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Endocrine-Disrupting chemicals(EDCs): 

evaluation of sex-specific effects on 

developmental neurotoxicity using 

microelectrodes array (MEA) recordings 

1. Abstract 

Endocrine-disrupting chemicals (EDCs) are known to disturb normal hormone signaling. Disruptors 

of hormone pathways, such as cypermethrin, permethrin, benzyl butyl phthalate (BBzP) and 

perfluorooctane sulfonate (PFOS) are associated with human health adverse outcomes, mainly 

during the neurodevelopmental window. However, there is a knowledge gap that links the 

neurodevelopmental toxicity of these chemicals and their endocrine disruptor activity. A key aspect 

of this study is that hormone receptors are differentially expressed between females and males. 

Thus, the current study aimed to assess the sex-specific effects on the development of neuronal 

activity of endocrine disrupting chemicals. To do so, rat cortical cells were exposed for 21 days in 

vitro to different concentrations of EDCs, and the neuronal activity was measured using 48-well 

microelectrode array (MEA) recordings.  Our findings suggest a sex-specific effect after the exposure 

to PFOS showing an increase of network activity over time only in females. Besides, permethrin 

presents a decrease in neuronal activity in females and an increase in males. Moreover, results 

represent a concentration-dependent decrease on neuronal activity after exposure to cypermethrin 

over time. These findings suggest a relationship between these compounds and the effects on 

neurodevelopmental effects. Therefore, this research provides a further step to establish scientific 

evidence on the neuronal toxicity caused by the endocrine disruptor effects. However, more studies 

are needed to improve the lack of information on the impact of EDCs on neuronal activity and 

human health.  
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2. Layman summary   

In our body, there is a network of glands, and organs called the endocrine system that produces, 

stores and secretes hormones. Usually, hormones fit into specific receptors and regulate the normal 

processes of our body such as growth, metabolism, digestion, or sexual function. However, in 

different products such as plastics, pesticides, or even in the water or food, we can find hundreds of 

dangerous chemicals called endocrine-disrupting chemicals or EDCs. EDCs get into the body, mimic 

the action of the hormones, and link to the hormone receptor instead. Consequently, they disturb 

the normal biological process and negatively affect human health mainly in the neuronal system. 

The abnormal function of hormones in the brain, especially during neuronal growth, may produce 

neurodevelopmental outcomes. It has been shown that hormones and EDCs produce different effects 

in the brain of males and females. However, there is insufficient knowledge of the neuronal effects 

produced by EDCs. Thus, this study focuses on assessing the effects of potentially hazardous EDCs on 

the development of the brain in each sex. To investigate so, females and males rat neuronal cells 

were grown in microelectrode array (MEA) plates and exposed to different concentrations of EDCs 

for 21 days. The MEA plates contain electrodes that can record the electrical neuronal activity of the 

cell culture. Results demonstrate that MEA is a valid method to test the changes in neuronal activity 

after exposure to these chemicals. The current findings found differences between sexes after 

exposure to PFOS, that presented an increase on the neuronal activity in females. Permethrin showed 

a decrease on neuronal activity in females and an increase in males. Besides, cypermethrin produced 

different neuronal effects at different concentrations, reducing the neuronal activity at the highest 

concentration over time. This study is important to gain insight into the impact of these chemicals 

on our brain growth. However, more knowledge is needed to ensure a causal link between the 

hormonal disruption activity and the brain development effect. Therefore, there is a need to test 

EDCs and improve the methods to evaluate them. Governments and regulatory agencies should 

develop strategies towards regulations of EDCs to protect human health and provide information to 

the public on the products that may contain these chemicals and their hazardous properties.  

3. Keywords  

Endocrine disrupting chemicals (EDCs); microelectrode array (MEA); neurodevelopment; neuronal 

activity; chronic exposure  
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4. Introduction 

In recent years, there has been a growing global concern over the effects that may result from 

exposure to chemicals that potentially disrupt the endocrine system in wildlife and humans. 

Endocrine-disrupting chemicals (EDCs) are defined as agents that may interfere with the synthesis, 

secretion, transport, binding, or elimination of natural hormones in the body (Andersson et al., 

2018). Endocrine disrupting chemicals act by linking with the hormone receptor directly, stimulating 

(agonists) or inhibiting (antagonists) them, or indirectly, by altering hormone synthesis 

(Combarnous, 2017). 

There are chemicals well-known to act as EDCs. For instance, the well-documented pesticide DDT, 

used worldwide since the 1940s and banned in Europe in the 1970s after being associated with the 

decline of the alligator´s reproductive in the Lake Apopka (Padayachee et al., 2023; Woodward et 

al., 1993). DDT and its metabolite DDE act by mimicking the action of estrogen and androgens and 

may cause hormone-related cancers including breast and prostate cancers (Cohn et al., 2015; 

Lenters et al., 2019). In addition, exposure to PFOS (polyfluoroalkyl substance, PFAS) is associated 

with the disruption of Liver Oxysterols (LXR) receptors (Lupu et al., 2020). PFOS was used as a 

protectant of commercial and industrial products but is banned in the EU since it is persistent in the 

environment and drinking water (Pierozan & Karlsson, 2021). Although there are examples of 

chemicals that have evidence of hormone-like activity, there is still a lack of knowledge of a myriad 

of potentially dangerous chemicals used worldwide and implicated in the disruption of the hormone 

system. Another potentially dangerous EDC widely used in everyday products is BBzP. BBzP is found 

in plasticizers, additives, and solvents, and it is associated with disruption of the prostaglandin E2 

(PGE2) receptor (Land et al., 2021). The pyrethroid family is also implicated in endocrine disruption. 

Pyrethroids are synthetic insecticides utilized in agricultural households and medical formulations 

and act by prolonging the time voltage-sensitive Na+ channels (VGSCs) are opened, thereby 

increasing the Na+ influx inducing hyperexcitation. This family is broadly divided into type I 

pyrethroids, which lacks an α-cyano group and type II pyrethroids, which contain an α-cyano group. 

Type II pyrethroids open Na+ channels for a longer time period compared to type I pyrethroids 

(Johnstone et al., 2017a), which can cause depolarization of the cell membrane and loss of neuronal 

activity. Secondary consequences of pyrethroid toxicity are related to gamma-aminobutyric acid 

(GABA) target sites and thyroid hormone disruption (Kunno et al., 2021; Leemans et al., 2019) . 

Exposure to EDCs is associated with several diseases related to prenatal growth, glucose 

metabolism, obesity, puberty, fertility, and carcinogenesis (Street et al., 2018). Even though the 

brain is dependent on hormones and highly susceptible to chemicals, especially during 

development, one of the less studied outcomes is how EDCs are linked with developmental 

neurotoxicity (DNT). Evidence for associations between EDCs and DNT has been shown. For 

instance, results have suggested that bisphenol-A and phthalates impact neurodevelopmental 

outcomes (Welch et al., 2022; Xu et al., 2020). Early life exposure to BBZP has a negative impact on 

cognition and neurobehavior (Zhang et al., 2019). Hence, there is an urgent need for risk assessment 

to identify harmful EDCs better and thereby implement legal frameworks that attempt to expose 

chemical regulations actions.  
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To understand the relationship between EDCs and DNT it is essential to look into hormone signaling 

and their role during critical windows of brain differentiation. A key driver in this study is that 

hormone receptors are expressed in a sex-dependent manner during neurodevelopment 

(Sundukov, 2006). Androgens and estrogens, also called sex steroids, have a crucial role in brain 

development and sexual differentiation. Evidence shows that sex steroids are involved in the 

neurogenesis process and are implicated in neurodevelopmental pathogenesis, such as 

schizophrenia and depression (Heberden, 2017; Hill et al., 2012; McEwen & Milner, 2017). 

