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ARTICLE INFO ABSTRACT
Keywords: Exposure to organophosphate (OP) insecticides has been related to several adverse health effects, including
Microelectrode array (MEA) neurotoxicity. The primary insecticidal mode of action of OP insecticides relies on (irreversible) binding to

In vitro hazard characterisation

acetylcholine esterase (AChE), with —oxon metabolites having a much higher potency for AChE inhibition than
Calcium imaging

Neuronal activity the parent co‘mpounds. Howev?r, OoP insectiFides Fan also ha\{e non—AChE—mediatehd effects, including changes in

Acute and developmental exposure gene expresszlon, neuroendocrine effectz, disruption of neurite outgrowth and disturbance of the intracellular

Organophosphate insecticides calcium (Ca®*") homeostasis. Since Ca®' is involved in neurotransmission and neuronal development, our
research aimed to assess the effects of two widely used OP insecticides, chlorpyrifos (CPF) and diazinon (DZ) and
their respective -oxon metabolites, on intracellular Ca** homeostasis in human SH-SY5Y cells and rat primary
cortical cultures. Furthermore, we assessed the acute and chronic effects of exposure to these compounds on
neuronal network maturation and function in rat primary cortical cultures using microelectrode array (MEA)
recordings. While inhibition of AChE appears to be the primary mode of action of oxon-metabolites, our data
indicate that both parent OP insecticides (CPF and DZ) inhibit depolarization-evoked Ca?* influx and neuronal
activity at concentrations far below their sensitivity for AChE inhibition, indicating that inhibition of voltage-
gated calcium channels is a common mode of action of OP insecticides. Notably, parent compounds were
more potent than their oxon metabolites, with exposure to diazinon-oxon (DZO) having no effect on both
neuronal activity and Ca?" influx. Human SH-SY5Y cells were more sensitive to OP-induced inhibition of
depolarization-evoked Ca®" influx than rat cortical cells. Acute exposure to OP insecticides had more potent
effects on neuronal activity than on Ca®' influx, suggesting that neuronal activity parameters are especially
sensitive to OP exposure. Interestingly, the effects of DZ and chlorpyrifos-oxon (CPO) on neuronal activity
lessened after 48 h of exposure, while the potency of CPF did not differ over time. This suggests that neuro-
toxicity after exposure to different OPs has different effects over time and occurs at levels that are close to human
exposure levels. In line with these results, chronic exposure to CPF during 10 days impaired neuronal network
development, illustrating the need to investigate possible links between early-life OP exposure and neuro-
developmental disorders in children and highlighting the importance of non-AChE mediated mechanisms of
neurotoxicity after OP exposure.

1. Introduction Exposure to pesticides has been related to several adverse health effects,
including neurotoxicity in the developing and the adult brain (Chin--

Pesticides are widely used in agricultural (professional) and indoor Chan et al., 2015; Kim et al., 2017; Mostafalou and Abdollahi, 2017;
(household) applications to control various types of pests including Naughton and Terry, 2018). A well-known class of widely used pesti-
plants, insects and rodents (Casida, 2017; Richardson et al., 2019). cides consists of the organophosphate (OP) insecticides. The primary
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insecticidal mode of action of organophosphate insecticides relies on
(irreversible) binding to acetylcholine esterase (AChE), resulting in in-
hibition of acetylcholine hydrolysis, thereby causing a potentially lethal
over-excitation of cholinergic neurotransmission (Casida, 2017;
Naughton and Terry, 2018; Richardson et al., 2019). Symptoms of acute
human OP intoxication can include sweating, gastrointestinal symp-
toms, respiratory depression, cardiovascular problems, convulsions and
coma (Richardson et al., 2019; Tsai and Lein, 2021). Inhibition of AChE
can also affect hormonal regulation impulses and thus function as an
endocrine disruptor. Furthermore, exposure to the OP-insecticide
chlorpyrifos can alter the levels of the sex hormones estrogen and
androgen and increases stress hormone levels by activation of the
hypothalamic-pituitary-adrenal axis (Ubaid ur Rahman et al., 2021).
Effects of long-term exposure to OP-insecticides are still elusive,
although long-term exposure has been associated with neurodegenera-
tive diseases (Chin-Chan et al., 2015; Goldman, 2014; Sensi et al., 2017).

Toxicity of OP-insecticides is generally attributed to their primary
—-oxon metabolites since these metabolites have a higher potency for
AChE inhibition than the parent compounds (Casida, 2017; Kasteel
et al., 2020). However, non-AChE-mediated effects of the parent com-
pounds and -oxon metabolites have been described for several
OP-insecticides including parathion, chlorpyrifos (CPF), and diazinon
(DZ). These non-AChE-mediated effects include disturbance of the
intracellular calcium (Ca®") homeostasis, noradrenergic neurotrans-
mission and differentiation of neuronal cells (Meijer et al., 2014a;
Sidiropoulou et al., 2009; Slotkin et al., 2017; Tsai and Lein, 2021) at
concentrations comparable with human occupational exposure levels. In
addition, several in vitro and in vivo studies have shown that
OP-insecticides can induce developmental neurotoxicity (Christen et al.,
2017; Das and Barone, 1999; Oliveri et al., 2015; Todd et al., 2020;
Zhang et al., 2015). Changes in expression of genes associated with
neurotransmission have been found in rats after chronic and low-level
exposure to DZ (Savy et al., 2018). CPF and DZ have also been shown
to affect the adenylyl cyclase transduction pathway, which regulates
proliferation and differentiation of neurons (Flaskos and Sachana,
2011). Both CPF, DZ and their oxon-metabolites (chlorpyrifos-oxon
(CPO) and diazinon-oxon (DZ0)) can disrupt neurite outgrowth (Flas-
kos, 2012; Pizzurro et al., 2014). Furthermore, chronic in vitro exposure
to CPF and CPO has been shown to inhibit neuronal activity in rat
cortical cells (Dingemans et al., 2016). Finally, exposure to CPF and CPO
can decrease the transport of membrane bound organelles in cortical
axons, which can impair neuronal development and function (Gao et al.,
2017).

