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1. ABSTRACT 

Pesticide exposure is increasingly recognized as a major environmental factor contributing 

to human disease. Glyphosate (Gly), the principal active compound of the most extensively 

used herbicide worldwide, has been epidemiologically linked to a higher risk of conditions 

such as parkinsonism, autism, and Alzheimerôs disease. These epidemiological 

correlations are supported by experimental evidence demonstrating neurotoxic effects in 

rodent models, characterized by neuronal damage, synaptic dysfunctions, glutamatergic 

excitotoxicity, and oxidative stress. Although Gly is known to cross the blood-brain barrier 

and accumulate within the brain parenchyma, the mechanism by which its neurotoxic 

effects disseminate across cellular networks remains poorly understood. 

This thesis investigates both direct and indirect pathways of Gly neurotoxicity. First, we 

explored the direct effects of acute Gly exposure on primary hippocampal neurons. Even 

the acceptable daily intake (ADI, 3 ɛM) of Gly caused rapid impairment of inhibitory 

synaptic transmission by reducing both GABA release and postsynaptic GABAa receptor 

availability.  

Second, we explored astrocytes-mediated effects via extracellular vesicles (EVs). Primary 

cortical astrocytes exposed for 24 hours with ADI Gly showed a reactive but non-

inflammatory phenotype. When applied to primary cortical neurons, ADEVs isolated from 

Gly-exposed astrocytes (termed Gly-ADEVs) caused a significant reduction in dendritic 

complexity and synaptic density, unlike control ADEVs (Ctrl-ADEVs).  

Electrophysiological analyses revealed that Ctrl-ADEVs enhanced neuronal excitability 

and synaptic strength, whereas Gly-ADEVs abolished these supportive effects by 

selectively impairing postsynaptic efficacy. 

Together, these findings reveal that Gly, even at concentrations deemed ñsafeò, can disrupt 

neuronal communication through both direct synaptic impairment and indirect astrocyte-
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mediated mechanisms. By converting a normally trophic glial signal into a non-supportive 

or neurotoxic one, Gly exposure may compromise neural circuit development and stability.  

Collectively, this work highlights the vulnerability of neuronïglia signaling to 

environmental toxicants and identifies ADEVs as novel mediators of synaptic dysfunction 

with potential implications for neurodevelopmental and neurodegenerative disease risk. 
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2. INTRODUCTION  

2.1 The exposome and environmental pollution: impacts on human health 

Over the past decade, increasing attention has been given to the role of environmental 

exposures in altering public health. Epidemiological studies indicate that pollutants, 

chemicals, and lifestyle factors can impact human well-being. In 2005, the International 

Agency for Research on Cancer (IARC) introduced the exposome concept to describe the 

totality of a subject's environmental exposures throughout their lifetime and their potential 

health effects. Environmental exposure can be classified into biological, chemical, and 

physical categories and occurs through multiple pathways, including air pollution, dietary 

intake, and contaminated water sources (Wei et al., 2022). For instance, air pollution like 

particulate matter has been linked to an increased incidence of lung cancer and asthma 

(Nakhjirgan et al., 2024). Among the most pressing environmental health challenges of the 

21st century, there is the extensive use of synthetic chemicals in agriculture, such as 

pesticides. Although these compounds play a crucial role in crop protection, food security, 

and improving agricultural productivity, they also pose serious risks to human health and 

the environment due to their widespread application and persistence in the environment 

(Kaur et al., 2024). Additionally, pesticides contribute to soil, water, and air pollution, 

harming biodiversity, aquatic species, and ecosystems. Pesticide exposure, particularly 

organophosphates, organochlorines, carbamates, and pyrethroids, has been associated with 

acute and chronic conditions, including cancer, diabetes, neurological disorders, 

respiratory issues, and reproductive dysfunctions. These chemicals can interfere with 

biological receptors and enzymes in the human body. Since the assessment of pesticide 

risks remains complex, considering factors such as exposure levels, duration, and 

individual susceptibility, regulatory agencies worldwide continue to evaluate scientific 
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evidence to establish safety thresholds and guidelines for pesticide use. Finding a balance 

between environmental sustainability, human health protection, and agricultural efficiency 

is still a major problem that calls for constant study, policy improvement, and public 

awareness campaigns (Rani et al., 2021).  

 

2.2 Glyphosate: the most widely used herbicide in the world. 

2.2.1 Introduction to glyphosate: chemical properties  

Glyphosate (Gly) is a synthetic amino acid derived from glycine, belonging to the 

organophosphorus compound family. This class is characterized by the covalent bond 

between the carbon and the phosphorus atoms. Its molecule was synthesized in 1950 by 

the Swiss chemist Henry Martin (Galli et al., 2024). In 1993, Krawczyk and Bartczak 

solved the crystal structure of commercial herbicides, including Gly, through X-ray 

crystallography (Krawczyk and Bartczak, 1993) (Fig. 1a). Gly is characterized by three 

functional groups: the phosphonate (PO3H2, in blue), the amino (NH2, in red), and the 

carboxylic (COOH, in green) (Jayasumana et al., 2014) (Fig. 1b). 

 

Figure 1: Chemical structure of Gly. (a) Crystal structure of Gly obtained from the PubChem 

database. (b) Gly molecular structure, with indication of its main functional groups. 

 

The elevated polarity confers Gly chemical and physical properties (Table 1; Soares et al., 

2021), including high adsorption, high solubility in water, and insolubility in organic 

solvents, and very low lipophilicity (Williams et al., 2000). 
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Table 1: Glyôs physical and chemical properties (from Soares D. et al., 2021). 

 

2.2.2 Mechanism of action of Gly 

Gly is the active compound present in several widely used formulations called Gly-based 

herbicides (GBH) (Duke, 2018). Worldwide, there are approximately 2,000 different 

commercial formulations of GBHs in use (Altmanninger et al., 2023). These formulations, 

like Glifloglex®, Touchdown®, and Glyphogan®, contain co-formulants including 

surfactants and adjuvants which significantly enhance plant penetration and herbicidal 

efficacy. Gly is formulated in both acid and salt forms (e.g., glyphosate potassium, 

isopropylamine, and diammonium salt), which improve stability and handling without 

affecting its phytotoxic activity (Galli et al., 2024). Although the active compound is the 

same in these commercial formulations, differences in the salt type and adjuvant systems 

can influence environmental behavior, plant uptake kinetics, and ecotoxicological profiles. 

For instance, Roundup® includes proprietary surfactants aimed at enhancing cuticular 

penetration, whereas Rodeo® is a surfactant-free formulation designed specifically for 
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application in aquatic environments, minimizing toxicity to non-target aquatic organisms. 

Gly is typically applied to plant foliage, and after its adsorption across the leaves, it 

translocates through the active growth site (meristems) and causes the progressive death 

of all plant types from the roots (Smith Roe et al., 2023). This phytotoxic action is due to 

the Gly ability to block the shikimate pathway by inhibiting the enolpyruvylshikimate-3-

phosphate synthase (EPSPS). The shikimate pathway is a fundamental metabolic system 

in plants that begins with the phosphoenolpyruvate and erythrose-4-phosphate and 

proceeds to the biosynthesis of the aromatic amino acids phenylalanine, tryptophan, and 

tyrosine, leading to the block of protein synthesis and plant development (Costas-Ferreira 

et al., 2022; Meftaul et al., 2020) (Fig. 2). Gly mimics an intermediate state of the enzyme-

substrate complex in the shikimate pathway, inhibiting the EPSPS, involved in the 

conversion of shikimic acid 3-phosphate to 5-enolpyruvyl shikimic acid 3-phosphate 

(Schönbrunn et al., 2001). 
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Figure 2: Glyôs mechanisms. Gly blocks the synthesis of aromatic amino acids by inhibiting the 

shikimic acid pathway (image taken from: Galli et al., 2024). 
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2.2.3 The evolution and global impact of Gly usage 

After its introduction in 1974, the applications of Gly increased constantly. Gly use was 

first restricted to limited areas where the intent was to eliminate all the vegetation, such as 

the industrial sites, along train tracks, and between the rows in orchards and viticulture. In 

1996, the United States authorized the cultivation of genetically engineered herbicide-

tolerant soybeans, maize, and cotton, called ñRoundup Readyò. This innovative technology 

significantly increased the amount of Gly applications in the agriculture industry 

(Benbrook, 2016). The genetic modification introduced into these plants conferred 

resistance to Gly by incorporating a modified version of the EPSPS enzyme, which remains 

functional even in the presence of the herbicide. This pioneering approach transformed 

weed management practices by simplifying weed control, reducing the need for 

mechanical tillage, and enabling large-scale application of Gly through the growing season 

(Funke et al., 2006). As a consequence, the adoption of Roundup Ready crops led to an 

enormous increase in both the frequency and total volume of Gly applications in 

agriculture. Nowadays, Gly is the most used herbicide in the world: more than 100 

countries commercialize GBH under different brands (Soares et al., 2021). The global 

amount of Gly consumed annually has grown exponentially, from approximately 56.000 

tons in 1994 to more than 825.000 tons in 2014 (Benbrook, 2016) (Fig. 3). Projections 

indicate that by 2025 its utilization will reach between 740.00 and 920.000 tons (Maggi et 

al., 2020). 
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Figure 3: Global yearly Gly use evolution from 1994 to 2014. 

 

The United States is currently the largest consumer of Gly, with usage rising sharply from 

2,700 - 3,600 tons in 1987 to about 82,000 tons in 2007, according to the Environmental 

Protection Agency (EPA). Argentina uses 198,000 - 220,000 tons of Gly annually, while 

India, where over 7% of the population depends on agriculture, recorded thousands of tons 

of Gly in 2015 (Singh et al., 2024). In 2018, France led the European Union (EU) with 

around 35,000 tons of herbicide sales, followed by Spain with over 16,000 tons and 

Germany with over 14,000 tons. In contrast, Malta, Luxembourg, and Cyprus were the 

three nations with the lowest herbicide consumption (Benbrook, 2016) (Fig. 4).  
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Figure 4: Herbicide sales in 2011 and 2018 in the EU. 