Moreover, other hormone-signaling pathways play important roles in neurodevelopment. Thyroid 

hormone (TH) is essential for brain development and maturation (Mughal et al., 2018), and 

alterations in TH signaling may cause neurodevelopmental impairments (Gilbert et al., 2012; Moog 

et al., 2017). Expression of receptors such as LXR has been demonstrated to be involved in the 

modulation of brain function, regulation of glial cell functions and disruption of this pathway can 

increase the risk of developing neurodegenerative disorders (Mouzat et al., 2019; Song et al., 2022). 

Moreover, PGE2 plays an essential role in cell proliferation and neuronal differentiation of stem cells 

(Mouzat et al., 2019). 

To evaluate the developmental neurotoxicity of PFOS, BBzP, cypermethrin, and permethrin, we 

have measured neuronal network activity after exposure to these compounds using multi-well 

microelectrode arrays (MEAs). MEA is a non-invasive measurement that allows the recording of 

electrophysiological activity of cultured excitable cells in vitro, such as neurons (Hondebrink et al., 

2016; Shafer, 2019). Rat primary cortical cultures are suitable for detecting changes in neuronal 

activity after chronic exposure to chemicals since this culture compromises diverse cell types such 

as astrocytes and glutamatergic neurons and molecular targets like GABA receptors and voltage-

gated calcium channels (VGCCs). Although using human cells model such as iPSC-derived neurons 

may avoid the interspecies estimation error, in this study rat neurons model is used as it is a less-

expensive and short culture duration. Besides, minor differences between human iPSC-derived 

neurons compared to rat primary cortical cultures were demonstrated (Tukker, Wijnolts, et al., 

2020; Gerber et al., 2021). As exposure to EDCs may occur throughout life and has particularly 

important effects during early life, a long-term exposure assay with developing rat cortical cells is a 

suitable neurotoxic screening method to study the relationship between ED and DNT. In this study, 

cells are cultured for 28 days, the maximum time these cultures can be maintained without loss of 

neuronal activity. The spontaneous activity is detected as the number of spikes, bursts, and network 

bursts. The difference between these three parameters is that the number of spikes characterizes 

the action potential of the neuronal cells. The number of bursts represent the spikes produced in a 

single electrode over a short time, and the network bursts are the bursts recorded in different 

electrodes of the same well  (Gerber et al., 2021a). MEA recordings provide an efficient screening 

method to predict the developmental neurotoxicity effects of chemicals. Moreover, MEA is an in 

vitro toxicity test that allows to assess low-cost, non-invasive, reduces animal-use, and higher 

throughput studies (Kosnik et al., 2020; McConnell et al., 2012). Since it is unclear how endocrine 

disrupting chemicals can potentially induce DNT, there is a need for risk assessment evaluation to 

identify the effects EDCs have during neurodevelopment. Therefore, the present study aims to 

establish a causal link between ED and neurodevelopmental toxicity related effects. To this end, the 
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neuronal network activity of human-relevant compounds (phthalates, pyrethroids, and 

perfluoroalkyls) with endocrine disrupting properties was studied using MEA recordings. 

 

5. Materials and methods 

Chemicals and samples  

Four compounds were used in the study: perfluorooctanesulfonic acid (PFOS), benzyl butyl 

phthalate (BBzP), cypermethrin and permethrin. PFOS (>98% purity) and permethrin (98,3% purity) 

were obtained from Fluka (Zwijndrecht, The Netherlands). BBzP (98% purity) and α-Cypermethrin 

(≥98.0% purity) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). Further 

information about the compounds used is summarized in table 1.  

Group Compound Chemical 
formula 

Molecule ED MW Lot Company  CAS 
RN 

 
Perfluo
ro 
chemic
als 
(PFCs) 

Perfluorooctan
esulfonic acid 
(PFOS) 

C8HF17O3

S 

 

LXR, 
AR, 
TR 

538.22 
g/mol 

124
651
9 

FLUKA 176
3-
23-1 

Phthal
ates  
 

Benzyl butyl 
phtalate 
(BBzP) 

C19H20O4 

 

 

PGE2
R 

312.36 
g/mol 

MK
CM
198
7 

SIGMA-
ALDRICH 

85-
68-7 

Pyreth
roids 

Cypermethrin 
(Cyp) 

C22H19Cl2

NO2 

 

TR  416.30 
g/mol 

BCB
S39
67V 

SIGMA-
ALDRICH 

523
15-
07-8 

Pyreth
roids 

Permethrin 
(Perm) 

C21H20Cl2

O3 

 

TR, 
VDR, 
PPAR 

391.29 
g/mol 

SZB
B20
6XV 

Fluka 526
45-
53-1 

Table 1: Summary table of the samples tested. Overview of the chemical group, the formula and molecule, potential 

receptor involved in ED activity, molecular weight, number of lot of the compounds used, company manufacturer, and 

CAS number. *ED= endocrine-disrupting receptor; LXR= Liver X receptor; AR= androgen receptor; TR= thyroid hormone 

receptor; PGE2R= prostaglandin E2 receptor; VDR= Vitamin D3 receptor; MW= Molecular weight; CAS RN=chemical 

abstracts service registry Number. 

The stock solutions were prepared by adding Dimethyl Sulfoxide (DMSO) and were stored in 

sterilized amber glass vials at 4°C. DMSO stock solutions were diluted 1:1000 in medium to get the 

final exposure concentrations, 0.01 μM to 100 μM through serial dilutions.  
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Microelectrode arrays (MEA)  

Microelectrode arrays (MEA) consist of a non-invasive platform to record, amplify and analyze the 

electrophysiological activity of excitable cells in vitro. 48 multi-well BioCircuit MEA plates with an 

opaque well bottom were used in the functional neurotoxicity experiments. Each well integrates an 

electrode array of 16 gold microelectrodes (40–50 μm diameter; 350 μm center-to-center spacing) 

(Tukker et al., 2018). MEA plates were placed into the system Maestro Pro multi-well microelectrode 

array (Axion Biosystems, Axion Integrated Studio (AxIS) software version 2.5.2) that integrated CO2, 

heating, and temperature system control used to record the electrical activity of neurons. 

Cell culture  

All experiments were performed according to Gerber et al. (2021). Performing experiments requires 

careful planning, pre-treatment, and washing of the 48-well MEA plates. MEA plates are re-used up 

to four times, and washing steps under sterile conditions are necessary. 48-wells MEA plates require 

to be coated at least one day before the isolation with 0.1% polyethyleneimine (PEI) to allow cells 

to be attached to the wells. Rat primary cortical cells were cultured on MEA plates. The cultures 

include diverse cellular in vivo cells, such as excitatory and inhibitory neurons and astrocytes used 

to screen neuronal activity. The isolation procedure was performed by professionals with 

knowledge and insight into animals used for scientific purposes. Males and females Wistar Rat pups 

on postnatal day 0- 1 (Envigo, Horst, the Netherlands) were decapitated with scissors. Cortices from 

brains were placed in a petri dish containing ice-cold dissection medium (500 mL Neurobasal®-

A(NBA) medium (phenol red-free), 14g sucrose (28/100mL), 1.25 mL L-glutamine (200mM), 

penicillin-streptomycin (5000 U/mL), 50 mL B27 Plus Serum-Free Supplement (50X), 5 mL glutamate 

solution (3.5mM) and pH adjusted to 7.4). Once cortices were triturated and centrifuged for 5 min 

at 800 rpm, suspension of 2 × 106 cells/mL was adjusted. The cells were seeded by 50 μl drops that 

were added in the center of each well of 48-well MEA plated already coated with PEI. Cells were 

kept for 2 hours in a humidified incubator at 37ºC with 5% CO2 to adhere to the array surface. After 

adding dissection medium (450 μl/ per well), on DIV 4, the 90% of the medium was replaced with 

culture medium (dissection medium without l-glutamate). Cells were kept in a humidified incubator 

until the start of the experiment on DIV 7.  

