy differentially affects social behavior and
GABA signaling elements in an APOE- and sex-dependent manner in a transgenic

mouse model

Judit Biosca-Brull @b¢, Laia Guardia-Escote @b, Pia Basaure 3, Maria Cabré 24, Jordi Blanco 2c¢, Cristian

Pérez-Fernandez f, Fernando Sanchez-Santed f, José L. Domingo ¢, Maria Teresa Colomina ab¢*

a Universitat Rovira i Virgili, Research Group in Neurobehavior and Health (NEUROLAB), Tarragona, Spain.

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

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

d Universitat Rovira i Virgili, Department of Biochemistry and Biotechnology, Tarragona, Spain.

e Universitat Rovira i Virgili, Department of Basic Medical Sciences, Reus, Spain.

f Department of Psychology, Health Research Center (CEINSA), Almeria University, 04120 Almeria, Spain.

Abstract: The massive use of chlorpyrifos (CPF) has been associated with an increased prevalence
of neurodevelopmental disorders. Some previous studies have shown that prenatal, but not
postnatal, CPF exposure cause social behavior deficits in mice depending on sex while others have
found that in transgenic mice models carrying the human apolipoprotein E (APOE) €3 and €4 allele
confer different vulnerabilities to either behavioral or metabolic disorders after CPF exposure. This
study aims to evaluate, in both sexes, how prenatal CPF exposure and APOE genotype impact on
social behavior and its relation to changes in GABAergic and glutamatergic systems. For this
purpose, apoE3 and apoE4 transgenic mice were exposed through the diet to 0 or 1 mg/kg/day of
CPF, between gestational day 12 and 18. A three-chamber test was used to assess social behavior on
postnatal day (PND) 45. Then, mice were sacrificed, and hippocampal samples were analyzed to
study the gene expression of GABAergic and glutamatergic elements. Results showed that prenatal
exposure to CPF impaired social novelty preference and increased the expression of GABA-A al
subunit in females of both genotypes. In addition, the expression of GAD1, the ionic cotransporter
KCC2 and the GABA-A a2 and a5 subunits were increased in apoE3 mice, whereas CPF treatment
only accentuated the expression of GAD1 and KCC2. Nevertheless, future research is needed to
evaluate whether the influences detected in the GABAergic system are present and functionally

relevant in adults and old mice.

Keywords: Chlorpyrifos, APOE, Autism, GABA, Glutamate, Social behavior
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1. Introduction

The general population is constantly exposed to a wide variety of environmental toxics including
pesticides (Huang et al.,, 2020). Organophosphate pesticides and, chlorpyrifos (CPF) in particular,
are commonly used in many countries to control plants pathogens and promote agricultural
production (Darko and Akoto, 2008; Wang et al, 2008). According to the US Environmental
Protection Agency, each year approximately 5.1 million pounds of CPF are handled for agricultural
proposes (EPA, 2020). This massive use has been associated with a wide variety of health problems,
including cognitive and motor deficits (Burke et al, 2017; Eaton et al, 2008). Although
environmental regulations have been published on CPF use in the last few years, the consequences

on human health will persist for decades (EFSA, 2019; EPA, 2021).

The main target of CPF is the cholinergic system by irreversibly inhibiting the activity of the
acetylcholinesterase (AChE) enzyme responsible for the hydrolysis of acetylcholine (ACh) to choline
and acetate (Casida and Quistad, 2004; Flaskos, 2012). This inhibition produces an accumulation of
ACh in the synaptic cleft, which overstimulates the postsynaptic cholinergic neurons, leading to
cardiac or respiratory arrest, diarrhea, sweating or convulsions (Abou-Donia et al., 2016; Garcia et
al, 2003). Apart from that, CPF have other non-cholinergic targets that trigger alterations in, for
example, axonal transport (Terry, 2012), mitochondrial function (Middlemore-Risher et al., 2011),
oxidative stress (Eftekhari et al, 2018) and inflammation (Mohammadzadeh et al, 2018).
Notwithstanding this, low doses of CPF have been reported to give no signs of neurotoxicity (Abreu-

Villaga and Levin, 2017; Casida, 2017).

Moreover, there is a growing body of clinical (Lan et al., 2019, 2017) and preclinical (Furlong et al,,
2014; Millenson et al., 2017; Philippat et al,, 2018) studies that have associated CPF exposure with
neurodevelopmental disorders such as autism spectrum disorder (ASD), characterized by
difficulties in communication, and social interaction, as well as the presence of stereotyped
behaviors (Eaton et al,, 2008; Takumi et al., 2020). ASD prevalence has increased in the last 30
years, which some authors believe is due to a gene-environment interaction (Matsui et al., 2018;
Mottron and Bzdok, 2020; Zhang et al., 2018). A recent review conducted in our laboratory (Biosca-
Brull et al,, 2021) showed that experimental studies provide evidence that prenatal exposure to
CPF, around gestational day (GD) 12, is associated with social and cognitive alterations in rodents.
However, epidemiological studies were more variable, so it was difficult to draw conclusions

(Biosca-Brull et al.,, 2021).

The gene of apolipoprotein E (APOE) is polymorphic in humans, and of the three human APOE
alleles (€2, €3, €4), €4 increases the risk of cardiovascular and cognitive impairments, and
neurodegeneration (Allen et al., 1997; Getz and Reardon, 2009). We also observed that the APOE

genetic background contributes to neurobehavioral differences in mice from the early
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developmental stages to adulthood (Basaure et al,, 2019; Peris-Sampedro et al.,, 2016; Reverte et al.,
2012) and modulates the effects of a variety of toxic agents such as CPF (Guardia-Escote et al,
2020), decabromodiphenyl ether (Reverte et al, 2013) or lead (Prada et al, 2016). The apoE
protein has a key role in lipid transport and homeostasis in the nervous system (Yu and Foraker,
2015). The association between APOE and autism focuses on that apoE protein competes with
Reelin (the protein of a well-established autism candidate gene) to join the very low-density
lipoprotein receptor (VLDLR) and the apolipoprotein E receptor 2 (apoER2) (D’Arcangelo et al,,
1999). The importance of cholesterol supply for normal brain development and function and the
implication of Reelin in normal development suggest different vulnerabilities associated with APOE

polymorphism for developing the symptomatology of autism.

On the other hand, a neurochemical hypothesis for autism points to a dysregulation of
complementary systems such as gamma-aminobutyric acid (GABA) and glutamate (Ford et al,
2019; Vorstman et al,, 2017). GABA neurotransmitter is synthesized from glutamate by the activity
of glutamic acid decarboxylase (GAD). Both neurotransmitters are packed into synaptic vesicles and
released in the synaptic cleft to join their respective receptors on the postsynaptic surface (Rowley
et al, 2012). A disequilibrium between these neurotransmitters is known as excitatory/inhibitory
(E/I) imbalance, suggesting an increase in glutamatergic activity alongside a decrease in GABAergic
signaling, which leads to neuronal hyper-excitability (Canitano and Palumbi, 2021). The APOE gene
interacts with the glutamatergic system (Chen et al,, 2010; Zhang et al., 2020). In fact, Chen et al.
(2010) associated the apoER2 with the activation of N-methyl-D-aspartate (NMDA) receptors at the
neuronal surface, which are composed by two obligatory GluN1 subunits and two GluN2 or GluN3
subunits (Chazot et al., 1994; Vieira et al,, 2020). Together with Reelin, apoER2 phosphorylates and
enhances the activity of GIuN2 subunits. Gomez-Giménez et al. (2018) demonstrated that exposure
to low doses of CPF increases GABA neurotransmitter in cerebellum and hippocampus GluN2A and
GluN2B NMDA receptor subunits, but only in males, indicating a sex-specific effect of CPF (Gomez-
Giménez et al,, 2018).

In addition, behavioral testing plays a crucial role in evaluating autistic-like behaviors. In this sense
disruption in social behavior is one of the core symptoms of autism and it can be evaluated by a
wide variety of tests. The three-chamber test, developed by Crawley (2004) is one of the most
commonly used method to explore social behavior in mice including mice model of autism. Social
behavior, especially the ability to remember an individual (social memory), is related to the medial
temporal lobe of the brain, which includes the hippocampus (Okuyama, 2018). In particular, the
CA1 hippocampal region has been associated with the ability to recognize and memorize a familiar
conspecific because it encodes and stores the social recognition memory (Montagrin et al., 2018).
Moreover, the CA1 region is interconnected with another hippocampal subfield, the CA2 region,
indicating that both subparts play an important role in the formation and consolidation of social

memory (Garrido Zinn et al., 2016; Montagrin et al., 2018).
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Given that CPF exposure is associated with an increase in developmental disorders, in which genetic
background may be a protective or risk factor, the present study was aimed to evaluate the effect of
prenatal exposure to CPF on the human APOE3 and APOE4 polymorphism in transgenic mice. In
particular, we were looking for its effect on social behaviors and gene expression of GABAergic and
glutamatergic signaling elements, as well as a possible association between prenatal exposure to

CPF, APOE genotype and autism symptomatology.