Disturbance of intracellular Ca?" homeostasis is of particular
concern since Ca?' is involved in several essential neurobiological
processes, including neurotransmission and neuronal development. In
the presynaptic terminal, opening of voltage-gated calcium channels
(VGCCs) triggers the subsequent release of neurotransmitter in the
synaptic cleft (Dolphin and Lee, 2020). Since OP-insecticides are known
to affect intracellular Ca>" homeostasis and act on these VGCCs (Meijer
et al., 2014a) they can affect neuronal function. Changes in Ca®* ho-
meostasis after exposure to these compounds can be recorded using
real-time, fluorescent Ca?" imaging, whereas effects on neuronal
(network) function can be measured using for example multi-well
microelectrode array (MEA) recordings.

A MEA consists of a cell culture surface with an integrated array of
microelectrodes, which enables recording of extracellular field poten-
tials generated by spontaneous neuronal activity of the cultured cells.
Currently, rat primary cortical cells are the most widely used model for
MEA recordings. Rat primary cortical cultures provide a heterogeneous
in vitro model comprising multiple neural cell types (diverse subtypes of
neurons and glial cells such as astrocytes) and thus a multitude of mo-
lecular targets, including VGCCs (Hondebrink et al., 2016; Tukker et al.,
2020). In addition, the combined presence of stimulatory (gluta-
matergic) and inhibitory (GABAergic) neurons results in a spontane-
ously (electrically) active neuronal network that develops synchronized
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networks bursting (Cotterill et al., 2016; Robinette et al., 2011).
Neuronal activity of rat cortical cells has been shown to be affected by
different physiological, toxicological, and pharmacological compounds
(Kosnik et al., 2020; Strickland et al., 2018). As such, MEA recordings
cover multiple relevant mechanisms important for neuronal function,
have a considerable throughput and high sensitivity and specificity.
Also, MEA recordings are non-invasive, allowing for effect assessment at
several timepoints during network development. Consequently, MEA
recordings are increasingly used as a screening tool to investigate the
acute and developmental neurotoxicity of chemicals (Gerber et al.,
2021; Hogberg et al., 2011; McConnell et al., 2012; Tukker et al., 2020).

In addition to rat primary cortical cultures, we also used human SH-
SY5Y cells (Biedler et al., 1973) to assess the effects of the test com-
pounds on intracellular Ca?* homeostasis. The SH-SY5Y cell provides a
well-characterized catecholaminergic neuroblastoma cell line from
human origin, widely used to study neurotoxicity in vitro (Heusinkveld
and Westerink, 2017; Lopez-Suarez et al., 2022). Importantly, the par-
allel use of human SH-SY5Y cells and rat primary cortical cultures allows
for assessing interspecies differences as well as assessment of integrated
effect of OP-induced changes in Ca?* homeostasis on network function.
To explore the non-AChE-mediated effects of OP-insecticides, we
investigated the effects of two widely used organophosphate in-
secticides, chlorpyrifos and diazinon, and their respective -oxon me-
tabolites (Fig. 1) on intracellular Ca®" homeostasis and cell viability in
human SH-SY5Y cells and rat primary cortical cultures. Furthermore, we
assessed the effects of acute and chronic exposure to these compounds
on neuronal network development and activity in rat primary cortical
cultures using MEA recordings.

2. Materials and methods
2.1. Chemicals

Fura-2-AM was obtained from Molecular Probes (Invitrogen, Breda,
The Netherlands). Chlorpyrifos (CPF) (diethyl-(3,5,6-trichloropyridin-2-
yD)-phosphate; CAS nr. 2921-88-2) and Diazinon (DZ) (O,0O-Diethyl-O-
(2-isopropyl-6-methyl-4-pyrimidinyl)-phosphorothioate; =~ CAS  nr.
333-41-5) were obtained Pestanal® grade, 99.8% purity (Riedel de
Haén, Seelze, Germany). Chlorpyrifos-oxon (CPO) (CAS nr. 5598-15-2)
was obtained from AccuStandard (New Haven, USA; purity 93.5%).
Diazinon-oxon (DZO) (CAS nr. 962-85-3) was obtained from Chem
Service Inc (West Chester, PA, USA; purity 97.3%). Unless otherwise
noted, all other chemicals were obtained from Sigma Aldrich (Zwijn-
drecht, The Netherlands).

Saline solutions, containing (in mM) 125 NaCl, 5.5 KCl, 2 CaCl,, 0.8
MgCly, 10 HEPES, 24 glucose and 36.5 sucrose (pH 7.3, adjusted using
HCI), were prepared with de-ionized water (Milli-Q®). Stock solutions
of 0.1-100 mM pesticide were prepared in DMSO and diluted in saline
(Ca?* imaging) or culture medium (MEA recordings, cell viability) just
prior to the experiments. All solutions used in experiments, including
control experiments, contained 0.1% DMSO.

2.2. Cell culture

Human SH-SY5Y cells (kindly provided by Dr. R. van Kesteren
(Center for Neurogenomics and Cognitive Research, Free University
Amsterdam, The Netherlands)) were grown in 50/50 DMEM/F-12 me-
dium (Invitrogen, Breda, The Netherlands) supplemented with 15%
foetal bovine serum (FBS) and 2% penicillin/streptomycin. Medium was
refreshed every 2-3 days. For calcium imaging experiments, undiffer-
entiated SH-SY5Y cells were sub-cultured in uncoated 35 mm glass-
bottom dished (glass surface 78 mm?; MatTek, Ashland, MA) at a den-
sity of 1-1.5 x 10° cells/glass bottom dish. Ca®" measurements were
performed 1-2 days after seeding. For cell viability experiments, SH-
SY5Y cells were sub-cultured in 24-wells plates (Greiner Bio-one, Sol-
ingen, Germany) at a density of 2 x 10° cells/well.
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Fig. 1. Molecular structures of diazinon (CAS: 333-41-5; top-left), diazinon-oxon (CAS: 962-58-3; bottom left), chlorpyrifos (CAS: 2921-88-2; top right)

chlorpyrifos-oxon (CAS: 5598-15-2; bottom right).