Animal experiments were approved by the Ethical Committee for Animal Experiment of the 

University of Utrecht and performed in agreement with Dutch law and the European Community 

directives regulating animal research (2010/63/EU).  

Chronic exposure experiment 

Developmental exposure experiments started on DIV 7, measuring 30-min baseline MEA activity. 

Before the measurement, Axion software settings were set up. 768 simultaneous live recordings 

were sampled with a frequency of 12.5 kHz, a gain of 1200×, and a band-pass filter of 0.2-5 kHz 

creating raw (.RAW) data files. After ∼20 minutes of baseline recording, the number of active 

electrodes per well was counted at the Spike Plots module and noted in an exposure schedule. The 
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number of bursting electrodes per well should be ≥4 to consider the detection of neuronal activity. 

At least six wells were used as control exposure.  

During the process, 48-well MEA plates were placed in an incubator at 37°C with 5% CO2. At DIV 10, 

14, 17, 21, and 24, 30-min MEA measurements were recorded (after equilibrating MEA plates in 

Maestro for ~5 minutes). To save time, exposure solutions of the test compounds were prepared 

during MEA recordings. Exposure solutions were warm and kept at 37°C. Since there are changes in 

the water volume produced because of the evaporation, the volume of each well was corrected at 

each half-medium change. To correct for the volume, we added 20 μL of sterile water to the outer 

wells and 5 μL to the inner wells. Once the water volume was adjusted, we replaced 50% of the 

medium change. First, 250 μL of the medium was removed from all the wells. Second, 250 μL of the 

exposure dilution was added carefully. Since in the first exposure (DIV 7; baseline), the cells were 

not exposed to the compound yet, the concentration of the exposure solution added in the medium 

change doubled the amount of the desired exposure concentration used in the next medium 

changes. At DIV 28, we started another 30 min recording. After the recording, cell viability was 

analyzed.  

Cell viability assay 

On DIV 28, the viability of the cell culture was assessed using the Alamar Blue (AB) assay. AB provides 

a rapid method for assessing mitochondrial metabolic activity of the primary cortical after exposure 

to the compounds. The purpose of AB bioassay in the chronic exposure experiment was to 

determine whether changes in neuronal activity were caused by the cytotoxic effects of the 

compounds used. AB is based on the ability of viable cells to reduce resazurin (non-fluorescent blue 

reagent) to a resorufin (fluorescent pink compound). Resazurin permeates into the cells and in the 

mitochondria, it is converted to resorufin by accepting electrons of NADPH, GADH, FMNH, NADH, 

and cytochromes. The Redox reaction causes a shift in color from blue(oxidized) to pink (reduced), 

being easily measured using colorimetry or fluorometry reading at 590 nm. Once the last MEA 

recording was measured, the culture medium was replaced by 300 µL of Alamar Blue (25uM). To 

obtain the concentration of 25uM working solution, AB 5mM was diluted 1:200 in 37°C prewarm 

HBSS (1x). To prepare HBSS 1x, HBSS x10 was diluted in distilled water. MEA plates and the AB 

remaining working solution were incubated for 1.5 hours at 37°C with 5% CO2 and 95% air 

atmosphere. Afterward, 200 μl of the AB from each well were transferred from the 48-well plate to 

a transparent 96-well culture plate. Each row of the 96-well plate corresponded to each 

concentration. At least 3 wells of one row were used as a blank control adding 200 μl/per well of AB 

incubated. After that, the fluorescence was measured with a microplate reader (Tecan Infinite 200 

reader, Männedorf, Switzerland). Excitation was set up to 540 nm and emission to 590 nm and the 

area filled was selected. Before introducing the plate in the Tecan, bubbles in wells were carefully 

checked and eliminated.  
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Data analysis  

MEA recordings were saved in .RAW data files in the Maestro Pro multi-well microelectrode array. 

After MEA recordings were completed, Integrated Studio (AxIS) software was used to generate AxIS 

spikes files from the .RAW files. Spikes were detected using the AxIS spike detector (Adaptative 

threshold crossing) with an optimal threshold of 7*standard deviation (SD) to differentiate between 

spikes and the background noise. Pre and post-duration of the spikes were 3.6/2.4 ms for each 

electrode. To return the signal below the threshold before detecting an additional spike, the “Detect 

only crossings” option was selected. Coincident artifacts were removed from the analysis, and the 

“spike counting interval” was set to 1 s.  

The software NeuralMetrics Tools (v 3.1.7, Axion BioSystems) was used to analyze .spk files 

generated, identifying bursts and network bursts. The file segment analyzed was the last 1200 

seconds of the recording since it is the most stable timeframe, and only active electrodes (6 

spikes/min) were included. Spikes that were detected on multiple electrodes at the exact time were 

seen as coincident artifacts and were excluded from the analysis. To identify bursts, spikes were 

compared to the expected collection of spikes under a “Poisson surprise” distribution in a given 

period of time, using a minimun surprise of 10. The network burst was analyzed using an adaptive 

threshold method with a minimum of spikes of 40 and a maximum electrode per well of 15%. The 

NeuralMetrics Tools generated .csv files with the raw values for each parameter for each recording. 

The .csv files obtained were combined using a custom-made Excel macro. Raw values for baseline 

and exposure recordings were grouped per condition in an excel template. Only wells with more 

than four bursting electrodes were included. Experimental values that exceeded mean ± 2×SD were 

considered outliners and were removed. To calculate the treatment ratios per well, raw values were 

normalized per point (DIV 7, 10, 14, 17, 21,24, and 28) to time-matched average control value (set 

to 100%). Finally, the data represented average values derived from at least 2 independent 

experiments (N). Results were presented as mean % ± standard error of the mean (SEM).  

In the cytotoxicity assay, fluorescence values were normalized ((Fluorescence value exposed well∗ 

100/Mean fluorescence value control) = mitochondrial activity (% of control)) setting the mean 

control value to a 100% metabolic activity. The values of the exposure were compared with the 

average of the control. Data from different plates were combined excluding values in which 

treatment ratio was more than the mean ± 2×SD (for each condition). 

Statistical analysis  

All data were analyzed using GraphPad Prism 9 (GraphPad Software, San Diego, California, USA). A 

two-factor ANOVA test was used to calculate changes in the neuronal activity and cytotoxic effects 

for each compound. Tukey´s test was performed to assess a multiple significant comparison. In the 

cytotoxicity assay, cell viability was compared in males and females. In the chronic assay, MNS, MNB, 

and MNNB results were compared independently in time-dependent and concentration-dependent 

manner, in which control group was the DMSO exposed one.  
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Furthermore, sex-specific effects were assessed by mixing the effects of concentration and time and 

comparing them between males and females. Once we analyzed the data, graphs were obtained. 

Benchmark response (BMR) was based on the average variation in control experiments at DIV 7. The 

resulting data were presented as mean ± standard error of the mean (SEM) normalized to the 

control. A p-value< 0.05 was considered statistically significant.  