2. Material and Methods

2.1. Animals

Human apoE3 and apoE4 target replacement (TR) homozygote mice were obtained from Taconic
Europe (Lille Skensved, Denmark). After a quarantine period, one male and two females were
mated for 3 h. Once a vaginal plug was detected, the GD 0 was assigned. Animals were housed in
plastic cages containing three to five animals until GD 12, when pregnant females were housed
individually and randomly selected to receive one of the two treatments (Control [CNT] or CPF).
The day of delivery was assigned as PND 0. Only litters with at least four live pups were used in
this study. All mice were maintained in a 12 h light/dark automatic cycle (light ON at 8:00-20:00)
with controlled temperature (22 + 2 2C) and humidity (50 * 10 %). Food (SAFE® A04 diet, Panlab,
Barcelona, Spain) and tap water were administered ad libitum. The present study followed the
ARRIVE Guidelines (Percie du Sert et al, 2020) and complied with Spanish Royal Decree 53/2013
on the protection of experimental animals and the European Communities Council Directive
(86/609/EEC). It was approved by the Animal Care and Use Committee of the Rovira i Virgili

University and assigned an authorization code (number 10735) by the Government of Catalonia.

2.2. Treatment and experimental design

Pregnant female mice were exposed to 0 or 1 mg/kg/day of CPF (0,0-diethyl O-(3,5,6-
trichloropyridin-2-yl) phosphorothioate) 99.5 % purity provided by Sigma-Aldrich (Madrid,
Spain) through the diet from GD 12 to 18. The standard food was supplemented with 15 mg/kg
(Pantlab, Barcelona, Spain) and calculated to deliver 1 mg/kg/day. Dams were daily monitored for
body weight and food intake to verify the dose provided. The control group received the standard
diet (Fig. 1). The dose was chosen because it is within the threshold for brain AChE inhibition
(Silva, 2020), although it should be considered that many studies find a transient inhibition of
approximately 24 h (Carr et al, 2013; Perez-Fernandez et al,, 2020b, 2020a). The period of

exposure was based on previous studies and include the sensitive period for adverse effects

190



UNIVERSITAT ROVIRA | VIRGILI
INFLUENCE OF PRENATAL CHLORPYRIFOS EXPOSURE, APOE GENOTYPE AND SEX ON NEURODEVELOPMENTAL

DISORDERS: BEHAVIORAL AND BIOCHEMICAL ABNORMALITIES IN MICE

Judit Biosca Brull

Publication IV

produced by valproic acid (Biosca-Brull et al., 2022; Markram et al, 2008; Schneider and
Przewtocki, 2005).

Samples collection ——
DEVELOPMENT Three-chamber test 4——

PREGNANCY ADOLESCENCE  pabinaion [ ]| B
Postnatal Day @ @
Social peference

Gestational Day ® Social novelty @
preference 2 U

CPF treatment
1 mg/kg/day

Delivery

Matting

@_
©_

Fig. 1. Schema of the experimental design.

Litters were kept with their mothers until PND 28. A maximum of four pups (two males and two
females) per litter were separated in order to assess social behavior during adolescence (PND 45).
On PND 46, animals were sacrificed, and brain samples were flash-frozen and then stored at -802C
until gene expression analysis. The unit of analysis was the litter. For this reason, values obtained
from individuals of the same litter and sex were averaged to a litter value. The total number of

litters and animals used are shown in Table 1.

Table 1

Animals used in this study. The number in parentheses refers to the total number of animals, whereas the

other number refers to the litters used.

Social behavior Gene expression
CNT CPF CNT CPF
apoE3
Males 8(14) 9(12) 5(5) 5(5)
Females 8(13) 8 (13) 6 (6) 6 (6)
apoE4
Males 10 (15) 9(12) 6 (6) 6 (6)
Females 9(17) 8 (14) 6 (6) 6 (6)

CNT-Control; CPF-Chlorpyrifos

2.3. Behavioral assessment: Three-chamber test

The three-chamber test was used, as on other occasions in our laboratory, to assess social
behavior (Basaure et al,, 2019; Biosca-Brull et al.,, 2022). Males and females of 45 days of age were
placed in a Plexiglas box (60x30x30 cm) with three interconnected chambers (20x30x30 cm) and

two doors in the middle walls so that the mice could move freely between compartments. Both
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lateral chambers contain an empty wire cup (7x7 cm). Before starting the test, the mice were
brought to the testing room and left undisturbed for 10 min. Then, one mouse was placed in the
central compartment and allowed to move freely for 10 minutes. After the habituation phase,
sociability preference was evaluated by placing an inanimate object in one of the two wire cups
(i.e., red plastic frog, 2.5x2.5 cm), while an unfamiliar mouse of the same sex and age was placed in
the other (social chamber). Finally, we evaluated the social novelty preference by replacing the
inanimate object in the non-social chamber with an unfamiliar mouse of the same sex and age
(novel chamber). The familiar mouse was kept in the same wire cup in the now non-novel
chamber. In the last two phases, animals had 6 minutes to explore freely. At the end of the test, the
Plexiglas box was cleaned with ethanol 70 % in order to avoid olfactory clues. The time that the
subject mouse spent in each compartment was recorded by a video camera (Sony CCD-IRIS) and
computerized by a video-tracking program (Etho-Vision©, Noldus Information Technologies,
Wageningen, The Netherlands). We used this recording to evaluate the preference for the social or
novel stimulus, assessing the time that the animal spends in the social or novel chamber versus
the time in the non-social or non-novel chamber. We also evaluated other social variables such as
sociability ratio ([time that the animal spends in the social chamber - time in the non-social
chamber]/Total time exploring) and novelty ratio ([time that the animal spends in the novel
chamber - time in the non-novel chamber]/Total time exploring). A positive ratio indicates a
preference for the social or novel stimulus. “Total time exploring” refers to the sum of time in both
lateral compartments. Those animals that explored one of the three chambers for less than 60
seconds, in the social preference phase, were removed from the study. Only one apoE3-treated

male mouse was removed.

2.4. Gene expression analysis

Hippocampal Hippocampal RNA was extracted with the SPEEDTOOLS Total RNA Extraction Kit
from Biotools (Madrid, Spain). After each extraction, the concentration and purity of RNA was
measured by a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Then, complementary RNA (cDNA) was synthesized from 0.70 pg of RNA samples using a Maxima
First Strand cDNA Kit for RT-qPCR (ThermoFisher Scientific, Waltham, MA, USA). Quantitative
real-time polymerase chain reaction (qPCR) analysis, which included triplicates and was
performed with Maxima SYBR Green/ROX qPCR Master Mix (2X) Kit (ThermoFisher Scientific,
Waltham, MA, USA) and the 7900HT Fast Real-Time PCR System (ThermoFisher Scientific,
Waltham, MA, USA), was used to assess the gene expression of GABA- and glutamate-related genes
such as glutamate decarboxylase 1 and 2 (Gad1 and GadZ2), vesicular GABA transporter (Slc32a1),
glutamate ionotropic receptor NMDA type subunit 2A (Grin2a) and 2B (Grin2b), GABA-A receptor
subunit alpha 1 (Gabral), alpha 2 (GabraZ2), alpha 5 (Gabra5) and beta 3 (Gabrb3), solute carrier
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family 12-member 5 (SIc12a5) and 2 (SIc12aZ2), parvalbumin (Pvalb) and retinoic-acid related
orphan receptor alpha (Rora), which is an hormone-dependent transcription factor that could
help understand the differences between sexes. Each sample was then normalized to the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh) (ACt) and standardized
to the average of the apoE3 male control group (AACt) to assess the relative gene expression
levels with the 2-AACt method (Livak and Schmittgen, 2001). Primer sequences are described in
detail in Table 2.

Table 2

Primers used in the qPCR analysis.