 

Between 2011 and 2018, most European nations saw a decline in herbicide sales, while 

Latvia, Greece, Slovakia, Estonia, Spain, and France reported increases of up to 34%, 26%, 

23%, 20%, and 18%, respectively. However, annual sales alone do not reflect herbicide 

use intensity. In 2011, Belgium, the Netherlands, and Cyprus had the highest herbicide 

application rates per hectare (kg/ha) at 1.83, 1.68 and 1.52 kg/ha, respectively. By 2018, 

Belgium had increased to 1.96 kg/ha while the Netherlands and Cyprus reduced usage to 

1.66 and 1.43 kg/ha, respectively. Latvia, Estonia, and Greece applied the least herbicide 
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in 2011, with Ireland, Lithuania, and Malta recording the lowest rates in 2018 (Benbrook, 

2016). Between 2011 and 2018 our country showed moderate levels of herbicide usage 

compared to other EU Member States, with fluctuations in national sales linked to 

agricultural policy changes and climatic variability (Fig. 5). Although Italy was not among 

the EU countries providing detailed annual Gly consumption data, several studies have 

confirmed the extensive use of Gly in cereal, fruit, and vineyard production areas, 

particularly in the Po Valley and central regions characterized by intensive agriculture. 

 

 

Figure 5: The intensity of herbicide usage (kg/ha) in the EU from 2011 to 2018. 

Over time, Glyôs market share in the EU herbicide sector has grown steadily, making it the 

top-selling herbicide in the twenty-first century. This rise is largely due to global 

population growth, which has nearly tripled from 3 billion in 1960 to 8 billion today, 

leading to higher food demand. According to the Food and Agriculture Organization 

(FAO), global food consumption is expected to increase between 59% and 98% by 2050 

(Singh et al., 2024). 
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2.2.4 Environmental and health concerns 

The widespread and intensive use of Gly raises significant issues, with one of the most 

urgent issues being its potential persistent toxic residues in the environment, raising serious 

concerns about its impact on the ecosystem. In terms of chemical and photo-

decomposition, Gly is comparatively resistant to degradation due to the presence of the 

stable carbon-phosphate bond (Galli et al., 2024). Despite this, numerous factors influence 

the compoundôs degradation in the ground, including volatility, hydrolysis, photolysis, 

runoff, and leaching. In soil and water, Gly is typically degraded by microorganisms that 

can break the carbon-nitrogen bond (Galli et al., 2024) into aminomethylphosphonic acid 

(AMPA), methylphosphonic acid (MPA), and glyoxylate or, in rare cases, into glycine 

(Singh et al., 2024)(Fig. 6). Unfortunately, the lack of a chromophore or fluorophore group 

in the Gly molecule requires sophisticated analytical techniques for the herbicideôs 

detection and quantification (Soares et al., 2021). The highly polar and zwitterionic nature 

of Gly at neutral pH further complicates its extraction and analysis. Consequently, 

sophisticated analytical techniques have been developed to overcome these limitations. 

The gold standard for Gly quantification in environment and food samples is the liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS), due to its high 

selectivity, sensitivity, and ability to simultaneously detect Gly and its metabolites (Botero-

Coy et al., 2013). Some other methods included cell biosensors, capillary electrophoresis, 

enzyme-linked immunosorbent assay (ELISA), fluorescence, and colorimetric methods 

(Rawat et al., 2023). The choice of analytical method depends on various factors, such as 

the sample matrix, required detection limits, analysis time, and cost considerations. For 

regulatory compliance and research requiring high accuracy and low detection limits, LC-

MS/MS remains the preferred technique, while ELISA and biosensor methods are 

increasingly utilized for rapid screening and field applications (Rawat et al., 2023).  
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Figure 6: Glyphosateôs primary metabolites.  

 

Due to its high density and low volatility, Gly is less likely to evaporate from treated 

surfaces, reducing its potential to disperse through the air. Moreover, aerial transport of 

Gly depends on meteorological conditions such as wind speed, temperature, and relative 

humidity, which can influence spray drift from both aerial and ground treatment, 

potentially affecting non-target plants, highlighting the need for strict monitoring and risk 

mitigation strategies during application (Yates et al., 1978). The persistence in the soil and 

their widespread use have raised serious concerns about the harmful effects of herbicides 

on plants, animals, and human health. In controlled laboratory aerobic soil conditions, Gly 

hemi-life (the time required for 50% of the compound to degrade) ranges from 1.0 to 67.7 

days, while AMPA has a longer half-life, ranging from 39.0 to 300.7 days. Moreover, the 

general population can be exposed to Gly by dermal contact with consumer products, 

crops, foliage containing residues of this chemical, inhalation of spray during the usage of 

the products, and ingestion of plants, crops, or food. As a matter of fact, Gly residues have 

been found in processed foods, vegetables, and drinking water. Additionally, the presence 

of Gly is found in olive oil, honey, fruits, nuts, cereal items, vegetables, animal-derived 

products, infant food, and alcoholic drinks. Importantly, herbicide formulations persist in 
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food long after washing, preparation, and cooking, posing a possible threat to human health 

(De Morais Valentim et al., 2024). 

Multiple pieces of evidence have indicated that Gly is found in the human body. In 

southern Brazil, Gly and AMPA were found in 90% of urine samples of rural village 

residents potentially exposed to chemicals spread by nearby crop spraying processes. 

Similar findings have been reported in other parts of the world, such as North America, 

Europe, Asia, Oceania, and Africa. Moreover, Gly and AMPA presence has been observed 

in subjects not occupationally or geographically exposed, indicating that their source may 

be food and water (De Morais Valentim et al., 2024). These findings underscore the 

possibility that the general population faces a broad Gly exposure, even among individuals 

who are not directly involved with its direct handling or agricultural application. 

 

2.2.5 Overview of Gly toxicity studies 

Studies conducted on laboratory animals exposed to Gly provide so far the majority of the 

information about Gly toxicity. For instance, the ADME (absorption, distribution, 

metabolism, and excretion) profile of Gly has been studied by administrating radiolabeled 

Gly in rats. In detail, 14C-Gly (purity 99%) is rapidly absorbed and eliminated without 

significant accumulation in any specific tissue. Its absorption reached 10% of the 

administered dose after 6 hours in the small intestine and 1.2% at 3 hours postdosing in the 

large intestine. Rats administered 5.6 mg/kg via gavage showed a peak of Gly 

concentration after 1 hour. At each timepoint, liver, kidney, skin, and blood accounted for 

<1% of the administered dose. The metabolism of this compound is limited: only 0.2ï0.7% 

of the given dosage was found in excreta as AMPA, the only metabolite of Gly that 

undergoes significant biotransformation. The rest was eliminated as unaltered Gly 

(European Food Safety Authority (EFSA) et al., 2023). The elimination occurred within 
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72-168 hours, with most of the excretion taking place during the first 48 hours. A smaller 

portion of the expelled dosage was removed in urine, whereas the majority was detected 

in feces, mostly as unabsorbed Gly. In contrast, biliary and pulmonary excretion of Gly 

was minimal. On the other hand, the highest amount of Gly residues was found in bones, 

kidneys, and liver, with less than 1% of the dose remaining in tissues 168 hours after the 

treatment (FAO and WHO, 2016). 

 

2.2.6 Acute and chronic toxicity studies and metrics 

A summary of the main Gly toxicity studies discussed in this section is provided in Table 

2. Since rats may not be the most sensitive species to study chemical effects, pesticide 

toxicity tests are usually conducted both on non-rodents (dogs and rabbits) and rodents 

(rats and mice) (Bishop et al., 2023). These tests vary and are examined in terms of both 

exposure methods (oral, dermal, and inhalation) and exposure durations (acute, 

intermediate, and chronic). Acute toxicity refers to adverse effects that occur within a short 

period following a single exposure to a substance. Short-term toxicity for Gly was tested 

in rats, dogs, and mice. Critical toxicity effects included decreased food intake, body 

weight gain, and altered liver metabolism, suggested by elevated plasma levels of key 

hepatic enzymes such as alkaline phosphatase (ALP) and alanine aminotransferase (ALT). 

Moreover, in rats and mice were observed diarrhea, reduction in activity, ataxia, 

piloerection, convulsions, and hunched posture (European Food Safety Authority (EFSA) 

et al., 2023). To quantify acute toxicity, two key metrics are used: LD50 (Lethal Dose 50%) 

which represents the required dose to cause the death of the 50% of a test population 

expressed in mg/kg of body weight, and LC50 (Lethal Concentration 50%), the 

concentration in air or water that is lethal to 50% of the organisms, expressed in mg/L or 

ppm (Connell et al., 2016). In rats, Gly exhibits low acute oral toxicity, with reported LD50 
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exceeding 4.320 mg/kg and, in some studies, greater than 5.000 mg/kg. Similarly, the acute 

oral LD50 for Gly in mice is greater than 10.000 mg/kg, while in goats it is 3.530 mg/kg. 

Gly also presents low acute dermal toxicity, with LD50 values above 2.000 mg/kg bw in 

rats and 5.000 mg/kg bw in rabbits. It has also been observed that low toxicity from acute 

inhalation exposure with an LC50 > 5.48 mg/L in rats. Although Gly was non-irritating to 

rabbit skin, it caused moderate to severe irritation of the rabbit eyes (European Food Safety 

Authority (EFSA) et al., 2023).  