 

6. Results 

In this study, following the procedure outlined above, rat cortical female and male cells were 

exposed to one of four compounds (PFOS, cypermethrin, permethrin, and BBzP) at 0.01-100 µM, for 

21 days (day in vitro (DIV) 7-28). Neuronal activity was recorded at several time points and 

alterations in spontaneous neuronal activity were expressed as treatment ratios (% change 

compared to time-matched control) by assessing the number of spikes (MNS), bursts (MNB), and 

network bursts (MNNB). Cytotoxicity was assessed using Alamar Blue (AB) assay.  

Changes in the neuronal activity pattern after chronic exposure to PFOS  
 

 
Figure 1. Developmental effects of PFOS on rat cortical neuronal activity. Concentration-response relationship for PFOS 

(0.01-100 µM) is tested over time during chronic (DIV7-28) MEA experiments. Neuronal activity is represented as the 

number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for female (top graphs) and male (bottom graphs) 

cells. The results are presented as mean treatment ratio normalized to control (DMSO set to 100%) ± SEM from the number 

of wells (n) between 14 and 16 in females and 11 and 15 in males. Two independent experiments(N) were performed and 

normalized to DIV 7. The grey area shows a 30% benchmark response derived from the average variation in control 

experiments at baseline (DIV 7). Asterisks represent data points with a significant difference compared to the control (p ≤ 

0.05). The color of the asterisks indicates which concentration is significantly affected (orange for 0.01 µM; red for 0.1 

µM; green for 1 µM; blue for 10 µM; purple for 100 µM). The lack of asterisks means that no significant data was founded.  
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As can be seen in Figure 1, minor differences in MNB and MNNB were observed between male and 

female pattern activity after the exposure at the DIV 7. Nevertheless, MNS presents a noticeable 

difference between sex showing a tendency in females to increase in a time-dependent manner the 

activity. Whereas parameters of male neuronal activity remain mostly constant during the time.  

In females, spontaneous neuronal activity on MNS suggests that all concentrations present a gradual 

increase in the activity from DIV 10 onwards, raising 150% of the activity on DIV28. In table 6 (see 

appendix), significant effects can be founded. Contrary to these results, bursts and network activity 

present only minor differences, remaining constant with no remarkable changes over time.  

Male results demonstrate that exposure to PFOS at all concentrations over time has a negligible 

effect on spontaneous electrical network activity (measured by MNS, MNB, and MNNB, no 

significant effect). While at the highest concentrations (10 and 100 µM), PFOS evokes a reduction 

of the activity, at the lowest concentration (0.01 µM) raises the activity.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cell viability after developmental exposure to PFOS. Cytotoxic effects of PFOS (0.01-100 µM) were determined 

using Alamar Blue (AB) on DIV28 after the chronic exposure experiment. Metabolic activity is evaluated per concentration 

normalized to DMSO controls (DMSO set to 100%) ± SEM from n=14-16 in females and n=11-15 in males, N=2. 

Mitochondrial activity results were presented in color blue for males and red for females. The dotted line represents 100% 

of cell viability, and the grey area indicates a 20% benchmark response derived from the average variation in control 

experiments. Results were considered statistically significant when p-value<0,05.  

Mitochondrial activity was assessed using Alamar Blue (AB) assay based on a redox reaction. As can 

be seen in Figure 2, PFOS shows no significant cytotoxicity effects in females or in males for the 

concentrations studied.  
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Neuronal activity after chronic exposure differs from type I and type I pyrethroids  
 

 

Figure 3. Developmental effects of cypermethrin (A) and permethrin (B) on rat cortical neuronal activity. Concentration-

response relationship for cypermethrin and permethrin (0.01-100 µM) is tested over time during chronic (DIV7-28) MEA 

experiments. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) 

for female (top graphs) and male (bottom graphs) cells. The results are illustrated as mean treatment ratio normalized to 

control (DMSO set to 100%) ± SEM. The number of wells assessed in cypermethrin was n=15-16 (females) and n=14-16 

(males), while in permethrin n=14-16 in females and males. Two independent experiments were performed and 

normalized to DIV 7. The grey area shows a 30% benchmark response derived from the average variation in control 

experiments at baseline (DIV 7). Asterisks represent data points with a significant difference compared to the control (p ≤ 

0.05). The color of the asterisks indicates which concentration is significantly affected (orange for 0.01 µM; red for 0.1 µM; 

green for 1 µM; blue for 10 µM; purple for 100 µM). The lack of asterisks means that no significant data was founded.  

B 

A 
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Cypermethrin and permethrin are pyrethroids with different chemical formulas. Whereas 

permethrin (type I pyrethroid) lacks an α-cyano moiety, cypermethrin (type II pyrethroid) contains 

an α-cyano moiety at the alpha-position (Figure 4). Consequently, it raises the question of whether 

the effect after chronic exposure to both compounds is equivalent or different. Rat cortical cells 

were exposed to different concentrations (0.01-100 µM) of permethrin and cypermethrin. We 

Spontaneous neuronal activity was measured for 28 days, and results were compared. 

 

Figure 4. Chemical structures of permethrin (Type I pyrethroid) and α-cypermethrin (Type II pyrethroid).  

It is visible comparing Figure 3.A and Figure 3.B, that neuronal activity patterns differ from both 

compounds. The results demonstrate that permethrin has a concentration-dependent decrease in 

spontaneous neuronal activity over time in both sex. Whereas permethrin effect reveals a slight 

time increase in neuronal activity only in males.  

Figure 3.A presents the treatment ratios after cypermethrin exposure showing almost the same 

activity curve in males and females with no major differences between parameters. In males, the 

activity drops to almost full inhibition at 10 µM and complete inhibition at 100 µM on DIV10 onwards 

(statistical significance p<0.05). Similar to these results, the highest concentration in females 

decreases gradually on DIV10 inducing full inhibition at 100 µM on DIV14 and at 10 µM on DIV 17. 

These results are significant (see supplementary data table 4). Small noticeable effects were 

presented in females and in males after 0.01, 0.1, and 1 µM exposure to cypermethrin on the 

number of spikes, bursts, and network bursts. The activity remains stable at the time with a slight 

decrease on DIV 28 in both sexes. Exceptionally, in graph 3.A a modest peak can be observed after 

the exposure to cypermethrin in male cells at 0.01 µM on DIV 21 (MNS and MNB) and DIV 14 (MNB 

and MNNB). However, these random effects might be considered not relevant to our results.  

Moreover, after 0.1 µM exposure, males presented a drop in all parameters on DIV 14. However, 

these results were not significant (table 4 appendix).  

Alterations in neuronal activity are found in figure 3.B, after chronic exposure to permethrin at 0.01-

100 µM concentration. Males and females present different tendencies in the activity on all three 

parameters. Male shows a sharp time-dependent increase in the spontaneous spikes rate, with a 

peak in the DIV28 (almost 300% of the activity at 0.01, 0.1, and 10 µM). At the highest concentration, 
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the number of spikes declined nearly full inhibition at DIV 10, and at DIV 14 the activity was 

recovered. Female rat cells exposure to 100 µM completely inhibits MNS and MNB on DIV14 

(significant p<0,05). In parallel, the rest of concentrations remain constant on time, raising only a 

bit on DIV 28. Further significant results can be observed in table 5 in the appendix.  

 

 

 

Figure 5. Cell viability after developmental exposure to cypermethrin (left graph) and permethrin (right graph). 