Mus .
Article . .
musculus Forward primer Reverse primers Source
Symbology
gene
Gad1 GAD1 ATGATACTTGGTGTGGCGTAG GACTCTTCTCTTCCAGGCTATTG L(ezeoelt%l-
Gad2 GAD2 CTCCGGCTTTTGGTCCTTCG ATGCCGCCCGTGAACTTTTG L(ezeoelt;)l'
Slc32al VGAT TCATCGAGCTGGTGATGACG CTTGGACACGGCCTTGAGAT O(kzao‘;tsil-

, Chen et al.
Grinza GluN2A CCATCAGCAGAGGTATCTAC CAGTCTGAATGCGTGAAGCT (2016)

i Tsang et al.
Grinzb GluN2B TCCAGGAGTAATGGCACTGTTTC CGAACATCATCACCCAGACAG 2015)
Gabral ~ GABA-Aal CACCATGAGGTTGACCGTGA CTACAACCACTGAACGGGCT M‘t(célglll ;)t al.
Gabra2 ~ GABA-Aa2  TTACAGTCCAAGCCGAATGTCCC  ACTTCTGAGGTTGTGTAAGCGTAGC T(aznoitf]‘l'
Gabra5  GABA-Aa5  CCCTCCTTGTCTTCTGTATTTCC TGATGTTGTCATTGGTCTCGTCT Tg‘znoitf)‘l'
Gabrb3 ~ GABA-AB3  GAGGTCTTCACAAGCTCAAAATC  AGGCAGGGTAATATTTCACTCAG Pr‘a’;"?z‘éa;g; et
Slc12a5 KCC2 CTCAACAACCTGACGGACTG GCACAACACCATTGGTT GCG Ag‘g;‘é‘;;{ al
Slc12a2 NKCC1 AACCGCTTCGTGGTTACATC TTGCAAGTGATGCATGGAAT L(‘;‘()elt 43)1'

Pvalb PVALB TGTCGATGACAGACGTGCTC TTCTTCAACCCCAATCTTGC H(‘;%ig)‘l'
Rora RORA CCACCTACTCCTGTCCTCGTCAG CTTCTGCACCTCGGCGTACAAG Q(‘Znoezt S‘-

2.5. Statistical analysis

Statistical analysis was conducted by SPSS 27.0 software (IBM Corp. Chicago, IL, USA). A three-
way analysis of variance (ANOVA) was conducted to assess the general effects of sex, treatment or
genotype, and their interactions. Similarly, the general effects of variables that were evaluated
over time (body weight) were assessed with repeated measures ANOVA (RMANOVA). The unit of
analysis was for all cases the litter. A two-sample t-test was used so that the significant effects of
prenatal treatment, genotype, and sex could be better analyzed when it was appropriate. The

sociability and novelty ratio were assessed with a one-sample t-test. As a general gene screening, a
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principal component analysis (PCA) of ACt was conducted. Correlations between genes were also
assessed using Pearson or Spearman coefficients, depending on the homogeneity of the sample.
The Levene test was used to study the homogeneity of variances. The Kruskal-Wallis or Mann-
Whitney U test were performed when was appropriate. All data are presented as the mean *

S.E.M. Statistical significance was set at p<0.05.

3. Results

3.1. Body weight

Body weight was measured at three points in time: birth, the day of weaning and before social
behavior was assessed. A three-way RMANOVA using the day as the within factor and sex,
genotype and treatment as the between factor showed an increase in weight over the days
[F231=3358.879, p<0.001] and an interaction between PND and genotype [F231=6.786, p=0.004]
and PND and sex [F231=41.746, p<0.001]. In order to define the general effect, each PND was
studied with a two-sample t-test for each genotype and sex. The APOE4 genotype showed a lower
body weight on the day of weaning (PND 28 [t38=3.488, p=0.001], while the females showed a
lower body weight on the day of behavioral testing (PND 45) [t3s=7.897, p<0.001] (Fig. 2A and

2B).
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Fig. 2. Body weight depending on APOE genotype (A) or sex (B) at PND 2, 28 and 45. Symbols indicate
differences between sexes (*) and genotypes (#) at p<0.05.

3.2. Social behavior in a three-chamber test

The results of social behavior are represented as a sociability or novelty ratio in which a value of

0, known as a chance value, indicates that mice spend the same time in each chamber. Positive
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ratios indicate a preference for the social or novel stimulus, while negative ratios represent a

preference for the non-social or non-novel stimulus (Fig. 3).

All groups showed a preference for the unfamiliar mouse in the sociability preference phase. A
three-way ANOVA (sex, genotype, and treatment) showed a general effect of sex [F163=4.335,
p=0.042], which indicates that males had a greater preference for the unfamiliar mouse than
females (Fig. 3A). The one-sample t-test analysis comparing the sociability ratio to the chance
level showed significant social preference for all groups evaluated (males: apoE3-CNT [t7=3.693,
p=0.004], apoE3-CPF [ts=8.432, p<0.001], apoE4-CNT [te=5.341, p<0.001], apoE4-CPF [ts=11.935,
p<0.001] and females: apoE3-CNT [t7=3.477, p=0.005], apoE3-CPF [t7=4.525, p=0.001], apoE4-
CNT [ts=2.999, p=0.009], apoE4-CPF [t7=2.887, p=0.012]) (Fig. 3A).

Regarding the social novelty preference phase, a three-way (sex, genotype, and treatment) ANOVA
showed a general effect of sex [F1,68=9.525, p=0.003], and treatment [F1,68=4.132, p=0.046], and an
interaction between sex and treatment [F168=4.191, p=0.045], indicating that male mice spent
more time with the unfamiliar mouse than with the familiar one (Fig. 3B). Notably, prenatal CPF
exposure affects social behavior in a sex-dependent manner, and neither apoE3 or apoE4 exposed
females showed any preference for the novel subject. One-sample t-test analysis of the chance
level indicated that all male groups showed a general preference for the new stimulus (apoE3-CNT
[t7=3.312, p=0.013], apoE3-CPF [ts=2.805, p=0.023], apoE4-CNT [ty=3.456, p=0.007], apoE4-CPF
[ts=6.335, p<0.001]), while only females in the apoE4-CNT group showed a significant preference
[ts=3.438, p=0.009]. However, apoE3-CNT females tended to show an interest in the unfamiliar
mouse, which was not observed in the treated group [t7=1.543, p=0.083] (Fig. 3B).
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Fig. 3. Sociability and social novelty preferences assessed by the three-chamber test at PND 45. Sociability
(A) and Novelty ratio (B) calculated as (time spent in (social or novel) chamber - time in (non-social or non-
novel) chamber)/total time exploring. An asterisk indicates differences compared to the chance level (i.e., 0,
equal time in each right or left compartment) (*), while different letters indicate differences between sexes at

p<0.05.
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3.3. Hippocampal gene expression

The expression of GABA and glutamate system genes was evaluated. Firstly, we performed a
general screening of all the genes selected by means of a PCA analysis (Fig. 4). This analysis
groups the genes into different principal components (PC). Each PC clusters the genes in terms of
the expression patterns, so the genes in the same PC have a similar pattern and correlate
positively between them (Supplementary Table 1). PC 1 explained 37.65 % of the variance and
included genes from the two systems evaluated: GABA-A a2 (r=0.948), GABA-A a5 (r=0.825),
GABA-A B3 (r=0.849), KCC2 (r=0.412), PVALB (r=-0.575), GluN2A (r=0.911) and GIuN2B
(r=0.894). PC 2 explained 22.56 % of the variance and was strongly correlated with the genes
involved in the synthesis and release of GABA: GAD1 (r=0.850), GAD2 (r=0.890) and VGAT
(r=0.899). Finally, PC 3 explained 10.81 % and included NKCC1 (r=0.791), GABA-A al (r=0.838)
and RORA (r=0.660).
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Fig. 4. Principal component analysis (PCA) of hippocampal gene expression related to GABAergic and
glutamatergic systems, as well as RORA gene in adolescent homozygous apoE3- and apoE4-TR mice exposed

prenatally to CPF.

3.3.1. PC 1 cluster: GABAergic and glutamatergic system-related genes and ionic cotransporter

KCC2

Among the genes clustered in PC 1, we found two ionotropic glutamate N-methyl-D-aspartate
(NMDA) receptor subunits, a GABAergic interneuron (PVALB), an ionic cotransporter (KCC2)
and some ionotropic GABA receptor subunits (GABA-A a2, GABA-A o5 and GABA-A 33). As far as

the GABA receptor is concerned, the GABA-A a5 subunit is located extrasynaptically causing a
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tonic inhibition, the GABA-A a2 subunit is found in postsynaptic and presynaptic locations
causing a phasic inhibition or acting as GABA controller, whereas the GABA-A (33 subunit is in

postsynaptic or extrasynaptic locations.

Differences in the GABA system were observed depending on the APOE genotype and treatment,
while the glutamate system showed differences depending on sex and genotype. A three-way
(sex, genotype, and treatment) ANOVA showed that the ionic cotransporter KCC2 (Fig. 5A),
GABA-A a2 and a5 subunits (Fig. 5D and 5F) were significantly influenced by the genotype
(KCC2 [F1,45=4.233, p=0.047], GABA-A a2 [F145=8.465, p=0.006] and o5 [F145=4.741, p=0.036]),
indicating an increase of those elements in apoE3 mice in comparison with the APOE €4 carriers
(Fig. 5B, 5E and 5G). Moreover, an interaction between genotype and treatment [F145=4.277,
p=0.045] was also observed, indicating a greater expression of the ionic cotransporter in those
apoE3 mice treated with CPF [t20=-2.475, p=0.013]. It was also observed a non-significant trend
of treatment [F145=3.590, p=0.066] (Fig. 5C).
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Fig. 5. Hippocampal gene expression clustered in PC 1. KCC2 (A to C), GABA-A a2 (D and E), GABA-A o5 (F
and G) and GluN2B (H). Symbols indicate differences between genotype (#) and treatment (&) at p<0.05.
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On the other hand, a three-way (sex, genotype and treatment) ANOVA analysis of ionotropic
glutamate receptor subunits showed a non-significant interaction between genotype and sex

[F1,45=3.496, p=0.069] (Fig. 5H). Supplementary Table 2 shows the mean * S.E.M of the genes

that did not show significant differences.