Chronic toxicity refers to the adverse effects following repeated exposure to a substance 

for a significant part of an organismôs lifespan. For these kinds of studies, a minimum of 

thirty-two dogs is needed: four per sex per dose, with control and three treatment dosages 

at low, mid, and high levels (Bishop et al., 2023). In the past, regulatory agencies required 

oral toxicity studies in dogs for 90 days and one year. However, according to the results of 

retrospective analyses, the one-year period is no longer required for new pesticide 

approvals. These studies obtain key values such as the ñNo Observed Adverse Effect 

Levelò (NOAEL) and ñLowest Observed Adverse Effect Levelò (LOAEL). The NOAEL is 

defined as the highest tested dose at which no negative effects are noted (European Food 

Safety Authority (EFSA) et al., 2023). The NOAEL for Gly was established based on the 

findings of a 90-day oral toxicity trial in dogs. The daily dosage of 53 mg/kg bw per day 

was shown to have no discernible negative effects in this investigation. At the LOAEL of 

252 mg/kg bw per day, adverse effects, including decreased food intake, elevated gamma-

glutamyl transferase (GGT), ALP, and bilirubin were noted.  
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Acute toxicity 

Study type Species 
Exposure 

route 
Duration Key endpoints 

Main results / 

Toxicological 

values 

Acute toxicity Rat Oral 
Single 

dose 

Mortality, 

clinical signs 

LD  > 4,320ï

5,000 mg/kg bw; 

low acute toxicity 

Acute toxicity Mouse Oral 
Single 

dose 

Mortality, 

clinical signs 

LD  > 10,000 

mg/kg bw 

Acute toxicity Goat Oral 
Single 

dose 
Mortality 

LD  = 3,530 

mg/kg bw 

Acute toxicity Rat Dermal 
Single 

dose 

Mortality, skin 

irritation 

LD  > 2,000 

mg/kg bw; non-

irritant to skin 

Acute toxicity Rabbit Dermal 
Single 

dose 

Mortality, eye 

irritation 

LD  > 5,000 

mg/kg bw; 

moderateïsevere 

eye irritation 

Acute toxicity Rat Inhalation Acute Mortality 

LC  > 5.48 mg/L; 

low inhalation 

toxicity 

Chronic toxicity  

Study type Species 
Exposure 

route 
Duration Key endpoints 

Main results / 

Toxicological 

values 

Subchronic 

toxicity 
Dog Oral 90 days 

Body weight, 

food intake, 

liver enzymes 

NOAEL = 53 

mg/kg bw/day; 

LOAEL = 252 

mg/kg bw/day (ŷ 

ALP, GGT, 

bilirubin) 

Chronic 

toxicity 
Rat Oral 2 years 

Systemic 

toxicity 

NOAEL = 59.4 

mg/kg bw/day 

Developmental 

toxicity 
Rabbit Oral Gestation 

Maternal and 

fetal toxicity 

NOAEL = 50 

mg/kg bw/day 

 

Table 2: Summary of Gly toxicity studies in laboratory animals. 
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2.2.7 Toxicological reference values and regulatory guidelines 

Gly has undergone extensive regulatory assessment to determine its safety since its initial 

approval in the USA by the Environmental Protection Agency (EPA). Over the years, EPA 

has collaborated with international agencies such as the European Food Safety Authority 

(EFSA) and the Pest Management Regulatory Agency (PMRA) to assess Gly safety. 

Despite ongoing reviews, these agencies have consistently found no significant human 

health concerns associated with Gly use. A fundamental aspect of Gly regulation is the 

establishment of the toxicological reference values (TRVs), which define exposure levels 

considered safe or pose minimal risk to human health. These guarantee that exposures to 

humans and the environment remain within acceptable safety limits, which makes them 

crucial for risk assessment and regulatory decision-making. One of the main values of 

TRVs, established by EFSA, is the acceptable daily intake (ADI). The ADI represents the 

daily amount of a substance that a person can consume throughout their lifetime without 

adverse effects (Renwick, 1991). For Gly, the ADI of 0.5 mg/kg bw per day is derived 

from various toxicological studies, including a 90-days dog study with a NOAEL of 53 

mg/kg body weight per day, a two-year rat study with a NOAEL of 59.4 mg/kg bw/day, 

and a rabbit developmental toxicity study with a NOAEL of 50 mg/kg bw/day. To account 

for experimental animal-to-human differences, the ADI is adjusted by the standard 

uncertainty factor of 100 based on inter-species and inter-individual variability (European 

Food Safety Authority (EFSA) et al., 2023). Importantly, based on ADI, regulatory 

agencies established the maximum residue levels of Gly (MRLs) to ensure food safety, and 

can vary between 20,000 ɛg/kg in oat cereals and 0.1 ɛg/L in water. The Joint Meeting on 

Pesticide Residues (JMPR), which includes experts from the FAO and the World Health 

Organization (WHO), sets the MRLs to regulate the highest permissible levels of pesticide 

residue in food. These limits aim to protect public health while aligning with good 
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agricultural practices. However, MRLs vary considerably across countries, since each 

established its own permissible levels for specific pesticides in food and water (De Morais 

Valentim et al., 2024). For instance, in Brazil, Gly MRLs are significantly higher the in the 

EU ï i.e.: 10 times higher for coffee, 20 times higher for sugarcane, and 200 times higher 

for soybeans.  

Although the Gly has been classified as a probable human carcinogen (Group 2A) by the 

IARC in 2015, the EPA conducted a comprehensive review of epidemiological, animal, 

and genotoxicity studies, ultimately concluding that Gly does not pose carcinogenic risks. 

In the EU, Gly use was first approved in 2002 and has since undergone multiple renewal 

cycles. In 2014, a report by EFSA found no evidence of genotoxicity or carcinogenicity in 

both rats and mice. In 2017, the European Chemicals Agency (ECHA) reaffirmed that Gly 

lacked sufficient evidence to be classified as carcinogenic, mutagenic, or toxic to 

reproduction. Despite these reassessments, regulatory debates have continued. In 2022, the 

U.S. Court of Appeals for the Ninth Circuit, a federal appellate court with significant 

influence over national policy, particularly in areas such as environmental protection and 

public health, invalidated part of the EPA's human health risk assessment of Gly, requiring 

a more comprehensive reassessment. In the course of this reevaluation, the EPA 

maintained its original position, reaffirming that Gly does not pose significant health risks 

to humans. In contrast, in the EU, civil society organizations, such as PAN Europe and 

Greenpeace, raised concerns about the regulatory process, particularly the exclusion of 

certain peer-reviewed studies that suggested potential health or environmental risks 

associated with Gly, including studies on carcinogenic effects of long-term exposure to 

Gly (Koller et al., 2012; Panzacchi et al., 2025). Nevertheless, following consultations 

involving the European Commission, ECHA, EFSA, and member states, Glyôs approval 

was renewed for another ten years, extending its authorization in the EU until 2033. These 
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differences highlight severe inconsistencies in pesticide regulations worldwide and the 

urgency of harmonizing food safety standards to protect human and animal health by 

increasing the number of studies on the potential of Gly toxicity. 

 

2.2.8 Health effects of Gly exposure on humans 

Numerous acute and chronic health effects in humans have been linked to Gly exposure, 

especially from commercial formulations like Roundup containing surfactants. In addition 

to eyes and skin irritation, acute exposure can cause symptoms like increased salivation, 

mouth and throat burns, nausea, vomiting, and diarrhea upon ingestion. According to a 

comprehensive review of 80 cases of intentional Roundup ingestion, most of which were 

suicide attempts, the most frequently reported clinical manifestations were gastrointestinal 

hemorrhage, dysphagia, and gastrointestinal tract erosion. Almost 10% of these cases 

resulted in death. Severe cases have resulted in acute kidney damage, electrolyte 

imbalances, acidosis, and cardiovascular collapse (Talbot et al., 1991). Chronic exposure 

has raised concerns about Glyôs potential role as endocrine disruptor, e.g., in conditions 

like celiac disease, and in the increased risk of lymphohematopoietic cancers, such as 

leukemia, multiple myeloma, non-Hodgkin and Hodgkin lymphoma (Ansari et al., 2019). 

In a 2014 study, it was reported that exposure to moderate/high concentrated GBH (Gly: 

85-1690 mg/L) resulted in DNA damage in leucocytes (Kwiatkowska et al., 2014). Based 

on these data, in 2015, the IARC, part of the WHO, classified Gly as ñprobably 

carcinogenic to humansò based on research into its chronic side effects. However, this 

conclusion has not been approved by the more recent evaluation by the JMRP. 

Additionally, available epidemiological studies suggest an association between mothers 

exposed to Gly or working in rural areas during pregnancy and a higher incidence of 

preterm delivery, together with an increased neonatal health complications such as 
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infections, respiratory distress, feeding problems, intraventricular hemorrhage, sepsis, 

long-term illnesses like cardiovascular diseases, renal diseases, neurodevelopment delays, 

and pulmonary impairment (Rawat et al., 2023). Moreover, current scientific evidence 

indicates that Gly use increases the risk of developing neurological illnesses like attention 

deficit hyperactivity disorder (ADHD), autism, Parkinsonôs, and Alzheimerôs disease 

(Costas-Ferreira et al., 2022; Marins et al., 2024; Rawat et al., 2023). Patients intoxicated 

with Gly exhibit higher levels of S100 calcium-binding protein B (S100B), which peaked 

on the second day post-exposure, suggesting that Gly can reach the brain parenchyma and 

potentially cause brain damage (Lee et al., 2017). 

 

2.2.9 Neurotoxic effects of Gly 

Blood-brain barrier disruption 

Gly, being a hydrophilic molecule, does not easily cross the blood-brain barrier (BBB) via 

passive diffusion. However, studies have demonstrated that this compound can penetrate 

this barrier both in vitro and in vivo. The BBB is a highly selective, semipermeable 

membrane that regulates the exchange of substances (e.g., xenobiotics, toxins, and 

exogenous compounds) between peripheral blood and the central nervous system (CNS) 

(Cresto et al., 2023). It is primarily formed by endothelial cells of brain capillaries, 

connected by tight junctions, supported by astrocytes end-feed and pericytes embedded in 

the capillary basement membrane (Wu et al., 2023). Mechanistically, Gly and its 

metabolite AMPA increase BBB permeability by altering tight junction proteins between 

endothelial cells, such as occludin and claudins, which could facilitate their own entry and 

possibly other toxins into the brain (Martinez and Al-Ahmad, 2019). Some studies suggest 

that Gly may exploit specific transporters to cross the BBB, including solute carrier (SLC) 

bidirectional transporters, like large neutral amino acid transporters (LAT), which facilitate 
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the amino acids passage. Due to its structural similarity to glycine and glutamate, Gly could 

take advantage of the same transporter mechanisms to penetrate the BBB (Cresto et al., 

2023). Importantly, the disruption of the BBB, for instance caused by inflammation, 

oxidative stress, hypoxia, and physical forces, which weaken the tight junctions between 

brain endothelial cells, allows Gly and other molecules to infiltrate into the brain 

parenchyma in a dose-dependent manner (Winstone et al., 2022a), leading to adverse 

neurological effects, including behavioral changes, neurotransmission alterations, 

increased oxidative stress, and neuroinflammation.  