Cortical cells were isolated from the cortex of Wistar rat pups at
postnatal day 0-1 as described previously (Dingemans et al., 2016;
Gerber et al., 2021) with minor modifications. Briefly, rat pups were
decapitated and the cortex was isolated and placed in ice-cold dissection
medium (500 mL Neurobasal A (NBA) medium, supplemented with 14 g
sucrose, 1.25 mL i-glutamine (200 mM), 5 mL glutamate (3.5 mM),
5 mL penicillin/streptomycin, 50 mL. FBS and pH adjusted to 7.4).
Cortices were minced and triturated to a homogenous suspension and
filtered through an easy strainer (100 um, Greiner Bio One, Alphen aan
den Rijn, The Netherlands). Subsequently, cells were centrifuged for
5 min at 800 rpm. The supernatant was removed and the pellet was
resuspended using 1 mL of dissection medium per rat brain and diluted
to a cell suspension containing 2 x 10° cells/mL. For calcium imaging
experiments, cells were seeded in glass-bottom dishes in 2.5 mL
dissection medium at a density of 4 x 10° cells/dish. For cell viability
experiments, cells were seeded in 48-wells plates (Greiner Bio-one,
Solingen, Germany) at a density of 2 x 10° cells/well. For MEA exper-
iments, a 50 pL drop of cell suspension (1 x10° cells/well) was placed
on the electrode field in each well of the 48-wells microelectrode array
plate (MEA, Axion BioSystems Inc, Atlanta, USA, M768-GL1-30Pt200).
Cultures were maintained in a humidified 5% CO2/95% air atmosphere
at 37 °C for 2 h, after which 450 pL dissection medium was added to
each well. All cell culture material for primary cortical cultures was
coated with 0.1% polyethyleneimine (PEI) for 1 h. For the mwMEA
plates, the day following plating (one day in vitro (DIV1)), 450 pL
dissection medium was replaced by 450 pL glutamate medium (450 mL
NBA medium, 14 g sucrose, 1.25 mL i-glutamine (200 mM), 5 mL
glutamate (3.5 mM), 5 mL penicillin/streptomycin and 10 mL B-27, pH
7.4). At four days in vitro (DIV4), 450 pL glutamate medium was
replaced by 450 pL FBS medium (450 mL NBA medium, 14 g sucrose,
1.25 mL L-glutamine (200 mM), 5 mL Penicillin/streptomycin and
50 mL FBS, pH 7.4). For maintenance of the culture, a 50% medium
change was applied every 3-4 days.

Animal experiments were performed in agreement with Dutch law,
the European Community directives regulating animal research (2010/
63/EU) and approved by the Ethical Committee for Animal Experiments
of Utrecht University. All efforts were made to minimize the number of
animals used and their suffering.
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2.3. Cell viability assay

Effects of test compounds on cell viability in rat primary cortical
cultures and SH-SY5Y cells were assessed using the Alamar Blue (AB)
assay (protocol adapted from Bopp and Lettieri, 2007). Cells were
exposed to a range of concentrations up to 100 puM for 48 h (SH-SY5Y) or
48 h and 14 days (primary cortical cultures). Mitochondrial activity of
the cells was recorded as a measure of cell viability with the AB assay,
which is based on the ability of the cells to reduce resazurin to resorufin.
Briefly, following exposure, cells were incubated for 30 min with
12,5 uM AB solution in HBSS (Invitrogen, Breda, The Netherlands).
Resorufin was measured spectrophotometrically at 540/590 nm (Infin-
ite M200 microplate; Tecan Trading AG, Mannedorf, Switzerland).

2.4. Calcium imaging
Changes in [Ca®"]; were measured on a single-cell level using the
Ca?*-sensitive, fluorescent ratio dye Fura-2 AM as described previously
(Heusinkveld et al., 2013; Meijer et al., 2014b). Briefly, cells were
loaded with 5 uM Fura-2 AM (Molecular Probes; Invitrogen, Breda, The
Netherlands) for 20 min at room temperature, followed by 15 min
de-esterification. After de-esterification, the cells were placed on the
stage of an Observer Al inverted microscope (Zeiss, Gottingen, Ger-
many) equipped with a Lambda DG-4 illumination system (Sutter In-
strument Company, Novato CA, USA). Fluorescence, evoked by 340 and
380 nm excitation wavelengths (F340 and F380), was collected every
3s at 510 nm with a CoolSNAP™ MYO CCD camera (Photometrics,
Tucson, AZ, USA). To investigate compound-induced effects on
depolarization-evoked [Ca2+]i, cells were depolarized by switching
superfusion from saline to high-K™ containing saline (100 mM K*, Na*
lowered to 30 mM to maintain osmolarity) for 18 s after a 5 min baseline
recording. This depolarization to ~0 mV adequately opens both high
and low voltage-activated calcium channels. Following a ~10 min re-
covery period, cells were exposed to DMSO (0.1%) or one of the test
compounds for 20 min. Subsequently, cells were depolarized for a sec-
ond time to evaluate effects of exposure on depolarization-evoked
Ca®*-influx. This is calculated as the treatment ratio (TR; in %) be-
tween the first and second depolarization-evoked [Ca?']; peak values
relative to control.
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2.5. MEA recordings

Multi-well MEA plates contain 48-wells per plate, with each well
containing 16 individual embedded nanotextured gold microelectrodes,
yielding a total of 768 channels (Axion Biosystems Inc.). Recordings
were made as previously described (Dingemans et al., 2016; Gerber
et al., 2021). Both OP-insecticides and their respective —oxon metabo-
lites were tested at final concentrations of 0.1-100 pM in acute MEA
experiments, whereas the concentration range was extended to
0.001 pM for chronic exposure. Each well was exposed to only one
condition (i.e. one concentration of a test compound) to prevent po-
tential effects of cumulative dosing, such as receptor (de)sensitization.