3.3.2. PC 2 cluster: GABAergic system-related genes

As reported above, PC 2 covers those genes involved in the synthesis (GAD1 and GAD2) and the
release (VGAT) of GABA to the synapse.

The expression of GAD1 depends on genotype and CPF exposure. A three-way (sex, genotype
and treatment) ANOVA for each gene showed an overall effect of the genotype [F1,45=4.963,
p=0.032] and a non-statistical trend of the treatment [F1,45=3.761, p=0.060] in GAD1 expression,
indicating that apoE3 mice presented higher expression levels than apoE4 mice (Fig. 6A to 6C).

Supplementary Table 2 shows the mean * S.E.M of the genes that did not show significant

differences.
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Fig. 6. Hippocampal gene expression clustered in PC 2. GAD 1 (A to C). The symbol # indicates differences
between genotypes at p<0.05.

3.3.3. PC 3 cluster: GABAergic system-related genes, ionic cotransporter NKCC1 and RORA gene

The PC 3 cluster included the main ionotropic postsynaptic GABA subunit receptor (GABA-A a1),
the ionic cotransporter NKCC1 and RORA.

The effects of prenatal CPF exposure on the GABAergic system depend on sex. A three-way (sex,
genotype, and treatment) ANOVA showed an interaction between sex and treatment

[F1,45=4.442, p=0.042] in the GABA-A al subunit (Fig. 7A), indicating that prenatal CPF exposure
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increases GABA-A al subunit expression in females [tz2=-2.195, p=0.019] (Fig. 7B).

Supplementary Table 2 shows the mean * S.E.M of the genes that did not show significant

differences.
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Fig. 7. Hippocampal gene expression clustered in PC 3. GABA-A al (A and B). The symbol & indicates

differences between treatments at p<0.05.

3.3.4. GABA and glutamate developmental switch

As well as PCA, we also used the NKCC1/KCC2 ratio (Fig. 8) to explore the GABA switch from
excitatory to inhibitory. It is well known that NKCC1 expression is increased during brain
development, when GABA is excitatory, but when GABA switches to inhibitory (mature
neurons), the KCC2 cotransporter is overexpressed. Statistical analysis showed a trend in the

interaction between genotype and treatment [F1,45=3.574, p=0.066] in the NKCC1/KCC2 ratio.
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Fig. 8. Hippocampal gene expression of GABA cotransporters ratio.
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Similarly, in the glutamatergic system, the GluN2A/GluN2B ratio is evaluated as a control of
developmental maturation. The GIuN2B subunit is highly expressed throughout embryonic life,
while the expression of the GluN2A subunit increases during adulthood. This ratio has been
observed to increase in mature neurons, although no differences were showed in this study

[F145=1.343, p=0.254] (Supplementary Fig. 1).

4. Discussion

The current study was aimed to provide new insights into the impact of APOE and gestational CPF
exposure on developmental disorders. Hence, we investigated prenatal exposure to CPF in a
humanized transgenic mouse model expressing the two human APOE alleles €3 and €4. We focused
primarily on social behavior as an indicator of autistic-like behavior, along with hippocampal gene
expression of the principal excitatory and inhibitory neurotransmitters. We observed a clear
disruption in social novelty preference in females exposed to CPF regardless of the genotype, but no
effects in males. Remarkably, the expression of some elements of the GABA and glutamate systems
differed between genotypes, and there were some interactions between genotype and sex. CPF
exposure mainly affects the expression of GABA elements and showed sporadic interactions with

both genotype and sex.

Developmental exposure to the pesticide CPF has been associated with changes in social behavior in
rodents. However, studies are not always consistent and both increased and decreased social
activity has been reported. Studies conducted in C57BL/6] mice showed that prenatal exposure to
doses below the threshold of observable signs of CPF toxicity evoked sex-dependent deficits in
social behavior (Biosca-Brull et al., 2022; Lan et al,, 2019). In this respect, Biosca-Brull et al. (2022)
observed that the adolescent male offspring of dams treated with low doses of the pesticide (1
mg/kg/day) during gestation presented a decrease in the preference for the novel stimulus, but no
effects in females. Another study conducted in C57BL/6] mice prenatally exposed to the pesticide at
a dose of 5 mg/kg/day showed altered adult social behavior in male mice (a deficit in both innate
and learned social preference), suggesting that alterations in social behavior were maintained over
time (Lan et al, 2019). On the other hand, when CD-1 mice were prenatally exposed to CPF social
investigation and ultrasonic vocalizations (USV) increased in females, while no effects were found in
males (De Felice et al,, 2014; Venerosi et al., 2006). Moreover, exposure during the perinatal period
(from GD 15 to PND 14) in CD-1 mice has shown enhanced social recognition in males (Venerosi et
al,, 2015). Thus, it seems that the period of CPF exposure and the animal model plays an important

role in behavioral social outcomes.

In this sense, our results showed that CPF exposure during gestation affects social behavior in

adolescent homozygous females carrying the human APOE €3 and €4 allele, but no effects were
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observed in males. In contrast, a previous study done in our laboratory with homozygous apoE3-
and apoE4-TR male mice exposed to 1 mg/kg/day of CPF from PND 10 to 15 and then, at 5 months
of age, re-exposed to the same doses for 15 days, showed that postnatal exposure to CPF enhanced
the preference for the social stimulus in apoE4 males, whereas adult exposure enhanced this
preference in apoE3 males (Basaure et al., 2019). These apparent discrepancies between postnatal
and prenatal exposure may be because the exposure occurs during two different critical windows of
the development of the central nervous system (CNS). It must also be taken into account that the
period for social behavior assessment was different. In fact, we primarily considered prenatal
exposure from GD 12 to 18 because this period corresponds to the second and third trimester of
pregnancy in humans (Azad et al, 2017). In rodents, our prenatal exposure coincides with the
beginning of CNS development. Processes such as neurogenesis begin on GD 9.5 and extend to PND
15 (Rice and Barone, 2000) and the peak of neuron formation in the hippocampus is well

established between GD 14 and 17 (Semple etal., 2013).

As mentioned above, the GABA switch relies on the expression of both NKCC1 and KCC2
cotransporters. During brain maturation, NKCC1 is strongly expressed and causes chloride ions to
enter through GABA-A receptors and increases the chloride concentration inside the neurons. Then,
KCC2 becomes dominant and reduces intracellular chloride concentration by driving ion exit (Ben-
Ari et al, 2012). In the present study, we did not observe any significant result, just a trend
suggesting that the expression of both ionic cotransporters could be differently regulated by the
APOE genetic background and prenatal CPF exposure. In this sense, whether differences related to
basal GABA signaling between apoE3 and apoE4 isoforms, corresponds to differences on the
maturation patterns during development (Basaure et al.,, 2018; Reverte et al.,, 2014) must be further

explored. However, statistical values indicated that this parameter should be further studied.

To the best of our knowledge, this is the first investigation to focus on assessing the hippocampal
gene expression of a wide variety of GABA-related genes in relation to APOE genotype, CPF
exposure and social behavior. Hippocampus plays an important role in social behavior (Garrido
Zinn et al., 2016; Montagrin et al.,, 2018). This structure together with other brain regions such as
amygdala, hypothalamus, medial prefrontal cortex or anterior cingulate cortex contributes to the
formation and consolidation of social memory (Barak and Feng, 2016; Tavares et al,, 2015). The
GABA neurotransmitter is highly present in various brain regions and it has a variety of important
functions during development (Represa and Ben-Ari, 2005). GABA activity is mediated by GABA-A
receptors. These ionotropic receptors are composed of different subunits, which condition their
location and function (Fritschy and Panzanelli, 2014). Postsynaptic subunits such as GABA-A a1, a2,
a3 and y2 are related to fast and high-amplitude responses, whereas extrasynaptic subunits such as
GABA-A o4, a5 and a6 are related to persistent low-amplitude responses (Fritschy and Panzanelli,
2014). The expression levels in each of these subunits change depending on the period of

development and the brain region studied (Yu et al, 2006). In rats, Yu et al. (2006) showed an
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increase of a2, a3 and a5 GABA-A subunits in the hippocampus during the first postnatal week,
while in the adult brain these subunits decrease. In addition, the a1 subunit had lower expression
levels in the neonatal brain, but reached high levels in adulthood (Lopez-Tellez et al., 2004; Yu et al,,
2006). This indicates that an increase in the expression of both a2 and a5 could be associated with
the formation of the inhibitory circuits in the hippocampus, promoting the switch of GABA during
the first week of age. Our current findings showed that the APOE3 genotype increased both a2 and
a5 GABA-A subunits, indicating that GABA maturation in this genotype may occur earlier than in
apoE4, in agreement with the results obtained for the chloride cotransporters ratio. In addition, an
increase in GABA-A a1 subunit was observed in treated females, suggesting an upregulation of the
GABA-A receptor or other direct or compensatory effect on the GABAergic system. However, we
want to highlight that this subunit was the only modified of all the signaling elements evaluated in
that group making difficult to draw solid conclusions between GABAergic system and social
behavior. Although the statistical analysis conducted did not showed any significant effect of sex,
our results suggest that both a2 and a5 subunits, as well as the ionic cotransporter KCC2 are
differently regulated by sex. However, our sample size for this analysis is too small to detect

significant differences.