Cytotoxic effects of cypermethrin and permethrin (0.01-100 µM) were performed using Alamar Blue (AB) on DIV28 after 

the chronic exposure experiment. Metabolic activity is evaluated per concentration normalized to DMSO controls (DMSO 

set to 100%) ± SEM from n =15-16 (females) and n = 14-16 (males) for cypermethrin and n =14-16 in females and males 

for permethrin, N=2. Mitochondrial activity results were presented in color blue for males and red for females. The dotted 

line represents 100% of cell viability, and the grey area indicates a 20% benchmark response derived from the average 

variation in control experiments. Results were considered statistically significant when p-value<0,05. 

 

Figure 5 presents the viability of cells after the cypermethrin (graph on the left) and permethrin 

(graph on the right) exposure. Mitochondrial activity after cypermethrin exposure was slightly lower 

in males for all concentrations except 0.1 µM which was higher than in females. However, these 

effects were not statistically significant. As can be seen in the right graph of figure 5, metabolic 

activity in females resulted in non-significant change for all concentrations. Close inspection of right 

graph indicates, by contrast, that permethrin presents generally upper metabolic activity in males 

raising almost 150% of the activity at 0.01 µM and 100 µM. Comparing well with males, females 

present lower activity at 0.1 µM. Results analyzed indicate no cytotoxicity after the developmental 

exposure to cypermethrin or permethrin, suggesting that both compounds lack cytotoxic effects in 

cortical cells at the concentration given.  
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Chronic exposure to different concentrations of the phthalate BBzP releases differences in 

neuronal activity  
 

  

Figure 6. Developmental effects of BBzP on rat cortical neuronal activity. Concentration-response relationship for BBzP 

(0.01-100 µM) is tested over time during chronic (DIV7-28) MEA experiments. Neuronal activity is represented as number 

of spikes (MNS), bursts (MNB), and network bursts (MNNB) for female (top graphs) and male (bottom graphs) cells. The 

results are illustrated as mean treatment ratio normalized to control (DMSO set to 100%) ± SEM from n =15-16 (females) 

and n = 15-16 (males), N=2. Two independent experiments were performed and normalized to DIV 7. The grey area shows 

a 30% benchmark response derived from the average variation in control experiments at baseline (DIV 7).  

Asterisks represent datapoints with a significant difference compared to the control (p ≤ 0.05). The color of the asterisks 

indicates which concentration is significantly affected (orange for 0.01 µM; red for 0.1 µM; green for 1 µM; blue for 10 

µM; purple for 100 µM). Lack of asterisks means that no significantly data was founded.  

Upon exposure to BBzP, fluctuations in neuronal activity are observed in female and male rat cortical 

cells over time (See Figure 6) .The highest concentration (100 µM) results in a sharp decrease of the 

activity in both sexes at DIV 10 on the three parameters (statistically significant). After DIV 10, 

neuronal activity shows different responses in female and male cells. Spontaneous activity in males 

after exposure at the highest concentration remains almost inhibited over time with a peak of 

activity (almost 50% of the activity) at DIV 14 on the number of spikes and bursts. The number of 

networks burst fluctuates during the time points, showing a peak in the activity (response of 100%) 

at DIV 14 and DIV 28, and full inhibition at DIV 21, although this effect was not significant. Whereas, 

at 100 µM all parameters in females gradually increase the activity at the DIV 17, showing a 

noticeable peak on MNB and MNNB that reaches almost 150% of the activity (data not significant). 

Moreover, the activity is significantly reduced afterward for all parameters at 100 µM (see 

supplementary data table 3). All exposures down to 100 µM except 0.01 µM, presented fluctuation 

in the activity curve with a slight increase at DIV28 in both sexes with no significant effect. Finally, 

the lowest concentration (0.01 µM) evokes significant induction of spikes, bursts, and network 

bursts.  
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Figure 7. Cell viability after developmental exposure to BBzP. Cytotoxic effects of BBzP (0.01-100 µM) were performed 

using Alamar Blue(AB) on DIV28 after the chronic exposure experiment. Metabolic activity is evaluated per concentration 

normalized to DMSO controls (DMSO set to 100%) ± SEM from n=15-16 in females and n=15-16 in males, N=2. 

Mitochondrial activity results were presented in color blue for males and  red for females. The dotted line represents 100% 

of cell viability, and the grey area indicates a 20% benchmark response derived from the average variation in control 

experiments. Results were considered statistically significant when p-value<0,05. 

As can be seen in figure 7, mitochondrial activity assessed by the AB assay, remained stable in all 

concentrations compared to the control. These findings suggest lacks cytotoxic relevance after the 

exposure to BBzP at 0.01 µM -100 µM concentrations.  

 

7. Discussion  

The present study aims at contributing to the understanding the causal links between EDC exposure 

and DNT. Accordingly, the effects of four chemicals with endocrine disruptive properties (BBzP, 

PFOS, cypermethrin, and permethrin) on neurodevelopment were assessed. Micro-electrode array 

(MEA) recordings were used to evaluate the effects on spontaneous electrical neuronal activity in 

rat cortical cultures over 21 days of exposure.  The overall direction of our results after compound 

exposure presented changes in the neuronal activity, suggesting that the EDCs used in this study 

may have neurotoxic effects. In particular, BBzP demonstrated a concentration-dependent increase 

over time only in females. In the case of cypermethrin, a decrease in the activity was observed at 

highest concentrations in both sexes. Exposure to permethrin revealed an increase of the activity in 

males over time but inhibition of the activity at the highest concentration in females. Notably, BBzP 

exposure resulted in fluctuations in the neuronal activity in both sexes during the time frame. 

Interestingly, cell viability data indicated no differences in the mitochondrial activity of the cells after 
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the end of the chronic assay compared to the control at any of the concentrations tested (0.01-100 

µM). Results support the assumption that the compounds entailed no cytotoxicity effects.   

Remarkably, all of the compounds assessed in this study are allowed to be used in the European 

Union except for PFOS, which was listed in May 2009 by the Stockholm Convention as a Persistent 

Organic compound and has been banned since 2020. However, there are no agreements between 

countries regarding the regulations and prohibitions of these compounds (European Parliament, 

2003; Xie et al., 2013). Moreover, although permethrin and cypermethrin have demonstrated highly 

toxic effects, they were approved to be used as insecticides, acaricides, and pest control products 

by the European Chemicals Agency (ECHA). Therefore, the study of their potential impacts on the 

environment and human health is necessary.   

In this context, it is essential to underline that PFOS, cypermethrin, permethrin, and BBzP can cross 

the blood-placenta and brain barrier (Cui et al., 2009; Qian et al., 2020; Trunnelle et al., 2013). 

Consequently, a differentiated understanding of the neuronal effect of these compounds in early 

life is necessary. For instance, PFOS may strongly bind to phospholipids, and is accumulated in the 

brain (Cao & Ng, 2021). A human model study validated that brain contained PFOS in a concentration 

of 0.01 µM (Fàbrega et al., 2014). Moreover, studies in Greece and Ukraine have shown that the 

highest concentration of PFOS in the blood of male and female populations of reproductive age was 

0.05 µM (Ludwicki et al., 2015; Tukker, Bouwman, et al., 2020). In the case of pyrethroids, research 

on pregnant Chinese women found a concentration of 0.24 µM in cypermethrin and 0.362 µM in 

permethrin (Simaremare et al., 2020). Lastly, 0.01 µM BBzP was detected in pregnant women in 

southern Sweden (Högberg et al., 2008). Studies demonstrated that the blood-brain partition 

coefficient for cypermethrin, permethrin, and BBzP were 7.94, 1.6, and 8.3, respectively (Quindroit 

et al., 2019; Sarigiannis, 2019). Although the exact concentration of these compounds in the brain 

is unknown, these findings suggest that these EDCs may pass through the blood-placenta barrier 

and be highly distributed to the brain and fetus.  The concentration tested in our study varied from 

0.01 µM to 100 µM. Thus, the daily exposure concentration of all compounds was within the 

concentration range tested. It is fundamental to highlight that the highest concentrations (10 µM -

100 µM) exceed the realistic human exposure found in blood and, thus, are not toxicologically 

relevant. However, it is crucial to test hazards at high concentrations to ensure human exposure 

safe levels.  