 

Behavioral and neurotransmission alterations 

Several studies have shown that Gly or GBH exposure affects rodent behavior, impacting 

locomotor activity, cognitive function, and social interactions (Table 3). Gestational Gly 

exposure reduces locomotor activity in rats and mice progeny (Ait -Bali et al., 2020; 

Coullery et al., 2020), while hypoactivity is observed in mice and rats exposed 

subchronically or chronically from juvenile stages to adulthood (Aitbali et al., 2018; 

Hernández-Plata et al., 2015). Cognitive impairments, including defects in learning and 

memory, can also occur (Ait -Bali et al., 2020; Luna et al., 2021). Additionally, Gly and 

GBH exposure are also linked to anxiety- and depression-like behaviors, with increased 

immobility time in the tail suspension test and heightened anxiety index in the elevated 

plus-maze test (Ait -Bali et al., 2020). Furthermore, maternal behavior is also affected, as 

GBH-exposed mothers show altered pup-licking behavior (Ait -Bali et al., 2020; 

Dechartres et al., 2019). 
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Table 3: Behavioral changes after Gly exposure 

 

Importantly, it has been shown that these behavioral changes are strongly associated with 

neurotransmission disruption of the underlying brain areas (Table 4). Gly and GBH 

exposure alter the dopaminergic system, which regulates movement, motivation, mood, 

and attention. Intriguingly, this dysregulation is primarily implicated in neurodegenerative 

disorders like, as a fundamental example, Parkinsonôs disease (Klein et al., 2019). GBH 

exposure reduces tyrosine hydroxylase (TH)+ cells in the substantia nigra pars compacta 

(SNc) and in the ventral tegmental area (VTA), the brain regions where the dopaminergic 

system originates from, for motor control, reward, and cognition (Ait -Bali et al., 2020; 

Aitbali et al., 2018). Furthermore, Martínez et al., (2018) demonstrated that Gly exposure 

increases dopamine turnover in the prefrontal cortex (PFC) and hippocampus, further 

highlighting its impact on this pathway. 

Moreover, it is known that learning and memory alterations can be caused by changes in 

the cholinergic system function and structure (Ait -Bali et al., 2020; Coullery et al., 2020). 

Behavioral domain Observed effects References 

Motor function Hypoactivity 

Coullery et al., 2020; Aitbali et al., 

2018; Hernandez-Plata et al., 2015; 

Aitbali et al., 2020 

Cognition 
Decrease in learning and 

short- and long-term memory 

Coullery et al., 2020;  

Aitbali et al., 2020 

Depression-like 

behavior 

Longer immobility time in the 

tail suspension test 
Aitbali et al., 2020 

Anxiety 
Increase in the anxiety index 

in the elevated-plus-maze test 
Aitbali et al., 2020 

Social interaction 
Decrease in voluntary social 

interactions 
Aitbali et al., 2020 

Maternal behavior 
Altered maternal licking 

behavior toward pups 
Dechartres et al., 2019 
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As for this matter, GBH exposure significantly reduces acetylcholinesterase (AChE), a 

crucial enzyme for acetylcholine degradation, activity in the PFC and hippocampus. 

However, compared to other organophosphate pesticides, Gly is a relatively weak AChE 

inhibitor (Ait -Bali et al., 2020; Cattani et al., 2017). Additionally, intranasal GBH exposure 

decreases cholinergic neurons in the medial septum, which are implicated in recognition 

memory and anxiety and project to the hippocampus and entorhinal cortex (Gallegos et al., 

2020).  

Both serotonin (5-HT) and noradrenalin, neurotransmitters vital for mood and emotional 

regulation, appear also to be disrupted by these chemicals. Gly exposure lowers their levels 

in the striatum, PFC, hypothalamus, hippocampus, and midbrain, potentially contributing 

to anxiety, depression, and reduced social interactions. 

Finally, Gly exposure can also disrupt glutamatergic neurotransmission, particularly in the 

hippocampus, a brain region critical for learning and memory formation. Acute exposure 

to GBH increases glutamate release into the synaptic cleft, reducing its uptake by 

astrocytes, leading to excessive extracellular glutamate (Cattani et al., 2014; Costas

Ferreira et al., 2024). This overstimulation activates NMDA receptors, triggering CaĮ  

influx and excitotoxicity, which worsen with chronic exposure. Indeed, offspring exposed 

to GBH exhibit cognitive defects likely due to these glutamatergic disruptions. Although 

mounting evidence indicates that GBH and Gly profoundly tamper with the delicate and 

complex mechanisms regulating the development and maturation of synapses, the 

molecular and cellular mechanisms underlying their effects remain largely unexplored and 

warranted further and prompt investigation. 
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Neurotransmitters Observed effects References 

Dopamine 

ŹTH+-neurons in SNc and VTA 

ŷ turnover of dopamine in the PFC and 

hippocampus 

Aitbali 2020;  

Aitbali 2018;  

Martinez 2018 

Choline 

AChE inhibition in PFC and 

hippocampus and Ź in cholinergic 

neurons in the medial septum 

Aitbali 2020;  

Cattani 2017;  

Gallegos 2020 

Serotonin and 

noradrenaline 

Ź of 5-HT and noradrenaline in the 

striatum hippocampus, PFC, 

hypothalamus, and midbrain 

Martinez et al., 2018 

Glutamate 
ŷ glutamate release 

Ź glutamate uptake 
Cattani et al., 2017, 2014 

 

Table 4: Alterations in neurotransmission 

 

Synaptic and developmental disruption  

Recent evidence has shown that Gly not only affects neurotransmitter systems, but it also 

disrupts synapses. Early postnatal exposure to Gly reduces dendritic arborization 

complexity and impairs dendritic spines development in rodent hippocampal neurons, as 

manifested by a decrease in PSD95+ postsynaptic compartments in a dose-dependent 

manner both in-vitro and ex-vivo (Luna et al., 2021). Beyond these structural changes, Gly 

interferes with key signaling pathways at synapses crucial for circuit formation and 

neuronal integration (Fig. 7). In particular, Gly disrupts the Ca2+-mediated Wnt non-

canonical signaling pathway, downregulating the Wnt5a/calcium/calmodulin-dependent 

protein kinase II (CamKII) cascade in embryonic hippocampal neurons (Coullery et al., 

2020). Abnormalities in the Wnt/ɓ catenin and Notch pathways further highlight Gly 

neurotoxic effects, with dysregulation of genes essential for neural development in mice, 

such as Cdkn1a, Numbl, Notch1, Fosl1, and Lef1 in the PFC of exposed offspring during 

pregnancy and lactation (Ji et al., 2017). In the hippocampus, Gly exposure also diminishes 
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CamKII expression, a kinase of primary importance for synaptic plasticity, memory 

formation, and the structural organization of neural circuits, exacerbating the negative 

effects of Gly on neural function and connectivity. Additionally, GBH exposure alters 

glutamate metabolism by reducing the activity of glutamic-pyruvic transaminase (GPT) 

and glutamic-oxaloacetic transaminase (GOT), which are important for regulating 

glutamate balance, leading to glutamate accumulation and excitotoxicity (Gallegos et al., 

2020). In turn, this triggers oxidative stress in neurons by enhancing the production of 

reactive oxygen species (ROS) and depleting antioxidative defenses, such as glutathione 

(GSH). These aversive events are known to impair synaptic plasticity and memory 

processes, further demonstrating that Gly intake has the potential to alter key mechanisms 

underlying mnemonic functions in the brain by producing neuronal dysfunctions. 

 

Oxidative stress and cellular damage 

The reduction of GSH leaves neurons more vulnerable to oxidative damage, promoting 

lipid peroxidation in cell membranes. During prenatal and postnatal development, GBH 

disrupts antioxidative enzymes activity, such as superoxide dismutase (SOD), catalase 

(CAT), and peroxidase, leading to oxidative stress (Cattani et al., 2017). This imbalance in 

the oxidative system is further evidenced by alteration of gene expressions related to the 

antioxidative machinery, such as a downregulation of the cytoprotective CYP1A1 gene, 

essential for detoxifying environmental toxins, and an upregulation of SOD1, which 

converts superoxide radicals into less reactive hydrogen peroxide (Masood et al., 2021). 

This alteration in gene expression suggests a maladaptive cellular response, whereas the 

antioxidative defense system fails to compensate for such condition due to the 

simultaneous downregulation of critical detoxifying enzymes. This result is also supported 

by the significant reduction of total thiol, an indicator of antioxidative capacity, across 
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brain regions such as the olfactory bulb (OB), cerebellar peduncle, cerebral cortex, and 

hippocampus. Additionally, Gly exposure diminishes the activity of the enzymes CAT in 

PFC, hippocampus, and midbrain, impairing the brainôs ability to neutralize reactive 

oxygen species (Gallegos et al., 2020).  

Beyond oxidative stress, Gly exposure affects cellular homeostasis by reducing cell 

viability, impairing mitochondrial respiratory chain enzyme activity, and increasing 

autophagy in rat astroglioma cells (Neto Da Silva et al., 2020). Autophagy is a cellular 

process responsible for removing damaged components, including mitochondria, to 

maintain homeostasis. In a study on differentiated rat pheochromocytoma PC12 cells, Gly 

treatment caused an increase of LC3-II, the lipidated form of the microtubule-associated 

protein 1A/1B light chain 3 (LC3), which is used as a marker for autophagosomes and 

indicates higher autophagic activity (Gui et al., 2012). Additionally, Gly treatment induces 

an increase in the expression of the gene encoding Beclin-1, a protein that acts as a potential 

regulator of both autophagy and apoptosis (Fig. 7). These findings suggest that while 

autophagy may serve as a protective mechanism against Gly-induced cellular damage, its 

interaction with apoptosis could further complicate neuronal survival and function. 