The APOE3 genotype also showed an increase in GAD1 expression due to CPF exposure. The GAD
enzyme is responsible for the synthesis of GABA from glutamate. It is located in the GABAergic
presynaptic neurons and, in particular, the GAD1 isoform is located in the cell soma (Naseri et al,,
2017). GAD1 is expressed at low levels in fetuses, but expression increases during development,
reaching its highest levels in adulthood (Hyde et al, 2011). The inhibition of this enzyme was
strongly associated with a reduction in GABA release (Engel et al,, 2001), indicating that GAD1 is
important in the novo synthesis of GABA and plays an important role in the maintenance of
inhibitory neurotransmission. Thus, our results suggest that CPF exposure contributes to the early
maturation of the GABA system and increases the production of this neurotransmitter in apoE3

mice.

Inhibitory and excitatory neurotransmitters must be in balance if the brain is to develop properly.
The main excitatory neurotransmitter in the adult CNS is glutamate which has a great variety of
receptors (Thoreson, 1999). In the current study, we have focused on two ionotropic NMDA
receptor subunits, which are predominant in the hippocampus (GluN2A and GIuN2B subunits)
(Shipton and Paulsen, 2014). The expression of both GluN2A and GluN2B subunits is regulated
during development. GluN2B is highly expressed at birth but starts to decrease in the adult brain.
On the other hand, the expression of GluN2A increases over the years, reaching its highest levels in
adult life (Acutain et al, 2021). The switch between these subunits is commonly used as a
parameter indicating synapse maturation, but in our study no differences were observed in the
GluN2A/GIluN2B ratio. In our results we observed that the expression of GluN2B increased in apoE3

males and decreased in apoE4 males, but no variations were observed in females. In accordance
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with this, there are different studies that associated the apoE4 isoform with a down-regulation of
the expression of the NMDA receptor subunits. Reelin activates the Src family non-receptor tyrosine
kinases (SFKs) by binding to ApoE receptors. SKFs then phosphorylates and activates the GluN2
subunits of the NMDA receptors. However, the apoE3 and apoE4 isoforms differs in a single
nucleotide which alter their innate intracellular trafficking properties. While the apoE3 isoform is
readily endocytosed and recycled, the apoE4 remains in endosomes for a long period of time. This
increases the possibility that ApoE receptor remains in the intracellular compartments being unable
to interact with reelin and consequently activate glutamate receptors, reducing its expression in

APOE €4 carriers (Chen et al,, 2010; Heeren et al., 2004; Liu et al,, 2015; Zhang et al., 2020).

In conclusion, the results of the current study show that the long-lasting effects of prenatal
exposure to low doses of CPF depend on APOE genotype and sex. Prenatal CPF exposure affects
social behavior in a sex-dependent manner. Furthermore, gene expression analysis indicates
differences between both genotypes in the expression of GABAergic system components, with
higher levels in the apoE3 than in apoE4 mice, while females seem to be equally affected, especially
in the expression of GABA-A al subunit. Nevertheless, we would like to point out that future
research is needed to study the contribution of the APOE genotype to GABAergic and glutamatergic

functions and related behaviors.
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Supplementary material

Supplementary Table 1

Correlations between GABergic and glutamatergic signaling elements and RORA gene.

GABA-A

GABA-A

GABA-A

GABA-A

w2 B3 e KCC2 PVALB | GIuN2A | GIuN2B GAD1 GAD2 VGAT e NKCC1 RORA
GA:;"A 0.774%% | 0.777** | 0.391% | -0.520%** | 0.806%** | 0.783%** -0.428%*
GAgg'A 0.774%** 0.649%** 0.641%* | 0.649%+* -0.477%*
GAESA'A 0.717%% | 0.697%** -0.408** | 0.863*** | 0.589%**

KCC2 0.409%* 0.299*

PVALB | -0.533%** -0.408** -0.464%% | -0.479%*
GIuN2A | 0.795%* | 0.726%* | 0.863*** -0.464* 0.820%** -0.372*
GIUN2B | 0.842%* | 0.790%* | 0.589** | 0.331* | -0.479** | 0.820%** -0.294*

GAD1 0.601%** | 0.710%** 0.305*

GAD2 0.601%** 0.814%+*

VGAT -0.359* -0.312% | 0.644%%*% | 0.811%+* 0.449%* 0.344*
GA:f'A 0.467**

NKCC1 0.305* 0.481% | 0.467*

RORA -0.374* | -0.457* | -0.320* -0.361% | -0.404** 0.317* 0.363* 0.380%* | 0.644%**

*Correlation is significant at p<0.05; ** Correlation is significant at p<0.01; *** Correlation is significant at p<0.001
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Supplementary Table 2

Hippocampal GABAergic and glutamatergic signaling elements and RORA gene clustered in PC 1, PC 2 or PC 3

with non-significant differences.

apoE3 apoE4
Article Symbology Treatment
3 ? 3 ?

PC1
PVALB CNT 1.0431+0.196 1.1014+0.363 0.77840.118 1.17010.227
CPF 0.8631+0.221 1.46740.548 0.887+0.151 0.84310.200
GluN2A CNT 1.16940.113 1.17940.318 0.925+0.252 0.74740.120
CPF 1.16940.113 1.17940.318 0.925+0.252 0.74740.120
GABA-A 33 CNT 1.1224+0.219 1.048+0.298 0.9154+0.219 0.90640.122
CPF 1.10040.180 0.835+0.110 0.856%0.136 0.906+0.093

PC2
GAD2 CNT 1.07040.193 1.087+0.211 0.92440.209 1.251+0.632
CPF 1.4414+0.286 1.1304+0.271 1.1284+0.281 0.988+0.201
VGAT CNT 1.04940.153 1.063£0.171 1.13140.243 1.173+0.373
CPF 1.655+0.493 1.4134+0.276 0.969+0.153 1.045+0.136

PC3
NKCC1 CNT 1.27740.300 0.856+0.137 0.752+£0.150 0.9111£0.240
CPF 0.851+0.277 0.985+0.354 0.92640.269 0.92710.243
RORA CNT 1.19140.242 0.825+0.209 0.912+0.286 0.803+0.183
CPF 0.715+0.169 0.810+0.164 0.77440.205 0.85610.157

CNT-Control; CPF-Chlorpyrifos

Supplementary Fig. 1. Hippocampal gene expression of GluN2A/GluN2B ratio.
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5. DISCUSSION

This thesis was designed to evaluate the effects of prenatal exposure to the pesticide CPF and the
influence of the APOE polymorphism, as well as sex differences at different times of life. In addition, it
also attempts to establish a relationship between these environmental and genetic factors and ASD in
order to shed more light on the etiology of the disorder. To this end, a pharmacological mouse model
of autism was included in this project, as a positive control for some autistic like behaviors. In
addition, C57BL/6] and apoE-TR mice of both sexes were exposed to low doses of CPF during late
gestation (from GD 12 to 18). Development, behavioral and biochemical changes were assessed in
two different lifetime periods. On the one hand, we evaluated the effect of prenatal exposure to CPF
and the influence of apoE3 and apoE4 isoforms on communication skills and physical/motor
development, as well as late-onset anxiety behaviors. On the other hand, we assessed the mid-term
effects of gestational exposure to CPF on social behavior in young adult mice and the involvement of
the GABAergic and glutamatergic systems, as well as the different vulnerabilities conferred by the
APOE genotype. However, the initial approach to this topic was to evaluate all published experimental
evidence on ASD and pesticide exposure, with special attention to OP. This chapter dicusses all the
results and offers a longitudinal perspective on the effects of prenatal exposure to CPF, and how these
are modulated by the APOE genetic background or sex. Limitations of this thesis and future prospects

are also discussed.

5.1. General discussion

Our comprehensive review of the evidence available and our assessment of the relationship
between a wide variety of pesticides and ASD or associated symptomatology shows that there was
little evidence on the interaction between pesticide exposure and genetic polymorphisms in either
clinical or preclinical studies. Furthermore, although both types of study seem to be observe autistic
symptomatology after exposure to OP, and in particular CPF, our review highlights the importance
of investigating the contribution of this pesticide to autistic behaviors, as the studies are so different
in many aspects such as the way, age or the source of exposure that it is difficult to draw
conclusions. Therefore, we focused on evaluating the contribution of prenatal CPF exposure to two
core symptoms of autism (communication skills and social behavior) and secondary clinical signs
such as physical/motor development and anxiety behavior, as well as the biochemical effects
produced. We also assessed the different responses of development and behavior to APOE genotype,
and CPF exposure since previous studies in our laboratory have observed different vulnerabilities

(Basaure et al., 2018; Peris-Sampedro et al., 2015b; Reverte et al., 2014).