Intriguingly, we demonstrated an increase in number of spikes in females after PFOS exposure. Data 

obtained in previous studies with Zebrafish embryos (Gaballah et al., 2020; Spulber et al., 2014) 

have demonstrated that developmental exposure to PFOS resulted in neuronal hyperexcitability. 

Moreover, previous results after acute exposure to PFOS (figure 7. appendix), represented an 

increase in neuronal activity at 100 µM. PFOS is considered a disruptor of the endocrine system 

since it may act as an LX receptor agonist. Studies with an agonist of LXR (GW3965) suggested that 

the activation of these receptors induced proper neuronal function (Báez-Becerra et al., 2018). In 

contrast to this, preliminary experiments after developmental exposure to GW-3965 using rat 

cortical cells (see figure 11 in appendix) showed no significant effects on neuronal activity. 
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Alternatively, other studies recently demonstrated that PFOS could target other non-hormones 

neuroreceptors. Tukker and colleagues (2020) used MEA recordings in human iPSC-derived 

neuronal models to demonstrate that PFAs is a GABAA antagonist. This fact is not surprising, as it 

has been previously suggested in other studies (Bouwman, et al., 2020; Tukker, Wijnolts, et al., 

2020). Further, experiments with Wistar rat pups found activation of NMDA receptors and excess 

calcium influx after PFOS exposure (Berntsen et al., 2018). Perhaps the lack of findings in our current 

study suggests that PFOS may target more than one receptor, and it could produce a compensatory 

mechanism that masks any neuronal effects. Consequently, the relationship between the neuronal 

effects of PFOS and LX receptors in the brain is unclear.  

Of particular interest is that permethrin and cypermethrin, which are type I and type II pyrethroids, 

have different effects on neuronal activity in our current study. Consistent with Shafer et al. (2005), 

we observed that the activity of cortical cells is affected differently after exposure to type I and type 

II pyrethroids. While the cypermethrin exposure suggested a remarkable reduction of the activity, 

permethrin reveals a slight increase in the activity just in males. Acute exposure results also 

suggested differences between pyrethroids neuronal activity tendencies. Whereas there was an 

increase of the activity after 10 µM permethrin in females and males (results can be found in figure 

8 in the appendix), cypermethrin exposure showed a decrease of activity at 10 µM, followed by full 

inhibition at 100 µM in males and females (Appendix figure 9). Intriguingly, our data shows that 

permethrin demonstrated sex-specific differences in neuronal activity. We observed that 

cypermethrin presented full inhibition in males and females at 10 and 100 µM while permethrin 

showed a decrease of the activity at only 100 µM in females. These findings appear to support the 

association between permethrin and sex-specific epigenetic alteration (Blanc et al., 2021). The 

current study also found no cytotoxic effects after exposure to both compounds, contrary to (Shi et 

al., 2011), who suggest apoptosis inducted by cypermethrin and permethrin in the brain and spinal 

cord of larvae zebrafish. Their effects on Na+ channels may explain the differences between 

neuronal activities of both types of pyrethroids. It is generally accepted that the main target of 

pyrethroids are voltage-gated sodium channels (VGSCs). Both chemicals are neurotoxic insecticides 

that allow Na+ to flow into the cell, producing depolarization of the membrane potential. Type I and 

type II pyrethroids could have different effects because of their different molecular structure. While 

type I pyrethroids lack an α-cyano group, type II contains an α-cyano group and opens Na+ channels 

for a longer time (Richardson et al., 2019). Type II exposure results in a prolonged effect on neurons, 

producing a depolarization block accompanied by suppression cellular excitability (Range et al., 

2012). Therefore, type II pyrethroids may produce a more profound inhibition of the activity. 

Nevertheless, in several studies, the effects of pyrethroids were also associated with the opening 

voltage-gated calcium channels (VGCCs) and the inhibition of GABAA receptors (Johnstone et al., 

2017b; Meyer et al., 2008). In addition, both pyrethroids may also likely be involved in the thyroid 

hormone agonist (Leemans et al., 2019). The differences between sex in permethrin might also be 

explained as differences in the expression of hormone receptors and may be related to the 

endocrine disruption effect. However, the hormone receptor was not demonstrated to affect the 

neuronal network activity since previous data showed that triiodothyronine (an agonist of TH 

receptor) and NH-3 (an antagonist of TH receptor) had no significant effect on neuronal activity 



Celia Arenas González 
 

19 
 

(figures 12 and 13 of the appendix). There is, thereby an unclear knowledge about the mechanisms 

that produce the differences in neuronal activity.  

Our results suggest that BBzP at the highest concentration (100 µM) produced almost full inhibition 

in both sexes. In good agreement with our results, previous data suggest that neuronal activity 

decreased completely after acute exposure to BBzP in males and females (see figure 10 in the 

appendix). Further, we found no cytotoxic effects of BBzP. Thus, our results indicate neurotoxic 

effects after developmental exposure to the highest concentration of BBzP, without loss of cell 

viability. The decrease in activity could be attributed to the capacity of BBzP to bind hormone 

receptors and ion channel targets. Notably, previous studies suggested that BBzP might be related 

to the inhibition of the prostaglandin E2 (PGE2) receptor (Land et al., 2021), and it has also been 

associated with prostaglandin synthesis (Kristensen et al., 2011). Comparatively, acute exposition 

to PGE, using rat primary cortical cells measured by MEA recording suggested a small non-

significative drop-in the neuronal activity at 0.1 µm (figure 14 in the appendix). Surprisingly, BBzP 

might be linked also to the disruption in the thyroid homeostasis (Ishihara et al., 2003; Li et al., 2022) 

and the estrogenic and an antiandrogenic effects (Se & Byung, 2005; Swan et al., 2005). This fact 

suggests the possibility that sex-specific differences in our results are due to the disruption of 

estrogen receptors. Nonetheless, our data is insufficient to demonstrate that hormone disruption 

of BBzP may cause neurotoxicity since BBzP has been shown to bind as well as ligand-gated ion 

channels. Likewise, studies demonstrated the ability of BBzP to inhibit VGCCs, nicotinic acetylcholine 

receptors (nAChRs) and purigenic P2X receptors (P2XR), decreasing calcium influx. Neurons are 

excitable cells affected by the change in Ca2+ and fluctuations in Ca2+influx affect normal neuronal 

activity. Thus, a calcium modulation reduction may decrease network neuronal activity (Liu & Chen, 

2006; Shantanam et al., 2018; Shen & Yakel, 2009). 

Interestingly, the expression of the hormone receptors implicated in the endocrine disrupting 

mechanism of the compounds used were studied before. (Novel Testing Strategies for Endocrine 

Disruptors Linked to Developmental Neurotoxicity D2.1 Report on Involvement of Endocrine 

Pathways on DNT-Related KE in Vitro, 2021). In this research, endocrine receptors gene expressions 

were analyzed over 28 days in vitro. Data concluded that Liver X/ oxysterols receptor beta (LXR) was 

presented in males on DIV 4-28 and in females on DIV 4, 7, 10, 14, 21, and 28. Estrogen receptor 

(ER) beta was expressed in males and females on DIV 0-28 and ER alpha was expressed in males on 

DIV 0-21 and in females on DIV 0-28. Thyroid hormone receptors alpha (THR) were expressed on 

DIV 0-14 in males and on DIV 0-21 in females. Thyroid hormone receptors beta were detected on 

DIV 4-28 in males and in DIV 4, 7, 14 and 21 in females. Prostaglandin E2 receptor (PGER) was 

expressed from DIV 0 to DIV 28 in both sexes. Consequently, these results indicate that the model 

used in our study allows investigating the effects of the compounds used on the hormone receptor 

expressed. 