 

Neuroinflammation and glial activation 

Exposure to Gly and GBH has been associated with significant neuroinflammation, 

characterized by the activation of glial cells and alterations in astrocytic markers. Both 

PFC and hippocampus of mice exposed to GBH showed activation of microglia and 

astrocytes, indicating a neuroinflammatory response (Ait -Bali et al., 2020). It is important 

to underline that activated glial cells release pro-inflammatory cytokines that can produce 

neural damage (Tastan and Heneka, 2024). It has been demonstrated that Gly infiltrates 

the brain in a dose-dependent manner, increasing the pro-cytokine tumor necrosis factor 
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alpha (TNFŬ) levels in brain tissue post-exposure, a molecular alteration potentially 

contributing to the onset of neurodegenerative disorders (Winstone et al., 2022a). 

Moreover, GBH exposure alters serum levels of S100B, an astrocytic protein involved in 

neuronal development and repair, which is considered a biomarker for astrocyte activation 

and potential neurotoxicity (Cattani et al., 2017). Notably, intranasal exposure to GBH 

increases astrocyte numbers in the anterior OB (Gallegos et al., 2020), further 

demonstrating Glyôs ability to induce disruption of glial homeostasis. Together, these 

findings highlight the role of Gly exposure in promoting neuroinflammation, leading to 

atypical glial cell changes that can likely worsen inflammatory responses with significant 

implications for neural dysfunction and disease. 

 

Figure 7: Possible mechanism of action of Gly/GBH in the nervous system. (1) NMDAR and 

nACHR activation through increased Ach or glutamate (GLU) levels or direct Gly binding; (2) 

voltage-gated CaĮ  channel opening as a result of depolarization with additional Ca2+ influx; (3) 

activation of metabotropic Ach and  GLU receptors with PLC activation and IP3-mediated release 

of CaĮ  from endoplasmic reticulum; (4) upregulation of Wnt5a with binding to Frizzled receptors 

and the activation of IP3-CaĮ  signaling; (5) stimulation of CaĮ-activated ryanodine receptor with 

increased endoplasmic reticulum CaĮ  release; (6) binding of CaĮ  to calmodulin with resultant 

nNOS activation and increased NO production; (7) modification of antioxidant function and 

antioxidant content; (8) overproduction of ROS and oxidative damage; (9) activation of glial cells 

with the release of inflammatory cytokines and NO; (10) secretion of S100B followed by binding 

to neuronal RAGEs and increased ROS production; (11) activation of ERK due to excess CaĮ /ROS 

with Beclin1 autophagy activation; (12) upregulation of Wnt3a, which stimulates autophagy 

through Frizzled receptors; (13) mitochondrial failure, leading to intrinsic apoptosis activation; 

(14) TNFŬ binding to death receptors leading to extrinsic apoptosis. Figure from Costas-Ferreira 

et al., 2022. 
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2.3 Astrocyte-neuron communication and its role in CNS homeostasis 

2.3.1 Astrocytes and neurons roles in CNS functions 

The CNS contains a highly diverse subpopulation of cells and molecules that work in 

concert to regulate essential life processes such as cognition, motor control, sensory 

perception, and homeostasis. While neurons are traditionally considered the major 

signaling units, astrocytes are indispensable in supporting and modulating neuronal 

activity. Their interactions are necessary for preserving CNS operation, guaranteeing 

synaptic control, metabolic support, and neural network stability. 

 

Neurons 

Neurons are highly specialized brain cells responsible for rapidly transmitting information 

using both electrical and chemical signals. This communication is made possible by their 

unique special morphology and specialized compartments. Each neuron consists of a soma 

(cell body) and two cellular extensions: dendrites, which receive incoming messages, and 

the axon, which sends information. During neuronal development, axons and dendrites 

acquire distinct molecular features, including cytoskeletal and synaptic proteins, which are 

essential for their function (Kandel, E., Principles of Neural Science). Communication 

occurs at synapses, which are among the most extensively investigated subcellular 

structures in neurons. They consist of presynaptic and postsynaptic compartments. The 

first one is located at the axonal terminals and converts the electrical signal into chemical 

neurotransmitter release. Neurotransmitters are stored in synaptic vesicles and, upon 

neuronal depolarization, release their contents into the synaptic cleft. Several regulatory 

and structural proteins, including synaptotagmin I, the SNARE complex, and Rab-

interacting molecules, coordinate this process to ensure precise neurotransmitter release. 

Once released into the synaptic cleft, neurotransmitters bind to specific receptors on the 
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postsynaptic membrane, triggering a higher complex intracellular signaling pathway 

(Cohen and Greenberg, 2008). Excitatory synapses in the forebrain that use glutamate or 

aspartate as neurotransmitters are typically formed on dendritic spines, while inhibitory 

synapses, which release gamma-aminobutyric acid (GABA), are predominantly located on 

cell bodies, axonal segments and dendritic shafts (Fig. 8). Al terations in synaptic structure 

and function have been implicated in a wide range of neurodevelopmental, 

neuropsychiatric, and neurodegenerative disorders (Arikkath, 2012). 

 

 

 

Figure 8: Synaptic terminals on dendrites and a graphic of excitatory and inhibitory synapses. 

Rat hippocampal neurons in culture (DIV 17) transfected with GFP (green) and immunostained 

with markers that label presynaptic terminals of either excitatory (top, redðvGluT1) or inhibitory 

(bottom, redðGAD65) synapses (image taken from Arikkath et al., 2012). 
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Astrocytes 

Among glial cells populations, astrocytes are the most abundant cell type in the CNS. 

Although their exact proportion remains a matter of debate, astrocytes are estimated to 

account for approximately 20-40% of total brain cells, with a marked regional variability 

across different brain areas and between grey and white matter (Baldwin et al., 2023). 

Astrocytes develop during embryogenesis from neural stem cells called radial glia, which 

shift from producing neurons to generating astrocyte precursors. These precursors migrate 

and mature mainly during the perinatal and postnatal periods, forming diverse astrocyte 

populations in the brain (Akdemir et al., 2020). It is known that astrocytes perform a broad 

array of functions, which are essential for preserving the integrity and function of neuronal 

networks. By forming tripartite synapses with neurons, they regulate neural activity and 

local neurotransmitter availability by promoting glutamate uptake. In addition, astrocytes 

monitor and regulate water flow, maintain ion and pH balance, and support the 

extracellular matrix to ensure an optimal extracellular environment. However, emerging 

research has revealed that astrocytes are more than passive support cells, demonstrating an 

active role in immune surveillance, metabolic regulation, and direct modulation of 

behavior and cognition (Allen and Lyons, 2018). Astrocytes play a key role in maintaining 

the BBB, a permeable but selective structure that regulates the brainôs environment. 

Astrocytes provide nutrients, remove waste, and act as the first line of defense against 

harmful agents. Moreover, astrocytes have been increasingly recognized as critical 

mediators of neuroinflammation, capable of producing and responding to inflammatory 

signals, and as active participants in phagocytosis and clearance of cellular debris 

(Colombo and Farina, 2016). They also function as metabolic hubs, regulating energy 

metabolism and lipid homeostasis in the brain (Magistretti and Allaman, 2018). 

Essentially, astrocytes maintain optimal neuronal circuit function, not merely by passively 
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supporting neighboring neurons, but actively integrating and responding to diverse signals 

from the CNS microenvironment and the external exposure.. The term ñastrocyteò was 

coined to describe their star-shaped morphology. In 1846, Rudolf Virchow first described 

astrocytes as homogeneous connective tissue, referring to them as brain glue that supports 

nervous system components (García-Marín et al., 2007). Later on, in the late 19th and early 

20th centuries, Ramon y Cajal and others started uncovering the vastly diverse cellular 

architecture of the brain, identifying various neuronal and glial cell types, and were the 

first to suggest that astrocytes are not a uniform cellular population (Giovannoni and 

Quintana, 2020). Conventionally, astrocytes have been classified into two major types 

based on their morphology and distribution: fibrous and protoplasmic astrocytes. Fibrous 

astrocytes are located mainly in the white matter and exhibit long, straight processes that 

can extend up to 300 ɛm, much less elaborate than protoplasmic astroglia. In contrast, 

protoplasmic astrocytes are found in the gray matter and show extremely branched 

morphology with many processes giving them a ñbushyò or ñspongiformò appearance. 

These astrocytes extend their endfeet to blood vessels and enwrap them to form the glial 

limiting membrane, which is the outermost wall of the BBB (Goenaga et al., 2023). Their 

fine branches contact with various neuronal structures, including somata, dendrites, 

synapses, and axons (Baldwin et al., 2023). More recently, five distinct astrocyte 

populations have been identified based on the marker expression (e.g., Alh1l1, CD51, 

CD63, and CD71), with variations in their distribution across different brain regions and 

even within the same CNS region. For instance, cortical astrocytes display morphological 

and transcriptional diversity, differing in volume, orientation, and arborization across 

cortical layers. 

Astrocytes exhibit a response defined as reactive astrogliosis in response to CNS insults 

such as traumatic injury, ischemia, degenerative disorders, and multiple types of 
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inflammatory stimuli. In this reactive state, astrocytes undergo morphological, molecular, 

metabolic, and functional changes. Morphological changes include hypertrophy, 

proliferation, and increased levels of glial fibrillary acidic protein (GFAP), an intermediate 

filament protein expressed in astrocytes, vimentin, and nestin (Huang et al., 2022). 

Astrocyte reactivity is triggered by various stimuli, including amyloid-beta (Aɓ) peptides 

in Alzheimer's disease, hypoxia, ischemia, trauma, BBB disruption, reactive oxygen 

species, nucleotides, excitatory amino acids, myelin debris, and cytokines from microglia 

and other cells (Patani et al., 2023). Importantly, environmental toxins and xenobiotics, 

including pesticides and herbicides, have emerged as potent triggers of astrocytes 

reactivity, expanding our understanding of how external exposure can directly influence 

CNS homeostasis and contribute to neurological disease risk (Cattani et al., 2014; 

Sofroniew, 2015). These signals may originate from other brain cells, circulating 

inflammatory cues, microbial pathogens, or environmental toxins (Sofroniew, 2020). 