For acute MEA experiments on DIV 9-11, a 48-wells mwMEA plate
was placed into the Maestro 768-channel amplifier with integrated
heating system, temperature controller and data acquisition interface
(Axion BioSystems Inc, Atlanta, USA). After a 5 min stabilization period
at 37 °C, a 30 min baseline recording of spontaneous activity was star-
ted. Wells with at least four bursting electrodes at baseline recording
were included for experiments. After the baseline recording, a 40 min
exposure recording was started to determine the acute (30 min expo-
sure) effects of different substances. During the first 5 min of the expo-
sure recording, all active wells were exposed individually to test
compounds by manually pipetting 5 pL of stock solution containing the
test substance to each active well. At DIV 10 and DIV 11, neuronal ac-
tivity was measured again for 30 min to check for effects after respec-
tively 24 h and 48 h of exposure.

For chronic (10 days) MEA experiments, a 30 min baseline recording
was performed on DIV 7, since at DIV 7, neuronal networks have started
developing and spontaneous network activity can be measured (Dinge-
mans et al., 2016). Wells with at least four bursting electrodes at base-
line recording were included for experiments. After the baseline
recording, a half medium change was performed to expose the cells to
the desired concentration of the test compound. During the half medium
change, the medium was first resuspended, after which half the medium
(250 pL) was removed. This was replaced by 250 pL fresh medium
containing the desired exposure concentration of the test compound. At
DIV 10, 14 and 17 another 30 min MEA recording was performed, fol-
lowed by a half medium change. After the final MEA measurement, cell
viability was assessed using the Alamar Blue assay.

All conditions were tested on neuronal cultures originating from at
least 3 different isolations, in at least 3 plates and at least 9 wells for
acute MEA experiments and at least 4 plates and at least 16 wells for
chronic MEA experiments. The number of wells represents the number
of replicates per condition.

3. Data analysis and statistics

Data from cell viability experiments in the rat primary cortex (48 h
and 14d of exposure) and human SH-SY5Y cells (48 h of exposure) is
derived from 2 to 4 individual experiments (N > 2) consisting of 6
biological replicates per experiment (n = 12-18 wells).

Data from single-cell fluorescence microscopy is presented as F340/
F380 ratio (R), reflecting changes in [Ca2+]i, and analyzed using custom-
made MS-Excel macros applying a correction for background fluores-
cence (Heusinkveld et al., 2013). The treatment ratio (TR) represents the
second depolarization-evoked increase in [Ca2+]i in treated cells as a
percentage of the response to the first depolarization, expressed relative
to the TR in control cells. The data represent average values derived
from 17 - 81 individual cells (n) from at least 4 independent experiments
(ND.

Data analysis for the MEA data was done as described in (Gerber
etal., 2021). Briefly, MEA data acquisition was performed using Axion’s
Integrated Studio (AxIS 1.7.8) and channels were sampled at 12.5 kHz.
Signals were pre-amplified with a gain of 1200 x and band-pass filtered
at 200-5000 Hz. This raw data was pre-processed to obtain.spk files.
Spikes were detected using the AXIS spike detector (Adaptive threshold
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crossing, Ada BandFlt v2) with a post/pre spike duration of 3.6/2.4 ms
and a spike threshold of 7 x SD of the internal noise level (rms) of each
individual electrode. Spike information was then further analysed using
NeuralMetrics Tool (v 3.1.7, Axion BioSystems) and custom-made
macros in Excel. Bursts were defined using the Poisson surprise
method (Legendy and Salcman, 1985) with a minimum of 10 surprises.
Network bursts were defined using an adaptive threshold with a mini-
mum of 40 spikes, each separated by a maximum interval set automat-
ically on a well-by-well basis based on the mean spike rate of each well,
for a minimum of 15% of the electrodes/well. Data from the last 10 min
of the 40 min exposure recordings (acute MEA) or last 20 min of each
30 min recording (chronic MEA) were used for analysis, since this is the
most stable timeframe for stable exposure effects (see (Hondebrink et al.,
2016). Acute MEA data are presented as percentage change compared to
baseline, relative to control (treatment ratio). While many parameters
can be extracted from MEA data, our analysis focused on the number of
spikes, bursts and network bursts. The data represent average values
derived from 9 to 21 wells (n) from 3 to 4 independent experiments (N).
Chronic MEA data (DIV 7-17 exposure) are presented as percentage
change compared to the time-matched control per plate (treatment
ratio). The data represent average values derived from 16 to 37 wells ()
from 4 to 7 independent experiments (N).

All data are presented as mean % =+ standard error of the mean
(SEM) compared to solvent control. Experimental values that exceeded
mean + 2x SD (of their respective condition) were excluded since these
can be considered to be outliers (<5% outliers). Benchmark response
(BMR) cut-offs were based on the average variation in all pooled DMSO
control experiments per exposure duration. Since differences in the
variation in control experiments per exposure duration differed only
marginally for the different parameters (NoSP, NoB and NoNB), a single
rounded BMR value was chosen per exposure duration (see Table S1 for
exact values and selected BMR values). Effects that are smaller than the
BMR are considered to be of limited toxicological relevance, even if
significantly different from control (indicated with asterisks). Statistical
analyses were performed using GraphPad Prism v9.2.0 (GraphPad
Software, San Diego, California, USA) using one-way ANOVA (cell
viability and calcium imaging) and two-way (repeated measures)
ANOVA (acute and chronic MEA). A p-value < 0.05 was considered
statistically significant. Concentration-response curves were fitted using
a nonlinear sigmoidal or bell-shaped curve-fit when applicable.