Indeed, we observed basal differences between apoE3 and apoE4 isoforms in all experimental

sections of this thesis. ApoE4 mice emitted vocalizations of greater duration and intensity and
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showed delayed somatic growth, but their maturation was enhanced in terms of eye opening and
climb ability. Along the same lines, adolescent APOE €4 carriers showed more anxious behaviors
than APOE €3 carriers, whereas social behavior was influenced by sex and treatment. Females of
both APOE genotypes showed a non-preference for the novel stimulus after being prenatally treated
with CPF. At this stage of life, apoE3 mice showed higher expression levels of both GABA-A a2 and
a5 subunits, as well as GAD1 and the ionic cotransporter KCC2. Furthermore, exposure to CPF
during gestation increased the expression of KCC2 in apoE3-TR mice, while the expression of GABA-
A al was increased in both apoE3- and apoE4-TR females prenatally treated with CPF. On the other
hand, the study of prenatal CPF exposure in C57BL/6] mice showed that its effects were just the
opposite of VPA exposure in terms of communicative behaviors. However, both groups of animals
prenatally treated showed a delay in physical development. Young adult animals treated with VPA
clearly showed anxious behavior, whereas social behavior was impaired by both CPF and VPA
treatments in a sex-dependent manner. Gender differences were also observed in the gene
expression of several GABA- and glutamate-related elements. Prenatal exposure to CPF or VPA
increased the expression of GABA-A a2 and (3, as well as GluN2A subunit in males, whereas

prenatal exposure to CPF increased the expression of GAD1 and GABA-A a1l in females.

According to the literature, the dose of CPF used in all the experiments of this project was near the
inhibition threshold (1 mg/kg/day) (Silva, 2020). The assessment of cholinergic activity in pup
brains at PND 2 showed no inhibition of the AChE enzyme. Likewise, studies that used the same
dose found no alterations in activity 24 h after the last prenatal or postnatal exposure (Morales-
Navas et al., 2020; Perez-Fernandez et al., 2020a, 2020b). However, a study with rats that evaluates
maternal and fetal AChE activity after a single oral dose of CPF (50 mg/kg) during gestation
observed that the peaks of maternal and fetal brain AChE activity are inhibited 48 h and 4 h after
dosing, respectively (Ashry et al, 2002), whereas single dermal exposure to 30 mg/kg of CPF
revealed maternal and fetal peak inhibition 24 h after the last exposure (Abu-Qare et al, 2001).
Therefore, the dose and the administration route play an important role in cholinergic inhibition, as
does the period of development in which exposure occurs, since young rodents recover AChE
activity more rapidly than adults (Dam et al., 2000; Pope and Liu, 1997). This indicates that the time
between maternal exposure and AChE determination in our study was long enough for cholinergic
activity to recover. As well as this, several studies on AD patients (Eggers et al., 2006; Soininen et al.,
1995b) and transgenic mice models (Basaure et al., 2018) have observed that brain cholinergic
enzyme activity was influenced by the APOE genetic background. Even so, our results and those

reported by Kalman et al. (2004) disagreed.

Prior to the start of pup’s evaluation, nest quality and maternal care were evaluated in order to rule
out any possible effects of the treatment on dams, which would be indirectly conditioning the
development of the litter. Maternal behavior is complex and onset depends on internal hormonal

levels and the processing of a wide variety of external factors related to pups (Numan, 1988).
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Appropiate maternal care is key for the proper development of pups. In this respect, the maternal
behavior of our dams was not negatively affected by treatment or genotype, indicating that the
developmental or behavioral differences observed in different stages of life are not related to

differences in maternal care.

Rodent pups emit calls in the ultrasonic range when they are separated from their mother and
siblings. These vocalizations are known as distress calls and induce maternal search and pup
retrieval, which shortens the time taken to transport pups to the nest (Hashimoto et al, 2001;
Smotherman et al, 1974). The calling rates are highest when the survival of pups is strictly
dependent on dams, whereas the acquisition of locomotor and foraging abilities causes a decrease
in vocalization (Caruso et al, 2020). The analysis of neonatal vocalizations can help to identify
autistic-like disturbances during the early stages of development (Caruso et al., 2018). Alterations
were observed in some features of pup vocalizations after a single dose of VPA (500 mg/kg) around
the time of the fetal neuronal tube closure (GD 12.5). VPA-treated rats showed a reduction in the
total number and average duration of calls, as well as an increase in the average frequency on PND 7
and 9 (Gzielo et al., 2020; Potasiewicz et al., 2020). Along these lines, CPF exposure during the late
gestational period was associated with the same reduction in the total number and average
duration of USVs on PND 7 in rats and on PND 10 in CD-1 mice, as well as with an increase in the
time it took them to emit their first call (Morales-Navas et al.,, 2020; Venerosi et al,, 2009). However,
we should point out that conditions such as strain, age, sex or the responsiveness to environmental
factors influence the communication of rodents (Caruso et al., 2022; Sasaki et al., 2020; Scattoni et
al., 2009). Scattoni et al. (2008) compared three commonly used control strains to an inbred mouse
strain (BTBR T+tf/]) which has several behavioral traits analogous to the three core symptoms of
autism. Unlike the pharmacological model of autism, BTBR pups showed an increase in the number
and average duration of calls on PND 4, 6, 8 and 12, as well as an increase in amplitude, although the
frequency was lower on PND 6 and 8 (Scattoni et al., 2008). Since apoE4 animals also emitted
longer calls with higher amplitudes, but lower frequencies on PND7, we suggest that the APOE
genotype exhibits a different vocalization profile than that observed in C57BL/6] mice. Indeed, to
the best of our knowledge, this is the first time that APOE genetic background effects have been
studied in terms of USVs. Therefore, the absence of standardized USV sonograpms across strains of
mice highlights the need for further research on the influence of the APOE genotype on
communication behaviors and whether it follows a pattern similar to the pharmacological autism

model or BTBR mice. However, prenatal exposure to CPF does not affect genotype response.

The general effects of treatment were observed during the assessment of physical and motor
development. Both CPF and VPA treatment affected the weight of C57BL/6] mice and caused
delayed eye opening, but no effects on motor skills were observed. In humans, Whyatt et al. (2004)
observed that gestational exposure to subtoxic doses of CPF reduced infant body weight and length.

In fact, subtoxic exposure to the pesticide is associated with alterations in the expression of genes
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involved in fetal brain development such as genes related to neuronal communication, growth and
plasticity (Stapleton and Chan, 2009). On the other hand, genotype differences were also manifested
during developmental assessment. During the preweaning stage, mice carrying the APOE €3 alelle
had higher body weight than APOE €4 carriers but showed delayed eye opening and reduced
climbing ability. However, it appears that the differences observed between apoE isoforms could be
due to differences in maturation patterns, which suggests earlier maturation in apoE4 mice
(Basaure et al,, 2018). In addition, Arbones-Mainar et al. (2016) showed differences in the metabolic
profile of both isoforms. While apoE3 mice tends to accumulate white adipose tissue with a
consequent increase in body weight, the presence of the APOE €4 allele produces considerable
oxidation of fatty acids and an increase in thermogenesis (Arbones-Mainar et al,, 2016). Along these
lines, Peris-Sampedro et al. (2018, 2015a, 2015b) reported that the APOE3 genotype is more likely
to develop obesity and related metabolic dysfuctions. Therefore, these metabolic differences could

explain the alterations observed in body weight.

Early-life experiences play an important role in the development of neuronal systems involved in
emotion and cognition (Easterbrooks et al., 2012; Sroufe, 2005). In rodents, individual differences
in maternal care can predict long-term anxiety-like behaviors in offspring. Specifically, litters with
higher values in maternal care, shows a lower risk of developing anxious behaviors in adulthood
(Caldji et al., 1998; Zhang, 2005). Likewise, the number of USVs emitted during maternal separation
and acoustic parameters such as amplitude and frequency may also predict anxious behaviors in
adulthood (Gardner, 1985; Insel et al., 1986). Wohr and Schwarting (2008) indicate that rats that
emit rare vocalization patterns during infancy showed an increase in inactive behaviors as a
response to shocks in adulthood. In the present study, we found that animals treated with VPA
showed anxiety-like behaviors and altered patterns of USV. These animals travelled shorther
distances and more slowly in the central area, which confirms that, in the face of adversity, they
show immobilization behaviors. Interestingly, Insel et al. (1986) studied the effect of some
anxiolytic and anxiogenic compounds on communication behaviors. The number and amplitude of
vocalizations were reduced by anxiolytics, and increased by anxiogenics (Insel et al, 1986).
Although no effects of CPF exposure were observed in our investigation, mice carrying the APOE 4
allele showed vocalization patterns similar to those observed with anxiogenic compounds. In this
respect, young apoE4 mice reduced their activity and the distance travelled in the center zone of the
open field, which suggests fearful behaviors as a sign of anxiety. Hence, our results support the
hypothesis that the alterations in communication patterns produced by pup isolation could be

predicting long-term anxiety-like behaviors.