Reactive astrocytes are characterized by altered calcium signaling, neurotransmitter and 

ion buffering, gap junction communication, phagocytic activity, and metabolic coupling, 

which can affect synaptic function, neuronal network and oscillation, and behavior. Key 

transcriptional pathways involved include JAK/STAT, FOXO3, C/EBP, AP-1, NFəB, and 

calcineurin/NFAT signaling, which regulate the expression of inflammatory and metabolic 

genes in reactive astrocytes. Historically, astrocyte reactivity has been conceptualized 

through a binary classification similar to the macrophage polarization, with ñA1ò 

(neurotoxic, pro-inflammatory) and ñA2ò (neuroprotective, anti-inflammatory) 

phenotypes. The A1 phenotype exerts neurotoxic effects (e.g., releasing harmful 

substances like nitric oxide or excessive GABA) and has been linked to the pathogenesis 

of multiple neurologic diseases. This state can produce inflammatory mediators such as 

cytokines, chemokines, and complement factors, contributing to neuroinflammation 
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(Escartin et al., 2021). In contrast, A2 astrocytes play neuroprotective roles (e.g., restricting 

immune cell infiltration via scar formation) and have been observed in ischemic conditions 

(Patani et al., 2023). However, recent advaces in single-cell RNA sequencing and 

transcriptomic profiling have revealed that reactive astrogliosis is not a binary ñall-or-

noneò response, and this A1/A2 dichotomy is an oversimplification that fails to capture the 

true complexity and heterogeneity of the reactive astrocyte state. The overall impact on the 

CNS depends on the balance of these changes (Giovannoni and Quintana, 2020). 

Astrocytic alterations have been observed in mouse models of syndromic autism (e.g., Rett 

Syndrome and Fragile X Syndrome) as well as neurodegenerative disorders, including 

multiple sclerosis, Alzheimerôs, and Parkinson's disease. Some changes occur concurrently 

with pathology without necessarily influencing it (correlative changes), while others 

represent direct responses to the disease (reactive changes). Additionally, certain 

alterations arise from intrinsic astrocyte-specific mechanisms (cell-autonomous), which 

may or may not play a causal role in pathology. These changes can appear in various 

diseases or even within the same condition at different stages of progression (Baldwin et 

al., 2023). In summary, astrocytic reactivity is a multifaceted and context-dependent 

response of astrocytes to CNS pathology, involving a wide range of molecular and 

functional changes that can influence disease outcomes either beneficially or detrimentally. 

 

2.3.2 Mechanisms of astrocyte-neuron communication  

The interactions between astrocytes and neurons are fundamental for many neural 

processes, including synaptic transmission, nervous system development, neural circuit 

organization, and brain homeostasis. Astrocyte-to-neuron communication occurs through 

multiple mechanisms, such as gliotransmission, metabolic coupling, ion regulation, and 

extracellular vesicles (EVs)-mediated signaling. Gliotransmission refers to the ability of 
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astrocytes to release several transmitters, such as ATP, glutamate, D-serine, and GABA, 

close to the synapses (Ben Achour and Pascual, 2012). This process allows astrocytes to 

modulate synaptic transmission, based on the type of neurotransmitter released and the 

receptors they activate. Additionally, a single astrocyte can secrete different 

gliotransmitters in response to various stimuli, resulting in different effects on both 

excitatory and inhibitory synapses (Durkee and Araque, 2019). Beyond neurotransmitters, 

astrocytes also secrete cytokines and chemokines, playing key roles in neuroinflammation 

and immune responses. Moreover, they release growth factors such as brain-derived 

neurotrophic factor (BDNF) and glial cell-line-derived neurotrophic factor (GDNF), which 

support neuronal survival (Linnerbauer et al., 2020). These cells also play a role in 

neuronal energy metabolism through the astrocyte-neuron lactate shuttle. Astrocytes 

uptake glucose from the BBB, convert it into lactate, and transfer it to neurons via 

monocarboxylate transporters, where it serves as an energy substrate. This mechanism is 

critical for sustaining neuronal activity, particularly under high energy demand (Magistretti 

and Allaman, 2018). Moreover, astrocytes regulate extracellular potassium (K ) and 

calcium (CaĮ ) levels to maintain neuronal excitability and prevent excitotoxicity. Through 

potassium buffering, astrocytes uptake excess K  released during neuronal firing, 

redistributing it via gap junctions (Wang et al., 2012). Finally, astrocytes secrete EVs that 

transfer bioactive molecules, including proteins, lipids, and microRNAs, to neurons, 

modulating synaptic function and neuroprotection (Venturini et al., 2019). Interestingly, 

EVs are increasingly recognized as mediators of glia-to-neuron communication, 

particularly in response to stress or injury (Budnik et al., 2016). Recent works have 

revealed that astrocyte-derived EVs carry specific cargo that can either promote neuronal 

resilience or propagate pathological signals in neurodegenerative diseases, making them 

potential biomarkers and therapeutic targets (Heras-Romero et al., 2025; Stewart et al., 
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2024; Wang et al., 2023). Given the many functions of astrocytes in the CNS, disruption 

of astrocyte-neuron communication has consequent implications. Furthermore, 

neuropathological factors like neuroinflammation, oxidative stress, and genetic mutations 

are known to disrupt astrocytic signaling, which, in turn, results in atypical trophic support. 

This is commonly observed in neurodegenerative disorders such as Alzheimer's (AD) and 

Parkinson's disease (PD), and amyotrophic lateral sclerosis (ALS), wherein dysfunctional 

astrocytes damage neurons and synapses. In addition, poor astrocytic calcium signaling 

and reduced amounts of released gliotransmitters weaken synaptic plasticity and cognitive 

function. Therefore, it is very important to understand the molecular mechanisms that 

underlie the functional breakdown of astrocyte-neuron communication in disease etiology 

(Molofsky and Deneen, 2015). 
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2.4 Extracellular vesicles as mediators of cell-to-cell communication in the CNS 

2.4.1 Extracellular vesicles: the basis 

Extracellular vesicles (EVs) are a heterogeneous family of membrane-enclosed 

nanostructures secreted by most eukaryotic cells into the extracellular space (Colombo et 

al., 2014). They can be detected in all biological fluids (i.e., cerebrospinal fluid, blood, 

urine, faeces, saliva, seminal fluid, breast milk, amniotic fluid, synovial fluid, 

bronchoalveolar fluid, nasal secretion, ascites fluid, and bile). EVs can be classified 

according to their size and biogenesis by the criteria established by the International 

Society of EVs (ISEVs). Traditionally, they have been divided into two main categories: 

exosomes or small-EV (sEVs), and ectosomes or microvesicles (MVs). sEVs are typically 

30-150 nm in size and are formed through the endocytic pathway. sEVs biogenesis begins 

with the invagination of the endosomal limiting membrane and the formation of 

intraluminal vesicles (ILVs), resulting in a specialized cell compartment, known as the 

multivesicular body (MVB). The vesicles inside the MVBs can follow three different 

pathways: (i) fusion with lysosomes for degradation, (ii) serving as a temporary storage 

compartment, (iii) fusion with the plasma membrane to release sEVs into the extracellular 

environment (Caruso Bavisotto et al., 2019). Meanwhile, MVs, ranging from 100-1000 nm 

in size, are generated through outward budding and fission of the plasma membrane. This 

process leads to MVs having the same distribution of phospholipids in the bilayer 

membrane of the donor cells. Besides, there are other types of EVs, including apoptotic 

bodies, which are the largest of the three categories (500-2000 nm) and are vesicles derived 

from programmed cell death. They contain cytoplasm, organelles, and nuclear debris. 

Macrophages normally engulf them for clearance (Colombo et al., 2014). However, 

emerging evidence reveals a spectrum of large and very large EV subtypes that challenge 

traditional size boundaries have been described (DôSouza-Schorey and Di Vizio, 2025). 
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These includes large oncosomes (~1ï10 Õm), that are shed from highly migratory cancer 

cells and carry oncogenic proteins, DNA, and RNA; migrasomes (0.5ï3 Õm) form along 

retraction fibers during cell migration and mediate spatial signaling; blebbisomes are 

organelle-rich, motile EVs generated from dynamic membrane blebs, while exophers (~1ï

4 Õm) extrude damaged organelles and protein aggregates, primarily under stress 

conditions. Additionally, other very large plasma membraneïderived EVs (>2 Õm) arise 

from mechanical or cytoskeletal remodeling and carry diverse cytosolic cargo (Fig. 9). 

Together, these emerging EV classes highlight a continuum of extracellular vesicles 

extending into the micrometer range, challenging traditional size-based classification and 

emphasizing the need for biogenesis- and function-based definitions (DôSouza-Schorey 

and Di Vizio, 2025). 

 

 

 Figure 9: Classification of EVs based on size and biogenesis.  
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2.4.2 EVs biogenesis and uptake pathways 

The biogenesis of sEVs involves several intracellular pathways, among which the most 

well-characterized is the endosomal sorting complexes required for transport (ESCRT) 

machinery (Dixson et al., 2023). This intracellular process involves multiple stages and 

molecular players. In detail, all four ESCRT complexes (ESCRT-0, -I, -II, and -III) take 

part in this process along with accessory proteins. The process occurs sequentially: 

ESCRT-0, particularly its hepatocyte growth factor-regulated tyrosine kinase substrate 

(HRS) subunit, recognizes and sequesters ubiquitinated cargo proteins on the endosomal 

membrane through ubiquitin-binding domains. ESCRT-0 recruits ESCRT-I, which, 

together with ESCRT-II induces membrane deformation, forming buds that encapsulate 

the selected cargo into nascent ILVs. ESCRT-III is recruited to the neck of the budding 

vesicles by the ESCRT-I subunit tumor susceptibility gene 101 (TSG101). There, ESCRT-

III polymerizes into filaments that drive membrane constriction and scission, leading to 

the formation of the MVBs. This step is critical for releasing ILVs into the MVB lumen 

(Cocucci and Meldolesi, 2015). Finally, the ATPase VPS4 interacts with ESCRT-III to 

disassemble the ESCRT-III complex after membrane scission, allowing the recycling of 

ESCRT components for further rounds of vesicle formation (Fig. 10a). In addition to the 

ESCRT pathway, alternate mechanisms for sEV formation have been recently described, 

namely the ESCRT-independent mechanism. One of these involves the syndecan-

syntenin-Alix mechanism, which is implicated in specific cargo loading and ILV 

formation, regulated by signaling events like phosphorylation (Fig. 10b). A third pathway 

involves the lipids, where ceramide, produced by the enzyme neutral sphingomyelinase 2 

(nSMase2), facilitates the selection of cargoes like RNAs and RNA-binding proteins (Fig. 