4. Results
4.1. Effects on cell viability

To avoid that the effects of the OP-insecticides and their respective
-oxon metabolites on Ca?* homeostasis and network activity are simply
due to a change in cell viability, all compounds used have been tested for
effects on mitochondrial activity (determined using the AB assay;
(Heusinkveld and Westerink, 2017) as a readout for cytotoxicity.
Exposure of SH-SY5Y cells or rat cortical cultures for 48 h to 1-100 uM
CPF, CPO, DZ or DZO does not affect mitochondrial activity (Fig. 2 A/B;
only 100 uM) shown). When exposure of rat cortical cultures is pro-
longed to 14 days (DIV 7-21 exposure), only exposure to 100 uM CPO
results in a near complete reduction of mitochondrial activity to 6.5
+ 2% (N = 3; p < 0.001). Exposure to concentrations of CPO < 100 uM
as well as CPF, DZ and DZO does not affect mitochondrial activity
(Fig. 2 C; only 100 uM shown).

4.2. Effects on depolarization-evoked increase in [Ca®'];

Using rat PC12 cells, we have previously shown that acute inhibition
of depolarization-evoked opening of voltage-gated Ca?" channels
(VGCCQ) is a common mode of action for several insecticides, including
OP-insecticides (Meijer et al., 2014a, 2014b). To further generalize these
findings and shed light on potential interspecies differences, we now
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Fig. 2. Exposure of SH-SY5Y cells (A) or rat primary cortical cultures (B) for 48 h to up to 100 uM DZ, DZO, CPF and CPO does not lead to changes in cell viability.
Following 14 day exposure of primary cortical cultures (DIV 7-21) only 100 uM CPO induces a decrease in cell viability (C). Concentrations of CPO < 100 uM are
without effect on mitochondrial activity (not shown). The grey shaded area represents a benchmark response of 10%, which is derived from the average variation in
DMSO control experiments. Bars represent the average percentage viability ( + SEM; > 12 wells from > 2 independent experiments) compared to control. Difference

from control * ** p < 0.001.

assessed the acute effects of CPF, CPO, DZ and DZO on
depolarization-evoked opening of VGCC using rat primary cortical cul-
tures and human SH-SY5Y cells (see Fig. S1 for examples of raw traces of
the intracellular calcium concentration in individual cells).

Acute exposure to diazinon (DZ) results in a concentration-
dependent decrease in depolarization-evoked Ca?" influx in both rat
cortical cultures and human SH-SY5Y cells (ICs( rat cortex: 66.7 pM; SH-
SY5Y: 7.2 uM; Fig. 3A). Upon exposure to CPF, a concentration-
dependent decrease in the depolarization-evoked Ca®" influx is
observed only in human SH-SY5Y cells (Fig. 3B; ICsp: 2.1 pM), whereas
no effect of CPF could be observed in rat cortical cultures. Exposure to
the -oxon metabolite of diazinon (DZO) causes a partial, but significant,
decrease at the highest exposure concentration only in SH-SY5Y cells
(100 pM; 65 + 5%; Fig. 3C; IC50 >100 uM). On the other hand, exposure
to CPO results in a concentration-dependent decrease in depolarization-
evoked Ca®" influx in both rat cortical cultures and human SH-SY5Y
cells (ICsp respectively >100 uM and 12.7 uM; Fig. 3D). In general,
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depolarization-evoked Ca?' influx is affected more and/or at lower
concentrations in human SH-SY5Y cells than in rat cortical cultures after
acute exposure to OP-insecticides. Furthermore, the -oxon metabolites
are less potent in inhibiting depolarization-evoked Ca?" influx than the
respective parent compounds.

To exclude that the effects are (indirectly) mediated by the inhibition
of AChE, which is the primary target of OP metabolites (Richardson
et al., 2019), depolarization-evoked Ca®" influx was assessed in both
SH-SY5Y cells and primary cortical cells after exposure to 10 uM riva-
stigmine (a potent and selective AChE inhibitor (Ezzat et al., 2021)) and
after co-exposure to 10 uM CPO and 10 uM rivastigmine. Rivastigmine
alone has no effect on depolarization-evoked Ca?* influx nor does it
affect the inhibition evoked by CPO exposure (see Supplementary data
Fig. S2), indicating that inhibition of AChE does not play a role in the
observed inhibition of depolarization-evoked Ca?* influx.

B 150

DMSO 0.1 1 100
[CPF] (M)

*k*k

Treatment ratio (% of control)

0 : T T 1
DMSO 0.1 1 10 100
[CPO] (uM)

Fig. 3. Exposure to DZ (A), CPF (B), DZO (C), and CPO (D) concentration-dependently inhibits depolarization-evoked Ca?" influx. The grey shaded area represents a
benchmark response of 30%, which is derived from the average variation in DMSO control experiments. Data points display average percentage compared to control
(DMSO control set to 100%) + SEM from 17 to 81 individual cells (> 4 independent experiments per concentration). Difference from DMSO control (*** p < 0.001).
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4.3. Acute effects on neuronal network activity

Next, the effects of acute exposure to DZ, CPF and their respective
-oxon metabolites on spontaneous neuronal network activity were
assessed using MEA recordings in rat primary cortical cultures. Acute
(30 min) exposure to DZ results in a concentration-dependent decrease
in number of spikes (ICsg 19.3 uM), bursts (ICsg 37.7 uM) and network
bursts (ICsp 32.5 uM; Fig. 4A), whereas no conclusive effects of exposure
to the oxon-metabolite of diazinon (DZO) could be observed on these
parameters (Fig. 4C). Acute exposure to both CPF and its oxon-
metabolite (CPO) results in a concentration-dependent decrease in
number of spikes (IC59 CPF: 16.7 uM; ICs¢ CPO: 21.5 uM), bursts (ICso
CPF: 40.4 pM; ICso CPO:15.6 uM) and network bursts (ICsg CPF:
12.5 uM; ICs9 CPO: 14.1 uM; Fig. 4B and D).