Detailed investigation of the effects of EDCs in neuronal network activity is a further step to 

identifying a potential direct role of EDCs in DNT. Although it is unclear what mechanisms are 

involved in the neurotoxic effect since chemicals used are shown to bind some targets with relevant 
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importance in the developmental brain, the data suggest that there are neuronal effects produced 

after exposure to chemicals. The underlying neurotoxic mechanism of these substances is still 

unexplained, and more studies are needed to gain insight into the EDC-induced DNT. For instance, 

it would be interesting to test the potential EDCs compounds with agonists and antagonists of the 

hormone receptor that they potentially bind and compare results with our current data.  

In line with results from other authors, this study reveals the sensitivity and specificity of MEA and 

rat cortical cell culture as a reliable and feasible screening method for neurotoxicity testing 

(Hondebrink et al., 2016; McConnell et al., 2012; Shafer, 2019; Strickland et al., 2018). However, 

future experiments may apply a human in vitro model such as hiPSC-derived neuronal to avoid the 

interspecies problem. Besides, future research opportunities might be compared to gain insight into 

the differences between cultures.  

Brain development in humans begins in the second -week post-conception and continues into young 

adulthood till 20 years (Tierney & Nelson, 2009). Nevertheless, in this study, we exposed the cells 

to compounds for 21 days since it is the maximum time that cell culture can be kept with neuronal 

activity (Gerber et al., 2021b). The time frame could be a limitation in the study of developmental 

effects.  At DIV 0 rat cortical cell culture starts to develop neuronal networks. However, the exposure 

to compounds in our experiments starts at DIV 7 since the neuronal network is fully mature (Gerber 

et al., 2021b). To close the experiments to the real human life scenario, it may be beneficial to 

prolong the exposure time and start the exposure at DIV 0. 

There are some limitations to the cell viability assay used in this study since this method measures 

the metabolic activity of the cells. Chemicals can produce cytotoxicity causing cell damage and/or 

cell death. Sometimes, cells damaged are alive and they may maintain mitochondrial activity. 

Moreover, neurons can compensate when other neurons die and there is also the possibility that 

cells stressed caused hyper metabolic activity. Consequently, future work is planned to assess an 

extra experiment to gain knowledge about the cytotoxicity of the compounds in the cells. Moreover, 

neurons can compensate when other neurons die and there is also the possibility that cells stressed 

caused hyper metabolic activity. Consequently, future work is planned to assess an extra experiment 

to gain knowledge about the cytotoxicity of the compounds in the cells. For instance, 

immunohistochemistry assay (IHC), provides an identification of neurons visualizing an antibody-

antigen interaction (Ramos-Vara, 2005). This technique allows to identify and differentiate specific 

neurons and glial cell types in the cerebral cortex. Moreover, IHC is suitable for visualizing and 

defining the shape and sizes of the cells (García-Cabezas et al., 2016).  

In summary, within the limitations of this study, the current findings can be evaluated as a useful 

empirical reference to gain more insights into the links between endocrine disruption and DNT. 

However, there is a set of suspected endocrine disruptor chemicals associated with human neuronal 

effects, and future research to gain a more comprehensive view is needed.  There is an urgent need 

to test more chemicals to generate scientific knowledge in the gap between EDCs and DNT for risk 

assessment. Humans are continuously exposed to ECDs presented in food, air, water, and products 

that may negatively affect our health. Consequently, policies should promote public awareness and 
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risk communication regarding these chemicals and their effects on our health. Moreover, 

governments should improve regulations to minimize human exposure and protect public health 

from the risks of EDCs.  
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9. Appendix  

 

Figure 7. Acute effect of PFOS on neuronal activity of rat primary cortical cells. Concentration-response relationship for 

PFOS (0.01-100 µM) on neuronal network activity in rat cortical cells after 48 hours of exposure on the MEA. Neuronal 

activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for females (red) and 

males (blue). Effects are depicted as mean treatment ratio normalized to control (DMSO set to 100%) ± SEM. The grey 

area presents a 30% benchmark response derived from the average variation in control experiments at baseline. 

Significant concentration- dependent effect is presented by p<0.05. Asterisks represent significant differences compared 

to the control (The color blue indicates the males and the red the females).  

 

 
 

Figure 8. Acute effect of permethrin on neuronal activity of rat primary cortical cells. Concentration-response 

relationship for permethrin (0.01-100 µM) on neuronal network activity in rat cortical cells after 48 hours of exposure on 

the MEA. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for 

females (red) and males (blue). Effects are depicted as mean treatment ratio normalized to control (DMSO set to 100%) ± 

SEM. The grey area presents a 30% benchmark response derived from the average variation in control experiments at 

baseline. Significant concentration- dependent effect is presented by p<0.05. Asterisks represent significant differences 

compared to the control. (The color blue indicates the males and the red the females). 
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Figure 9. Acute effect of cypermethrin on neuronal activity of rat primary cortical cells. Concentration-response 

relationship for permethrin (0.01-100 µM) on neuronal network activity in rat cortical cells after 48 hours of exposure on 

the MEA. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for 

females (red) and males (blue). Effects are depicted as mean treatment ratio normalized to control (DMSO set to 100%) ± 

SEM. The grey area presents a 30% benchmark response derived from the average variation in control experiments at 

baseline. Significant concentration- dependent effect is presented by p<0.05. Asterisks represent significant differences 

compared to the control. (The color blue indicates the males and the red the females) 

 

 

Figure 10. Acute effect of BBzpP on neuronal activity of rat primary cortical cells. Concentration-response relationship 

for BBzP (0.01-100 µM) on neuronal network activity in rat cortical cells after 48 hours of the exposure on the MEA. 

Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for females 

(red) and males (blue). Effects are depicted as mean treatment ratio normalized to control (DMSO set to 100%) ± SEM. 

The grey area presents a 30% benchmark response derived from the average variation in control experiments at baseline. 

Significant concentration- dependent effect is presented by p<0.05. Asterisks represent significant differences compared 

to the control. (The color blue indicates the males and the red the females) 
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Figure 11. Developmental effects of LXR agonist (GW-3965), on neuronal activity of rat primary cortical cells. 

Concentration-response relationship for GW-3965 (0.001-10 µM) is tested over time during chronic (DIV 7-14) MEA 

experiments. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) 

for female (top graphs) and male (bottom graphs) cells. The results are presented as mean treatment ratio normalized to 

control (DMSO set to 100%) ± SEM. The color of the lines indicates the exposure concentration (red for 0,001 µM; green 

for 0.01 µM; blue for 0.1 µM; purple for 1 µM; yellow for 10 µM).  
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Figure 12. Developmental effects of thyroid hormone receptor antagonist (NH3) on neuronal activity of rat primary cortical 

cells. Concentration-response relationship for NH3 (0.01-1 µM) is tested over time during chronic (DIV 7-21) MEA 

experiments. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) 

for female (top graphs) and male (bottom graphs) cells. The results are presented as mean treatment ratio normalized to 

control (DMSO set to 100%) ± SEM. The color of the lines indicates the exposure concentration (red for 0,01 µM; green 

for 0.1 µM; blue for 1 µM).  
 