10c). Another mechanism is mediated by the tetraspanins (e.g., CD63, CD81, CD82, 

CD53, and CD37) (Dixson et al., 2023). Disruption of ESCRT components or VPS4 
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impairs sEV biogenesis, affecting the number, size, and cargo composition of released 

sEVs. ESCRT-III and VPS4 are particularly indispensable for membrane remodeling and 

scission. In contrast, MVs release occurs directly from the outward budding of the plasma 

membrane. Their biogenesis requires reorganization of proteins and lipids within the 

plasma membranes, as well as cytoskeletal remodeling (Tricarico et al., 2017). A critical 

step in MV formation involves the asymmetric redistribution of phospholipids across the 

plasma membrane bilayer. Under physiological conditions, phosphatidylserine (PS) is 

predominantly localized to the inner leaflet of the plasma membrane by aminophospholipid 

translocases (flippases), ATP-dependent enzymes that actively transport PS from the outer 

to the inner leaflet, maintaining membrane asymmetry. During MV biogenesis, this 

asymmetry is disrupted through the activation of floppases (ATP-binding cassette 

transporters) and scramblases (Ca2+-activated bidirectional lipid transporter), which 

mediate the translocation of PS from the inner leaflet to the cell surface, leading to 

membrane curvature and structural bending (Bevers and Williamson, 2016). This 

externalization of PS and the accumulation of specific lipids (e.g., phosphatidic acid and 

diacylglycerol) induce membrane curvature and structural bending necessary for vesicle 

formation. Additionally, actin-myosin cytoskeleton plays a crucial role in MV biogenesis. 

Activation of small GTPases (i.e., RhoA, Rac1, and ARF6) triggers cytoskeletal 

reorganization and actin-myosin contractility, generating the mechanical force required for 

membrane protrusion and eventual vesicle release. This process results in MVs that 

maintain the same orientation of phospholipids in the bilayer membrane as the donor cells 

(Fig. 10d). When the biogenesis pathway cannot be specified, it is more correct to refer to 

them as EVs (Bahram Sangani et al., 2021). In this thesis, the term ñEVsò will be used to 

describe these vesicles.  
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Figure 10: Mechanisms of EVs biogenesis. (a) The ESCRT pathway cluster ubiquitylated cargoes 

via ESCRT-0 (HRS-STAM dimers) and recruits flat clathrin (red dashed line) for ILV formation. 

ESCRT-I /II curve the membrane, while ESCRT-III and VPS4 drive scission, and deubiquitylating 

enzymes (DUbs) remove ubiquitin (Ub). (b) The ALIX-syntenin pathway bypasses early ESCRT 

machinery. ALIX interacts with lipids, CHMP4B, and TSG101, binding syntenin to sort CD63 and 

syndecan. (c) Lipid-driven ILV formation relies on nSMase2 converting sphingomyelin to 

ceramide, which bends the membrane. This process localizes cargo to lipid rafts enriched with 

flotillin , cholesterol, and tetraspanins. (d) MVs (or ectosomes) form via plasma membrane 

blebbing, driven by myosin II contraction and subsequent scission, releasing the MVs into the 

extracellular space. Image from (Dixson et al., 2023). 

 

EVs can trigger significant phenotypic changes in the recipient cells nearby and at distant 

sites, however, the precise mechanisms guiding their selective targeting remain unclear 

(Van Niel et al., 2022). EVs uptake occurs through multiple mechanisms. One of the most 

direct pathways of EVs internalization is membrane fusion (Fig. 11a), where EVs merge 

directly with the plasma membrane, releasing their cargo into the cytosol. This process is 

facilitated by specific lipid-lipid and protein-protein interactions, including tetraspanin and 

SNARE proteins, which allow the fusion of EV membranes with the recipient cell. 
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Alternatively, following endocytic uptake, EVs can deliver their cargo through back-

fusion, a mechanism whereby ILVs within internalized MVBs fuse with the limiting 

membrane of the endosome, releasing their contents into the cytoplasm of recipient cell  

(Joshi et al., 2020). This back-fusion mechanism represents an important alternative to 

lysosomal degradation and enables the functional transfer of EV cargo, including proteins, 

lipids, and nucleic acids, directly into the cytosol where they can exert biological effects. 

Another major route of EV uptake pathways is clathrin-dependent endocytosis (Fig. 11b), 

which is the predominant mechanism for EV uptake. In this pathway, EVs bind to surface 

receptors and are internalized into clathrin-coated vesicles, which subsequently detach 

from the plasma membrane and fuse with the endosomal compartment. This process 

facilitates the sorting of EV cargo into MVB or lysosomes for degradation or recycling 

(Kwok et al., 2021). EVs can also be uptaken through clathrin-independent endocytosis 

(Fig. 11c), which includes caveolin-mediated uptake, macropinocytosis, phagocytosis, and 

lipid raft-mediated internalization. Caveolin-mediated uptake occurs through cholesterol-

rich caveolae, directing EVs to intracellular compartments such as the Golgi apparatus 

(Fig. 11c-i). Macropinocytosis involves actin-driven vesicle formation, and it is not a 

specific process for the engulfment of EVs (Fig. 11c-ii ). Phagocytosis enables immune 

cells to engulf larger EVs, including apoptotic bodies, via receptor-ligand interactions (Fig. 

11c-iii ). Lipid raft-mediated internalization relies on adhesion molecules and integrins for 

EV recognition and uptake (Fig. 11c-iv) (Zhao et al., 2021). Despite these mechanistic 

insights, the precise determinants that regulate the preferential uptake of EVs by specific 

cell types remain an active area of research. 
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Figure 11: EVs uptake pathways. Exosomes can be internalized by (a) membrane fusion, (b) 

clathrin-dependent endocytosis, and (c) clathrin-independent endocytosis, including (c-

i) caveolin-mediated uptake, (c-ii)  macropinocytosis, (c-iii)  phagocytosis, and (c-iv) lipid raft-

mediated internalization. 

 

2.4.3 EVs composition 

EVs transport a diverse selection of molecules, including lipids, proteins, and nucleic acids 

(Fig. 12). Their molecular cargo composition is influenced by multiple factors, such as 

intracellular origins, parental cell types, and their pathophysiological state. This cargo 

determines their roles in cell signaling, gene regulation, immune modulation, and disease 

processes. EVs possess a lipid bilayer membrane rich in cholesterol, sphingolipids, 

ceramides, phosphatidylcholine, phosphatidylserine, and other glycerophospholipids. 

Their lipid composition can differ from the parental cell and among EV subtypes, 

influencing membrane curvature, stability, and biological activity. EVs are enriched with 

diverse proteins, including membrane proteins involved in endosomal pathways: MVB 

biogenesis-related proteins (Alix and TSG101), syntenin-1, and tetraspanins (e.g., CD9, 
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CD63, CD81, CD82), integrins, annexins, flotillin, Rab GTPases (Kowal et al., 2016). EVs 

can also transport cytosolic proteins, such as enzymes and signaling molecules, as well as 

cell-type-specific proteins, reflecting their cellular origin. Cargo proteins can either be 

exposed to the surface of EVs or contained in the lumen, and are often used as markers for 

EV identification and characterization. Moreover, EVs can encapsulate various nucleic 

acids such as mRNA, microRNA (miRNA), long non-coding RNA (lncRNA), circular 

RNA (circRNA), and in some cases DNA. The nucleic acid cargo enables EVs to mediate 

intercellular genetic communication. Finally, EVs may also contain metabolites, lipolytic 

enzymes, and, in larger apoptotic bodies, even organelles like mitochondria and ribosomes. 

Comprehensive cataloging of EV molecular components has been facilitated by several 

publicly available databases, including EVpedia (https://evpedia.info/evpedia2_xe/), 

Vesiclepedia (http://www.microvesicles.org/), ExoCarta (http://www.exocarta.org/), and 

EV-TRACK (https://evtrack.org/), which provide curated information on proteins, lipids, 

RNA species, and other molecules identified in EVs from various cell types and organisms 

across thousands of published studies. These resources serve as valuable tools for 

comparing EV cargo profiles, identifying cell type-specific markers, and exploring the 

functional implications of EV-mediated molecular transfer. 
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Figure 12: Composition of EVs. Schematic representation of EV contents, including major 

proteins, lipids, and nucleic acids. Abbreviations: ARF, ADP ribosylation factor; ESCRT, 

endosomal sorting complex required for transport; LAMP, lysosome-associated membrane 

protein; MHC, major histocompatibility complex; MFGE8, milk fat globuleïEGF factor VIII; 

RAB, Ras-related proteins in brain; TfR, transferrin receptor (Image taken from Colombo et al., 

2014).  

 

2.4.4 Astrocyte-derived EVs in CNS homeostasis and pathology 

As highlighted in section 3.2.1, astrocytes are not only merely supportive glial cells, they 

actively contribute to the modulation and preservation of neuronal circuits through a 

variety of mechanisms, including the release of EVs. Through miRNA cargo (e.g., miR-

21, miR-29c, and miR-130a) astrocyte-derived EVs (ADEVs) contribute to brain 

homeostasis by modulating synaptogenesis, synaptic activity, dendritic complexity, and 

neurite outgrowth, particularly when stimulated by anti-inflammatory signals like IL-10 

(Pistono et al., 2021). Moreover, by transferring metabolites, glycolytic enzymes, and 

growth factors (e.g., VEGF, FGF2) to neurons, ADEVs support axonal transport and 

integrity (Rouillard et al., 2021). In addition, ADEVs contain neuroprotective proteins, 
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such as heat shock proteins (Hsp/Hsc70), synapsin I, glutamate transporters (EAAT-1/2), 

and fibulin-2, all of which are essential for neuroprotection and survival (Upadhya et al., 

2020).  