After 24 and 48 h of exposure, the concentration-dependent effects
for DZ are almost absent, while exposure to DZO has no obvious effect on
spontaneous neuronal network activity after 24 and 48 h. ICs values for
CPF do not differ much between exposure durations 30 min, 24 h and
48 h, while for CPO the effects become less pronounced (see Table 1,
Fig. 5 and Supplementary data Fig. S3).

To exclude that the effects on spontaneous electrical activity are
caused by the inhibition of AChE, effects of rivastigmine on spontaneous
neuronal activity were investigated. Rivastigmine at 1 pM and 10 pM
has no effect on the number of spikes, bursts and network bursts after
30 min, 24 h and 48 h exposure, except for a modest increase in the
number of network bursts after 30 min (see Supplementary data
Fig. S4), clearly indicating that inhibition of AChE does not play a role in
the observed decrease in neuronal network activity following exposure
to DZ, CPF and CPO.
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Table 1

Overview of ICso values (in pM) for the OP-insecticides and their oxon-
metabolites on the number of spikes (NoSP), the number of bursts (NoB) and
the number of network bursts (NoNB) derived from MEA recordings after
30 min, 24 h and 48 h of exposure.

1Cso (UM) After 30 min After 24 h After 48 h
(NoSP; NoB; NoNB)

Diazinon 19.3; 37.7; 32.5 57.5; 51.3; 59.9 93.1; 90.6; 87.7
Diazinon-oxon - - -

Chlorpyrifos 16.7; 40.4; 12.5 14.6; 14.5; 15.0 19.0; 19.2; 34.4
Chlorpyrifos-oxon 21.5; 15.6; 14.1 49.5; 28.9; 33.5 47.8; 40.1; 29.2

4.4. Effects of developmental exposure on network activity

Acute exposure to DZ, CPF and CPO can affect spontaneous neuronal
activity after an exposure duration up to 48 h (Figs. 4-5). Since chronic,
repeated exposure is more reminiscent of the human situation and
exposure to OP-insecticides can also induce developmental neurotox-
icity (Todd et al., 2020), we determined the effect of chronic exposure to
DZ, CPF and their respective -oxon metabolites on neuronal network
development and maturation. Rat primary cortical cultures were
exposed for 10 days (DIV 7 — 17) to 0.001-100 uM of DZ, DZO, CPF and
CPO and neuronal activity was measured at five different timepoints
during development.

The results demonstrate that exposure to DZ at 100 pM has a small
effect on network activity at DIV 10 that disappeared over time, while
DZO has no effect on the development of spontaneous electrical network
activity (as measured by the number of spikes (NoSP), bursts (NoB) and
network bursts (NoNB); Fig. 6A and C). Exposure to 1 and 100, but not
10 uM CPF results in a significant, concentration-dependent decrease in
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Fig. 4. Concentration-response curves for DZ (A), CPF (B), DZO (C), and CPO (D) on neuronal network activity in rat cortical cells as measured during acute 30 min
exposure on the MEA. The grey shaded area represents a benchmark response of 20%, which is derived from the average variation in control experiments after
30 min of exposure. Effects on number of spikes (NoSP), bursts (NoB) and network bursts (NoNB) are depicted as average % compared to control (DMSO control set
to 100%) + SEM, from at least 9 individual wells (> 3 independent experiments per concentration). Difference from solvent control (* p < 0.05; ** p < 0.01;

*** p < 0.001). Color of asterisks indicates which parameter is significantly affected (red for NoSP; blue for NoB; green for NoNB). Black asterisks indicate all

parameters differ significant from solvent control.
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Fig. 5. Concentration-response curves for DZ (A), CPF (B), DZO (C), and CPO (D) on neuronal network activity in rat cortical cells as measured after 48 h of exposure
on the MEA. The grey shaded area represents a benchmark response of 35%, which is derived from the average variation in control experiments after 48 h of
exposure. Effects on number of spikes (NoSP), bursts (NoB) and network bursts (NoNB) are depicted as average % compared to control (DMSO control set to 100%)
+ SEM from at least 9 individual wells (> 3 independent experiments per concentration). Difference from solvent control (* p < 0.05; ** p < 0.01; *** p < 0.001).
Color of asterisks indicates which parameter is significantly affected (red for NoSP; blue for NoB; green for NoNB). Black asterisks indicate all parameters differ

significant from solvent control.

network activity over time on all three parameters, whereas exposure to
0.1 uM CPF significantly decreases only the number of network bursts.
Exposure to the lowest concentration (0.001 uM) CPF seems to gradually
increase neuronal (network) activity over time, although this effect was
not significant.

Finally, exposure to CPO at 100 pM results in a profound inhibition
of spontaneous neuronal activity on all three parameters over time
(Fig. 6D). At lower concentrations, exposure to CPO evokes a gradual
increase in number of bursts over time, but this effect was not
significant.

5. Discussion

Exposure to OP-insecticides and their -oxon metabolites does not
induce overt cytotoxicity after 48 h in rat cortical cells and human SH-
SY5Y cells. After 21 days exposure of rat cortical cells, only exposure
to 100 uM CPO strongly decreases cell viability, while CPF, DZ and DZO
are without effect (Fig. 2). However, the concentration at which cyto-
toxicity is observed lacks toxicological relevance and these findings
indicate that effects on functional endpoints observed at < 100 uM (for
CPO < 10 uM) are not confounded by cytotoxicity.