Although prenatal exposure to CPF did not produce autism symptomatology in terms of
communication and led to few developmental impairments, deficits similar to those observed in
VPA-treated mice were shown in social behaviors, specifically, in the evaluation of social novelty

preference. C57BL/6] mice, prenatally treated with CPF and VPA, showed a loss of interest for the
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novel stimulus, as did apoE3 and apoE4 CPF-treated females. Along these lines, Lan et al. (2017)
orally exposed C57BL/6] mice to 2.5 or 5 mg/kg/day of CPF. The assessment of the social behavior
of males during adulthood showed that exposure to the highest dose of CPF reduced the time spent
with conspecifics, while both doses of CPF impaired the conditioned preference for social bedding
(Lan et al.,, 2017). Later studies carried out by the same author (Lan et al., 2019) evaluated social
behavior in both sexes. In this case, only the male offspring of mothers treated with 5 mg/kg/day of
CPF presented a clear deficit in the innate and conditioned social domain (Lan et al.,, 2019). Thus,
exposure to pesticide during late gestation could affect social behavior in a sex-dependent manner,
since females have faster cerebral maturation than males and this leaves males more vulnerable to
toxics (Taylor, 1969). In addition, these pieces of evidence suggest that the adverse effects observed
during adolescence may persist over time, although we must consider that the dose and the time of

CPF exposure differs between studies.

In parallel, we evaluated the effects of postnatal CPF exposure (from PND 10 to 15) at low doses.
Unlike prenatal exposure, exposure to 1 mg/kg/day of CPF for six consecutive days in the early
postnatal pre-weaning period does not affect the social or social novelty preference of adolescent
mice. Likewise, studies that followed the same exposure protocol observed that social behaviors
were not impaired during adolescence in rats, but in adulthood (PND 90), postnatal CPF exposure
increased females interest in the novel stimulus but decreased males interest (Carr et al.,, 2020;
Perez-Fernandez et al., 2020a). Therefore, as reported by other authors, these results suggest that
prenatal exposure to the pesticide impairs social behavior from earlier stages, while postnatal
exposure produces long-lasting effects. Along the same lines, a study with homozygous apoE3- and
apoE4-TR male mice postnatally exposed to 1 mg/kg/day of CPF during the same postnatal period
mentioned above and then, re-exposed to the same pesticide dose for 15 consecutive days at five
months of age, showed that APOE €4 carriers had a greater interest for the social stimulus after the
first exposure, whereas APOE €3 carriers had a greater interest after the re-exposure (Basaure et al,,
2019a). In contrast, our prenatal CPF exposure reduced the interest in the novel stimulus in both
apoE3- and apoE4-treated females but did not affect social preference. Nevertheless, these
antagonistic effects between exposure periods may be because CPF exposure affects two critical

windows in the development of the nervous system.

The timing of exposure to pesticides conditions the effects on neurodevelopment and brain
function, as well as their associated behaviors throughout life. The populations of greatest concern
for pesticide exposure are pregnant women and their children, because we found the most sensitive
windows of exposure to be during pregnancy or between neonatal and adolescent development
(Schepanski et al., 2018). Our exposure protocols span the second and third trimester of human
pregnancy (prenatal exposure) and the third trimester and first months of age (postnatal exposure).
In humans and rodents, the development of the CNS begins with the formation of the neural tube.

This process occurs between GD 24 and 28 in humans and around GD 9.5 in mice. In parallel, on GD
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9.5 neurogenesis starts, and does not end until PND 15 (Rice and Barone, 2000). However, the
beginning and end of the brain maturation process varies between brain regions and cell type. For
example, hippocampal pyramidal cells are generated during gestation, while granule cells are
mostly generated during early postnatal development (Diamond, 1990). On the other hand,
processes such as gliogenesis and myelination occur after birth. In fact, gliogenesis begins during
the first three postnatal weeks and reaches its maximum during the second week (between PND 7
and 10). Coinciding with this peak, between PND 10 and 14, myelination begins, peaking around
PND 20 (Semple et al., 2013).

Although the etiology of ASD is still unknown, one hypothesis proposes an imbalance between
excitatory and inhibitory brain neuronal functions, which underlies the social, behavioral, cognitive
and motor alterations observed in autism patients. In particular, E/I imbalance is due to an increase
or decrease in glutamatergic or GABAergic signaling elements, respectively, and depends on the
levels of ionotropic and metabotropic glutamate and GABA receptors, as well as their respective

concentrations outside the neurons (Rubenstein and Merzenich, 2003; Uzunova et al.,, 2016).

In this thesis, we have studied some GABAergic and glutamatergic signaling elements that have
previously been linked to ASD. Regarding the main inhibitory neurotransmitter in the adult brain,
we observed that C57BL/6] females prenatally exposed to CPF overexpressed the GAD1 and GABA-
A ol subunit, whereas in the APOE genotype GAD1 expression increased in APOE €3 carriers.
Furthermore, in apoE mice, the GABA-A al subunit was affected by sex and treatment, with APOE-
treated females showing higher expression levels. GAD1 and GAD2 are involved in the synthesis and
regulation of GABA. Both are found in GABAergic presynaptic neurons but have different functions
(Erlander et al,, 1991; Tao et al, 2018). GAD1 is responsible for maintaining basal GABA levels,
while GAD2 plays an important role in controlling the local release of GABA into the synapse
(Esclapez and Houser, 1999). Although Dupuy and Houser (1996) observed that both isoforms are
expressed as from GD 17 in the hippocampus of rats and are localized in similar areas, the GAD1
isoform predominates during early development, whereas the GAD2 isoform is more abundant
during postnatal maturation (Jiang et al., 2022). Therefore, the increase observed in our results
indicates that both C57BL/6] females treated with CPF and mice carrying the €3 allele have a high
uptake of GABA and this requires an increase in the production of the neurotransmitter to maintain
its basal levels, which leads to an increase in GAD1 and a more active GABAergic system. Along
these lines, the uptake of the main inhibitory neurotransmitter is given by its receptors. The GABA-
A al subunit receptor is predominantly located in the postsynaptic membrane and mediates phasic
responses. Its expression is low at birth but increases during brain development, peaking at PND 12
(Laurie et al., 1992). Hence, it is not surprising that C57BL/6] females treated with CPF also showed
an increase in the GABA-A al subunit. However, APOE females exposed prenatally to the pesticide
could show a deficit in the production of the GABA neurotransmitter, since the increase in this

subunit is not reflected in any of the other signaling elements evaluated.
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Apart from this subunit, GABA-A receptors in the hippocampus of rats are formed by the
combination of a2, a5, B1, B3, Y1 and y2 subunits. Unlike the GABA-A al subunit, the expression of
a2 and o5 was detected in the hippocampus as from GD 17. However, the expression of both GABA
subunits slightly decreases after PND 12 but remains high in adulthood. In contrast, the expression
of the GABA-A B3 subunit is similar to that observed in a1. Levels of B3 are low at birth, but increase
rapidly over time, and are high in adulthood. Therefore, GABA-A a2, o5 and 3 subunits, along with
Y2, become the major subunits in the mature rat hippocampus (Laurie et al., 1992). Our results
showed increased expression of GABA-A a2 and B3 subunits in both CPF- and VPA-treated
C57BL/6] males. In addition, mice carrying the APOE €3 allele showed an overexpression of GABA-A
a2 and o5 subunits, with no treatment effects. The GABA-A a2 and B3 subunits, together with a1,
a3, B2 and y2 are predominantly localized at the postsynaptic membrane, while the GABA-A a5
subunit is localized at the extrasynapse, showing a high affinity for GABA and a slower but
persistent response to its interaction (Briinig et al., 2002; Farrant and Nusser, 2005; Somogyi et al.,
1996). Considering that the formation of mature synapses is accelerated after PND 12 and that
during this process the expression of receptors located in GABAergic synapses increases
(Aghajanian and Bloom, 1967), the overexpression observed in GABA-A a2 and B3 subunits
indicates that both C57BL/6] treated mice and APOE €3 carriers have a more mature GABAergic
system. Nevertheless, the increase observed in the GABA-A o5 subunit of the APOE3 genotype could
indicate an inefficient uptake of GABA that led to an accumulation of the neurotransmitter in the

extracellular space, which overstimulated this extrasynaptic receptor (Cellot and Cherubini, 2014).

Another important difference between the immature and adult brain is the change in the activity of
the GABAergic system from excitatory to inhibitory. This change is related to the intracellular
chloride concentration regulated by the ionic transporters NKCC1 and KCC2, which import and
export this ion, respectively. In immature neurons, the expression of NKCC1 is high, while the
expression of KCC2 is low, so there is an influx of chloride that increases the concentration inside
the neuron. However, at the end of the first postnatal week, the expression of KCC2 increases, which
cause the efflux of the chloride and a decrease in the intracellular concentration (Ben-Ari et al.,
2012; Leonzino et al., 2016; Valeeva et al., 2013). Alterations in ion transporters were observed in
mice carrying the APOE €3 allele. Although the ratio between both transporters was not significantly
altered, apoE3 mice showed an increase in the expression of the KCC2 transporter, which was
enhanced by the prenatal exposure of CPF. This confirms the early maturation of the APOE3
genotype.