 

Figure 13. Developmental effects of a thyroid hormone receptor agonist (triiodothyronine, T3) on neuronal activity of rat 

primary cortical cells. Concentration-response relationship for triiodothyronine (0.0001-1 µM) is tested over time during 

chronic (DIV 7-21) MEA experiments. Neuronal activity is represented as the number of spikes (MNS), bursts (MNB), and 

network bursts (MNNB) for female (top graphs) and male (bottom graphs) cells. The results are presented as mean 

treatment ratio normalized to control (DMSO set to 100%) ± SEM. The color of the lines indicates the exposure 

concentration (red for 0,0001 µM; green for 0.001 µM; blue for 0.01 µM; purple for 0.1 µM; yellow for 1 µM).  
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Figure 14. Acute effect of PGE2 receptor agonist on neuronal activity of rat primary cortical cells. Concentration-response relationship 

for PGE2 (0.001-0.1 µM) on neuronal network activity in rat cortical cells after 48 hours of the exposure on the MEA. Neuronal activity is 

represented as the number of spikes (MNS), bursts (MNB), and network bursts (MNNB) for females (red) and males (blue). Effects are 

depicted as mean treatment ratio normalized to control (DMSO set to 100%) ± SEM. The grey area presents a 30% benchmark response 

derived from the average variation in control experiments at baseline. Significant concentration- dependent effect is presented by p<0.05.  

 

Concentration Significant differences 
MNS (p<0.05) 

Significant differences 
MNB (p<0.05) 

Significant differences 
MNNB (p<0.05) 

MALE FEMALE MALE FEMALE MALE FEMALE 

0.01 µM DIV 28  DIV 28 DIV 17  DIV 28 DIV 14  
DIV 28 

- 

0.1 µM DIV 7 DIV 7 - - DIV 14 - 

1 µM - - - - - - 

10 µM - - - - - - 

100 µM DIV 10 
DIV 14 
DIV 17 
DIV 21 
DIV 24 
DIV 28 

DIV 10 
DIV 14 
DIV 21 
DIV 24 
DIV 28 

DIV 10  
DIV 14 
DIV 17 
DIV 21 
DIV 24 
DIV 28 

DIV 10  
DIV 21 
DIV 24 
 

DIV 10  
DIV 21 
DIV 24 
 

DIV 10  
 

 

Table 3. Statistical significant results after chronic exposure to BBzP. After data and statistical analysis, concentration 

and time response of neuronal activity were represented as number of spikes (MNS), bursts (MNB), and network bursts 

(MNNB) for females and males. Concentration-response relationship for BBzP (0.01-100 µM) was assessed over time 

during chronic (DIV7-28). Results in MNS, MNB and MNNB were compared to the DMSO control and normalized to DIV 7. 

Data points included were those with a significant difference compared to the control p ≤0.05.  
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Concentration Significant differences 
MNS (p<0.05) 

Significant 
differences MNB 
(p<0.05) 

Significant differences 
MNNB (p<0.05) 

MALE FEMALE MALE FEMALE MALE FEMALE 

0.01 µM DIV 7 DIV 10 
 

DIV 7 
DIV 10 
 

DIV 7 
DIV 10  

DIV 7 
DIV 10 
 

DIV 7 
DIV 10 

0.1 µM - DIV 10 
 

- 
 

- - - 

1 µM - - - - - - 

10 µM DIV 10  
DIV 17  
DIV 24  
DIV 28  

DIV 14 
DIV 17 
DIV 24 
DIV 28 

DIV 7  
DIV 10 
DIV 17  
DIV 24 
DIV 28 

DIV 10 
DIV 14 
DIV 17  
DIV 24 
DIV 28 

DIV 10 
DIV 17  
DIV 21 
DIV 24 
DIV 28 

DIV 14 
DIV 17  
DIV 24 
DIV 28 

100 µM   DIV 7  
DIV 10 
DIV 17  
DIV 24 
DIV 28  

DIV 7  
DIV 14 
DIV 17  
DIV 21 
DIV 24 
DIV 28 

DIV 7 
DIV 10 
DIV 17  
DIV 21 
DIV 24 
DIV 28 

DIV 7 
DIV 10 
DIV 14 
DIV 17  
DIV 24 
DIV 28 

DIV 7 
DIV 10 
DIV 17  
DIV 21 
DIV 24 
DIV 28 

DIV 7 
DIV 10 
DIV 17  
DIV 21 
DIV 24 
DIV 28 

 

Table 4. Statistical significant results after chronic exposure to cypermethrin. After data and statistical analysis, 

concentration and time response of neuronal activity were represented as number of spikes (MNS), bursts (MNB), and 

network bursts (MNNB) for females and males. Concentration-response relationship for cypermethrin (0.01-100 µM) was 

assessed over time during chronic (DIV7-28). Results in MNS, MNB and MNNB were compared to the DMSO control and 

normalized to DIV 7. Data points included were those with a significant difference compared to the control p ≤0.05.  
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Concentration Significant differences 
MNS (p<0.05) 

Significant 
differences MNB 
(p<0.05) 

Significant differences 
MNNB (p<0.05) 

MALE FEMALE MALE FEMALE MALE FEMALE 

0.01 µM DIV 7 
DIV 24  
DIV 28  

DIV 17  DIV 28  DIV 10  
DIV 24  

DIV 28  DIV 17  
DIV 21 

0.1 µM DIV 28  - - DIV 10 - - 

1 µM - - - - - - 

10 µM  DIV 28    DIV 10  DIV 17  
DIV 21 

DIV 10  
DIV 17  
DIV 24 
DIV 28  

DIV 17  
DIV 21 
DIV 24 
DIV 28  

100 µM  DIV 7 
DIV 10 

DIV 14  
DIV 17 
DIV 21 
DIV 24 
DIV 28  

DIV 7 DIV 14 
DIV 17  
DIV 21 
DIV 28  

- DIV 21 
DIV 28  

 

Table 5. Statistical significant results after chronic exposure to permethrin. After data and statistical analysis, 

concentration and time response of neuronal activity were represented as number of spikes (MNS), bursts (MNB), and 

network bursts (MNNB) for females and males. Concentration-response relationship for permethrin (0.01-100 µM) was 

assessed over time during chronic (DIV7-28). Results in MNS, MNB and MNNB were compared to the DMSO control and 

normalized to DIV 7. Data points included were those with a significant difference compared to the control p ≤0.05.  

 

Concentration Significant differences 
MNS (p<0.05) 

Significant 
differences MNB 
(p<0.05) 

Significant differences 
MNNB (p<0.05) 

MALE FEMALE MALE FEMALE MALE FEMALE 

0.01 µM  DIV 24 DIV 10 DIV 14 - - DIV 10 

0.1 µM - DIV 24 - - - - 

1 µM - - - - - - 

10 µM - - - - - - 

100 µM    
- 

 DIV 7 
DIV 17 
DIV 21 
DIV 24 
DIV 28  

-  DIV 7 DIV 21 - 

 

Table 6. Statistical significant results after chronic exposure to PFOS. After data and statistical analysis, concentration 

and time response of neuronal activity were represented as number of spikes (MNS), bursts (MNB), and network bursts 

(MNNB) for females and males. Concentration-response relationship for PFOS (0.01-100 µM) was assessed over time 

during chronic (DIV7-28). Results in MNS, MNB and MNNB were compared to the DMSO control and normalized to DIV 7. 

Data points included were those with a significant difference compared to the control p ≤0.05.  
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