Previous studies have shown that AChE inhibition is most sensitive
for the oxon metabolites of the OP-insecticides (CPO and DZO), with
ICsp values around 0.01 uM for CPO (Gao et al., 2017; Kasteel et al.,
2020; Meek et al., 2021) and ranging from 0.05 to 1 uM for DZO (Kasteel
et al., 2020; Meek et al., 2021; Zhao et al., 2021). ICsq for both CPF and
DZ are much higher and are usually in the high micromolar range (Gao
etal., 2017; Meijer et al., 2014b; Rush et al., 2010; Zhao et al., 2021); see
also Table 2. The current study indicates that parent OP-insecticides

41

(CPF and DZ) can inhibit VGCCs and neuronal activity at concentra-
tions far below their sensitivity for AChE inhibition. In line with an
earlier study using PC12 cells (Meijer et al., 2014b), CPF almost
completely inhibits depolarization-evoked Ca®* influx via VGCC at
10 uM in human SH-SY5Y cells. In contrast, at 10 uM CPF, calcium
influx in rat primary cortical cultures was inhibited only by ~20%
(Meijer et al., 2015) and in line with the current data that also shows a
~25% inhibition after acute exposure to CPF at 10 pM (Fig. 3). So, these
studies not only show that the effects are quite consistent and repro-
ducible, it also shows that PC12 cells and SH-SY5Y cells seem to be much
more sensitive to CPF than rat primary cortical cells. Interestingly, CPO
at 10 uM induced a ~30% inhibition in PC12 cells (Meijer et al., 2014a),
rat primary cortical cultures (Meijer et al., 2015) and SH-SY5Y cells
(Fig. 3), and a ~20% inhibition in rat primary cortical cultures (Fig. 3).
The oxon-metabolite thus seems roughly equipotent throughout the
different studies regardless of the cell type. DZ and DZO also inhibit
depolarization-evoked Ca2! influx via VGCC, further implicating that
VGCC inhibition is a common mode of action of OP insecticides and their
metabolites. Notably in this respect, and in line with (Meijer et al.,
2014a), parent compounds are more potent than their oxon metabolites
(Table 2).

Human SH-SY5Y cells are thus more sensitive to OP-insecticide
exposure than rat cortical cells. Although both cell types show robust
calcium transients upon depolarization (also see Fig. S1), it is very well
possible that the differences in sensitivity are due to differences in VGCC
expression between cell models (Heusinkveld and Westerink, 2017).
Earlier studies by (Meijer et al., 2015, 2014a) also tested the effects of
CPF and CPO exposure on Ca?" influx, both in the rat PC12 cell line and
rat primary cortical cells. These studies showed that primary cortical
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Fig. 6. Concentration-response relationships for DZ (A), CPF (B), DZO (C) and CPO (D) for number of spikes (NoSP; left), bursts (NoB; middle), and network bursts
(NONB; right) over time as measured during chronic (DIV 7-17) MEA experiments. The grey shaded area represents a benchmark response of 40%, which is derived
from the average variation in control experiments at baseline (DIV7). Effects are depicted as average % change compared to time-matched control (DMSO control set
to 100%) + SEM from at least 16 individual wells (> 4 independent experiments per concentration). Open dots represent datapoints with a significant difference
compared to solvent control (p < 0.05), whereas closed dots represent datapoints that are not significantly different compared to control.

cells were less sensitive to the effects of insecticides on VGCCs than PC12
cells. Interestingly, the results found in PC12 cells are in line with our
results in the human SH-SY5Y cell line, with a concentration-dependent
decrease in Ca?* influx starting from 0.1 puM for both CPF and CPO, and
a stronger inhibition at high micromolar concentrations for CPF than for
CPO.

In PC12 cells, blocking N-type or P/Q-type VGCC inhibited calcium
influx by ~20-30% (Dingemans et al., 2009), which is comparable to
the inhibition seen in our data after exposure to CPF and CPO (Fig. 3). It
is therefore tempting to speculate about the involvement of either
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N-type or P/Q-type VGCC in the observed inhibition. However, since
SH-SY5Y cells do not express P/Q-type VGCC (Heusinkveld and West-
erink, 2017), it could be hypothesized that inhibition of N-type VGCC,
which are expressed in both SH-SY5Y and PC12 cells, is responsible for
the inhibition seen after exposure to CPF and CPO although additional
experiments are required to proof this hypothesis.

The hypothesized involvement of specific VGCC in the different cell
models also suggests that the difference in our results between the rat
cortical culture and human SH-SY5Y cells is a difference between cell
models and not so much between species. As the primary cortical culture
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Table 2
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Overview ICsq values for the OP-insecticides and their oxon-metabolites on AChE inhibition derived from literature, cytotoxicity in human SY-SY5Y cells (48 h
exposure) and rat primary cortical neurons (48 h and 21 days exposure), depolarization-evoked Ca®" influx via VGCC in human SY-SY5Y cells and rat primary cortical
neurons, spontaneous neuronal activity in rat primary cortical cultures after acute exposure (NoSP after 30 min) and developmental exposure (DIV 7-17; LOEC).

1Cso (UM) AChE Cytotoxicity VGCC Neuronal activity

SH-SY5Y (48 h) rCortex (48 h) rCortex (21d) SH-SY5Y rCortex Acute Developmental
Diazinon > 10 > 100 > 100 > 100 7.2 66.7 19.3 > 100
Chlorpyrifos > 50 > 100 > 100 > 100 2.1 > 100 16.7 1
Diazinon-oxon 0.05 > 100 > 100 > 100 > 100 > 100 > 100 > 100
Chlorpyrifos-oxon 0.01 > 100 > 100 100 12.7 > 100 21.5 100

is a heterogeneous model comprising of multiple neuronal cell types,
including glial cells such as astrocytes, this difference might also be due
to the presence of potential feedback mechanisms that are not present in
cell lines (Meijer et al., 2015).

Notably, the effects of OP-insecticide exposure on [Ca are not
AChE-mediated, since exposure to 10 uM rivastigmine (a potent and
selective AChE inhibitor (Ezzat et al., 2021)) and co-exposure of 10 uM
CPO and 10 uM rivastigmine has no effect on depolarization-evoked
Ca?" influx in SH-SY5Y cells and rat primary cortical cells.