Inhibitory and excitatory neurotransmitters must be in balance for proper brain development. In
adult brain, the main excitatory neurotransmitter is glutamate. We have evaluated the expression of
two NMDA receptor subunits that are highly expressed in the hippocampus (GluN2A and GluN2B)
(Monyer et al., 1994). Significant results were observed in C57BL/6] mice, where both CPF- and
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VPA-treated males showed an increase in the GluN2A subunit. Like GABA signaling elements, GluN2
subunits are age-dependent (Zhang and Luo, 2013). At birth, the GluN2B subunit is predominant in
the brain. It peaks at PND 14 and then begins to decline. At the end of the first week of life the
GluN2A subunit begins to increase its expression, and at PND 14 it exceeds the levels of GluN2B
(Gambrill and Barria, 2011; Matta et al, 2011; Sheng et al., 1994). This developmental shift
indicates glutamate maturation in brain. The results obtained in C57BL/6] males indicate that both
treatments improved the maturation of the glutamate system, although we found no differences in

the GluN2A/GIluN2B ratio.

From our current results, we can state that the different apoE isoforms modulate differently all the
developmental, behavioral and biochemical parameters studied, except for social behavior where
both genotypes show differences according to sex and treatment. Interestingly, prenatal exposure
to CPF oppositely influences communication skills and anxious behaviors in C57BL/6] mice, while
both treatments affect development, social behavior and biochemical parameters assessed in the
same ways, but with gender differences. Therefore, our results highlight the short- and mid-term
impairments produced by gestational exposure to CPF, as well as the importance of studying
genetic bajkground and gender in order to better understand their contribution to

neurodevelopmental disorders.

5.2. Limitations

This investigation was conducted to assess the effects of CPF exposure during gestation, APOE
genotype and sex, as individual factors of vulnerability, on neurodevelopmental behaviors. In an
attempt to be comprehensive, we performed numerous physical, motor, behavioral and biochemical

assessments during the first 45 days of mice life. Despite this, the study has several limitations.

First, although in humans prenatal exposure to VPA is clearly associated with a greater risk of a
diagnosis of autism, the valproic acid animal model of autism differs from other autism models (i.e.,
BTBR mice). For this reason and due to the low viability of the offspring observed after VPA

exposure, we must question whether this model is suitable for the study of autistic behavior.

Second, although in the different periods of this thesis we evaluated several core and secondary
symptoms of ASD, we did not assess repetitive patterns of behavior in mice (third core symptom of
autism). Nevertheless, we are aware that this analysis would provide further insight into the

influence of pesticide, APOE genotype and sex on autism-like behaviors.

Third, we assessed the gene expression of some GABA and glutamate signaling elements. Although

we observed that the APOE genetic background, sex and treatment led to some differences our
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assessments could be improved by the evaluation of GABA and glutamate neurotransmitters levels,

which would help understand the observed alterations in signaling elements analyzed.

Fourth, the behavioral and biochemical effects produced by prenatal exposure to CPF or VPA, APOE
genotype or sex were assessed in a single time period. The evaluation of these parameters in
adulthood would help to determine whether the observed alterations are transitory or are

maintained over time.

5.3. Future perspectives

The results of this thesis suggest future needs for research that can extend its findings.

- The effects on communication skills of C57BL/6] individuals of prenatal exposure to the
pesticide CPF do not resemble the effects of gestational exposure to VPA (Gzielo et al.,, 2020;
Potasiewicz et al, 2020) or the effects of the apoE3 and apoE4 isoforms. This discrepancy
between studies could be due to the mouse strain or the exposure method used. However, due
to the lack of standardized USV sonograms across strains of mice, further research is needed to
study the profile of mice vocalizations and determine if the APOE genotype has a
communication profile similar to that observed in pharmacological or idiopathic autism animal

models.

- The effect of the APOE genotype on the gene expression of some elements related to GABA and
glutamate neurotransmitters should be further examined. We propose that these systems be
evaluated at the time of weaning, adolescence and adulthood, to determine whether the
differences between the apoE3 and apoE4 isoforms occurs as from the first stages of

development or if they develop and are maintained over time.

- We studied the effects of gestational CPF exposure and its modulation by genotype and sex on
the gene expression of some GABAergic and glutamatergic signaling elements in the
hippocampus. Although the results showed differences between the APOE genotype, treatment
and sex, we suggest including other features of the glutamate system such as glutamate
transporters or AMPA or KA receptor subunits, which have prevously been associated with
ASD in order to better understand the imbalance between excitatory and inhibitory

neurotransmitters produced in the disorder (Nisar et al., 2022; Rojas, 2014).
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6. CONCLUSIONS

Pesticides exposure and ASD:

Exposure to pesticides, and in particular organophosphates, promotes the onset of
autistic behaviors in both clinical and preclinical studies. Even so, further research is
needed in order to polish the differences observed between the current studies and to

assess the influence of genetic polymorphisms on these exposures.

Prenatal exposure to chlorpyrifos or valproic acid in C57BL/6] mice:

— Short-term effects:

ii.

iii.

iv.

Exposure to chlorpyrifos or valproic acid during late gestation does not inhibit the
activity of acetylcholinesterase in pup brain at postnatal day 2 and does not alter

maternal behavior.

Communication skills are influenced by prenatal exposure to valproic acid. The offspring
of dams treated with valproic acid take longer to emit the first call and emit fewer
vocalizations that are shorther and more intense than the vocalizations of the pups in

the control and chlorpyrifos-treated group.

Prenatal exposure to either chlorpyrifos or valproic acid reduces body weight and
delays eye opening independently of sex, but no effect on motor development is

observed.

— Mid-term effects:

V.

Vi.

vii.

Exposure to valproic acid on gestational day 12 and 13 reduces the activity in the center

of the open field and increases anxiety-like behavior in adolescent C57BL/6] mice.

Prenatal exposure to chlorpyrifos and valproic acid reduces the social novelty

preference in adolescent C57BL/6] males.
Exposure to chlopyrifos during gestation affects the GABAergic system in a sex-

dependent manner. C57BL/6] females prenatally treated with CPF show an increase in

the gene expression of the GAD1 and GABA-A a1 subunit.
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viii.

Exposure to both prenatal chlorpyrifos and valproic acid increases the expression of
some elements of the GABAergic and glutamatergic systems depending on sex. Male
offspring of dams exposed to chlorpyrifos or valproic acid during pregnancy show an
increase in the main GABAergic (GABA-A a2 and B3 subunit) and glutamatergic

(GluN2A) signaling elements in the hippocampus.

Prenatal exposure to chlorpyrifos in apoE-TR mice:

— Short-term effects:

ix.

xi.

Exposure to chlorpyrifos from gestational day 12 to 18 does not inhibit the activity of
acetylcholinesterase in pup brain at postnatal day 2 and does not alter maternal

behavior.

Communication skills are influenced by the APOE genotype. The offspring of APOE4

dams emit longer and more intense vocalizations than APOE3 offspring.

The APOE genotype influences the physical and motor development. Homozygous mice
carrying the APOE €3 allele show an increase in their body weight and strength but

worse climbing ability.

— Mid-term effects:

228

Xii.

xiii.

xiv.

XV.

The APOE genotype modulates anxiety-like behavior. Adolescent mice carrying the
APOE €4 allele show a reduction in the exploration of the center zone in comparison

with APOE €3 carriers.

Prenatal chlorpyrifos exposure influences the social novelty preference in adolescent
APOE €3 and €4 carriers depending on sex. Female offpring of dams exposed to

chlorpyrifos during pregnancy show a non-preference for the novel stimulus.

Adolescent apoE3- and apoE4-TR mice differs in the expression of the GABAergic
system. Mice carrying the APOE €3 allele shows faster maturation by overexpressing

GAD1, the ionic cotransporter KCC2 and both GABA- A a2 and a5 receptor subunits.

Exposure to chlorpyrifos during gestation affects some GABA elements in a sex-
dependent manner. Homozygous females carrying either the APOE €3 or &4 allele show

higher expression levels of the GABA-A a1l receptor subunit.
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xvi. The expression of both GluN2A and GluN2B NMDA receptor subunits are not altered by

prenatal exposure to chlorpyrifos, sex or the APOE genetic background.

6.2. General conclusion

The APOE genetic background influences communication skills, physical and motor development,
anxiety-like behavior, and some signaling elements of the GABAergic system. On the other hand,
gestational exposure to chlorpyrifos between gestational day 12 and 18 has mid-term sex-dependent
behavioral consequences on both C57BL/6] and APOE mice. The effects of prenatal exposure to
valproic acid on gestational day 12 and 13 on C57BL/6] mice are opposite to those of chlorpyrifos
exposure in terms of communication and anxiety-like behavior, but similar in terms of physical
development, social behavior and some GABAergic and glutamatergic signaling elements. All in all,
these results highlight the importance of study sex and genetic differences in the population to assess

the adverse effects produced by pesticide exposure and its association with ASD.
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