The current study also assessed effect on neuronal network devel-
opment and function using MEA recordings. Effects of acute exposure
were largely in line with effects on depolarization-evoked Ca®" influx,
with decreases in neuronal activity observed at higher concentrations
for CPF, CPO and DZ. Rat ICs values for effects on neuronal activity are
lower than for effects on depolarization-evoked Ca®* influx (Table 2),
suggesting that neuronal activity parameters are especially sensitive to
OP exposure. It could be that the modest effect on Ca®* influx after
exposure to CPF and CPO at 10-100 uM is already sufficient to cause a
full inhibition of neuronal activity. Another possibility is that other
targets involved in neuronal transmission, such as the glutamatergic
AMPA receptor, the GABA, receptor or the GABA transporter, are also
affected at this (high) micromolar range (Alugubelly et al., 2021;
Torres-Altoro et al., 2011). The decrease in neuronal activity found here
is reflected in a decrease in the number of spikes, bursts and network
bursts. These effects are not AChE-mediated since exposure to 10 pM
rivastigmine did not decrease neuronal network activity. Notably,
exposure to DZO also had no effect on neuronal activity and [Ca®'];.
Although rivastigmine exposure does not decrease neuronal activity, it
cannot be excluded that AChE inhibition does play a role in the decrease
in neuronal activity found after OP-insecticide exposure. Notably in this
respect, MEA recordings of neuronal activity from rat primary cortical
cultures are not very sensitive to AChE inhibition, most likely due to the
low number of cholinergic neurons and thus also very low ACh levels.
Human SH-SY5Y cells appear more sensitive to the effects of
OP-insecticides on VGCC. Unfortunately, however, SH-SY5Y cells do not
form spontaneously active networks and are thus not compatible with
MEA recordings, thereby precluding further comparison of interspecies
differences. Future use of human induced pluripotent stem cells (hiPSCs)
may shed light on possible species differences.

Of particular interest is that exposure to DZ showed almost no effect
on neuronal activity after 48 h, while exposure to CPO had a less potent
effect on neuronal activity after 24 h and 48 h. Exposure to CPF, on the
contrary, did not differ in potency over time. This suggests that the
neurotoxicity after exposure to different OPs has different effects over
time. The differences in effects between CPF and CPO was mirrored in
Ca?" influx results found by Meijer et al. (2015) in PC12 cells, where
24 h exposure to CPF had a stronger effect than exposure to CPO. The
decrease in potency on neuronal activity for DZ and CPO could be due to
early insult and subsequent (partial) recovery of long-term network
activity over time, the detoxification of the compounds and/or by
desensitization of the target receptors (Gainetdinov et al., 2004).

To expand on the different effects found after prolonged exposure,
the current study assessed if chronic exposure to the OP insecticides and
their oxon metabolites over 10 days affected neuronal network
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development and maturation. Chronic exposure to both DZ and DZO had
no profound effects on the development of neuronal activity over time,
which is in line with the effects on neuronal activity found after 48 h
exposure to these compounds. Exposure to > 1 uM CPF decreased
neuronal activity over time. Interestingly, exposure to even lower con-
centrations CPF also decreased neuronal activity, with a significant
reduction in number of network bursts. Continuing exposure for a longer
duration might verify if low micromolar CPF concentrations can indeed
affect neuronal network activity over time, although the increase in
variation in the data with increasing exposure duration (also see
Table S1) may hamper the reliable detection of subtle effects. The
persistent decrease in neuronal activity after CPF exposure at both 48 h
and 10 days could be due to adaptive mechanisms such as gene
expression, protein function and/or changes in receptor turnover
(Lipscombe et al., 2013). Similar to the effects found after 48 h, CPO
exposure had less potent effects than CPF exposure. Only exposure to
100 uM CPO decreased neuronal activity, but this concentration lacks
toxicological relevance.

To determine if the effects detected on both Ca®" influx and neuronal
activity occur at relevant concentrations, we compared concentrations
of OP-insecticides that inhibited VGCCs and had an effect on neuronal
activity with (occupational) human exposure levels. In women and
children living in an intensively farmed region, blood levels for chlor-
pyrifos amounted to 2,49 - 53,29 ng/mL, which relates to an estimated
internal dose of 0.0071-0.152 uM. However, exposure levels as high as
5 uM have also reported and occupational exposure levels are likely to
be even higher (Huen et al., 2012; Phung et al., 2012). For DZ, exposure
levels in women and newborns living in an agricultural area are around
0.002 uM (Huen et al., 2012). The actual concentrations in the brain
could differ from these values due to metabolism or barrier effects. For
example, it is known that CPF not only reaches the blood-brain barrier,
but also reduces its integrity (Parran et al., 2005). If this also holds for
the other compounds investigated here is not known. It is likely that
parent OPs, such as CPF and DZ persist longer in the human body than
their oxon-metabolites and thus play a more prominent role.

Notably, young animals/humans have a lower rate of OP metabolism
(Eaton et al., 2008) and as a result, the parent compounds may persist
longer in young animals/humans. The relative contribution of the
parent compound to the toxic effect can thus also be more prominent.
From a risk assessment perspective it is important to point out that
toddlers were estimated to have the highest daily intake per kg bw of
chlorpyrifos compared to infants and adults (Eaton et al., 2008).

Our data demonstrate that parent OPs CPF and DZ have more pro-
found effects on both Ca" influx and neuronal activity than CPO and
DZO. CPF even has an effect on neuronal network development, illus-
trating the need to investigate possible links between early-life OP
exposure and neurodevelopmental disorders in children. Future studies
can expand on this by extending the exposure duration to 28 days and
using hiPSCs to better match the real life situation in humans. In
conclusion, our findings demonstrate the importance of non-AChE
mediated mechanisms of neurotoxicity after OP exposure.
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