However, ADEVs play a dual role and can also exacerbate CNS disorders in pathological 

states by spreading neuroinflammatory signals and neurotoxic molecules, thus contributing 

to disease evolution in neurodegenerative or neuroinflammatory conditions (Zhao et al., 

2021). Under these states, reactive astrocytes secrete ADEVs enriched with altered protein 

and miRNA contents, which are thought to contribute to disease progression (Chaudhuri 

et al., 2018; You et al., 2020). For instance, it has been observed that in Alzheimerôs disease 

(AD), ADEVs can spread dysregulated complement proteins, likely originating from 

astrocytes that failed to degrade internalized aggregates, thereby promoting synaptic loss 

and neuroinflammation. In ALS, ADEVs derived from SOD1-expressing astrocytes have 

been shown to deliver neurotoxic proteins such as mutant SOD1 and TDP-43 to 

motoneurons, inducing aggregation, microglia-mediated inflammation, and neuronal death 

(Upadhya et al., 2020). ADEVs can transport pathological molecules like Aɓ oligomers, 

phospho-Tau, Ŭ-synuclein, cytokines, or prions, detected in EVs isolated from disease 

modelsô or patientsô cerebrospinal fluid (CSF) and plasma (Dinkins et al., 2014; Falker et 

al., 2016; Stuendl et al., 2016). Moreover, activated astrocytes release ADEVs carrying 

proinflammatory cargo, including Toll-like receptor 4 (TLR4), NF-kB-p65, IL-1 receptor, 

caspase-1, and NLRP3 inflammasome components, stimulating peripheral immune cell 

infiltration that in turn amplifies inflammation (Upadhya et al., 2020), for instance, under 

ethanol-induced inflammatory conditions, astrocytes not only increased ADEVs secretion 

but also altered their molecular content, including the presence of TLR-4 and miRNAs 

(i.e., miR-146a, miR-182, and miR-200b). After neuronal internalization, these ADEVs 

amplify neuroinflammatory signaling and exacerbate neuronal damage by significantly 
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reducing dendritic growth and complexity, and altering neuronal firing and burst activity 

(Chaudhuri et al., 2018; Oyarce et al, 2022). It is thought that ADEVs promote 

neurodegeneration in AD through deposition of the membrane attack complex (MAC), a 

cytolytic structure formed by the terminal components of the complement cascade that 

creates pores in cell membranes, on neurons and by triggering necroptosis, a form of 

programmed cell death (Nogueras-Ortiz et al., 2020). Similarly, in traumatic brain injury 

and acute CNS insults, ADEVs exacerbate neurotoxicity through excessive release of 

excitatory amino acids (e.g., glutamate, aspartate), leading to reactive oxygen species 

(ROS) generation, calcium overload, mitochondrial dysfunction, and axonal damage (Hu 

et al., 2024). 

 

2.4.5 EV and environmental pollutants 

The composition of EVs is not only altered by pathological conditions, but it is also 

significantly influenced by environmental exposure, such as air particulate matter (PM), 

tobacco smoke, chemical contaminants, and heavy metals. Pollutants can stimulate many 

cell types, including epithelial cells, macrophages, endothelial cells, neurons and 

microglia, to increase EVs production and alter their molecular cargo, including miRNAs, 

proteins, and other signaling molecules (Carberry and Rager, 2023). This pollutant-

modified EVs can affect the biological functions of the recipient cells when these EVs are 

internalized, potentially disrupting homeostasis and contributing to disease processes. 

Moreover, EVs can transport environmental toxicants not only within their lumen but also 

on their surface, facilitating the systemic distribution of these compounds through 

biological fluids and potentially to distant organs (Eckhardt et al., 2022). Understanding 

the roles of EVs and their contents in mediating toxicant-induced responses may provide 

critical insight into the mechanistic pathways underlying environmental pollutant toxicity. 
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Focusing on specific environmental toxicants, studies have shown that widely used 

herbicides, such as Paraquat resulted in a marked reduction in EVs release along with 

differential expression of several EV-associated proteins. Interestingly, these protein 

alterations mirrored those observed in the parent cells and were linked to pathways such 

as ubiquinone metabolism and HIF1Ŭ transcription (Vujiĺ et al., 2021). Similarly, only one 

study investigated the role of EVs in Gly-induced immune modulation. EVs analysis 

revealed that 72 hours of Gly exposure (0.1 µg/mL) led to significant alterations in miRNA 

expression in EVs derived from peripheral blood mononuclear cells (PBMCs) from healthy 

donors. Among the analyzed miRNAs, miR-500a-5p showed the most significant 

upregulation in EVs following Gly treatment (Maddalon et al., 2022). These findings 

suggest that Gly may modulate immune responses through EV-mediated miRNA transfer. 

Collectively, these observations reinforce the role of EVs as key mediators in 

environmentally induced cellular stress diseases and disease pathways, highlighting their 

potential as both biomarkers and mechanistic mediators of toxicant effects. 
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3. AIMS  OF THE STUDY 

Gly has been shown to produce neurotoxic effects, including neuronal and synaptic 

dysfunctions, glutamatergic excitotoxicity, and oxidative stress. Multiple studies have 

investigated the effects of this compound in complex systems, such as rodent models or in 

simplified in vitro systems using isolated neurons, mainly studying excitatory circuitry. 

However, the potential impact of Gly on inhibitory neurotransmission and other brain cell 

types, such as astrocytes, remains largely unexplored. 

In this thesis, I addressed this gap by investigating both the direct and indirect effects of 

Gly on neuronal function, with a special focus on inhibitory synapses and astrocyte-to-

neuron communication.  

For the first time, I examined the direct consequences of Gly on inhibitory synapses in 

primary cultured hippocampal neurons. Through electrophysiological recordings and high-

resolution confocal imaging (as detailed in the first co-authored publication ñGlyphosate 

impairs both structure and function of GABAergic synapses in hippocampal neuronsò, 

attached on page 128). 

Moreover, I investigated whether astrocytes, key modulators of synaptic activity and 

neuronal homeostasis, could contribute to or amplify Gly-induced neurotoxicity. Given 

Glyôs structural similarity to glutamate and its capacity to cross the blood-brain barrier and 

infiltrate the brain parenchyma, I hypothesize that one primary target is astrocytes. This 

raises the possibility that by altering astrocyte functions, Gly disrupts astrocyte-neuron 

communication and leads to broad alterations in neuronal homeostasis and function. 

To investigate these issues, in the present thesis, I aimed to:  

1. assess the impact of Gly on astrocytes viability. 

2. examine changes in astrocyte morphology, GFAP expression, and ADEV release 

in response to Gly exposure. 
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3. evaluate the downstream effects of ADEVs from astrocytes exposed to Gly on 

cortical neurons, with a focus on neuronal integrity, synaptic structure, and synaptic 

transmission. 

Through this integrated approach, the study aims to uncover a dual mechanism of Gly-

induced neurotoxicity, comprising both direct neuronal alterations and astrocyte-mediated 

signaling dysfunction, thus providing new insight into how environmental toxicants can 

perturb inhibitory balance and disrupt neuronïglia communication. 
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4. MATERIALS AND METHODS  

4.1 Ethical approval 

Ethical approval was obtained for all experimental protocols from the University of Torino 

Animal Care and Use Committee, Torino, Italy. All experiments were conducted in 

accordance with the National Guide for the Care and Use of Laboratory Animals adopted 

by the Italian Ministry of Health (Authorization DGSAF 00 11710-P-26/07/2017). All 

animals had free access to water and food. Every effort was made to minimize the number 

of animals used. Pregnant female mice were obtained in our laboratory, where the mating 

occurred.  

 

4.2 Primary cultures preparation 

Primary mouse cortical and hippocampal neurons were obtained from C57BL/6J 

mice at E18. Briefly, pregnant mice were exposed to a rising concentration of CO2, leading 

to loss of consciousness, rapidly sacrificed by cervical dislocation, and embryos were 

removed immediately by cesarean section. After dissection under sterile conditions, 

cortices were kept in ice-cold Hanks' Balanced Salt Solution (HBSS) (Thermofisher, cat. 

14175129) and then digested in a solution containing HBSS, 1% glucose 1M, 1% BSA, 

papain 0.5 mg/mL (Immunological Sciences, cat. IS5647-25), dissolved in HBSS plus 

DNAse 0.1 mg/mL (Immunological Science, cat. IS9893-10) as previously described in 

Gurgone et al., 2023. The isolated cells were then plated onto round glass coverslips (12 

mm) or Petri dishes (35 mm) with four inner rings for electrophysiological recordings, 

coated with 0.05 mg/mL poly-L-lysine (Immunological Sciences, cat. IS3003-20). 

Depending on the experiments, cells were plated at diverse densities: low-density (100 

cells/mm2) for Sholl analysis, medium-density (200 cells/mm2) for synaptic puncta 
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analysis, or high-density (400 cells/mm2) for patch-clamp and ultra-high density (1800 

cells/mm2) for multi-electrode analysis. They were maintained in a culture medium 

consisting of Neurobasal (Thermofisher, cat. 21103049), 2% B-27 (Thermofisher, cat. 

17504044), 2.5% FBS (Immunological Science, cat. EU-000-500), 1% L-glutamine 

(Thermofisher, cat. A2916801), and 1% penicillin-streptomycin (Thermofisher, cat. 

15070063). Half-volume medium replacement was performed twice a week. 

Primary cortical astrocytes were isolated from newborn (postnatal day P2-P4) 

C57BL/6J wild-type mice. Both cerebral hemispheres were dissected, and the meninges 

were removed. Cultures were prepared as in Leggio et al., 2022, with minor modifications. 

Briefly, astrocytes were cultured in DMEM (1 g/L glucose, Immunological Science, cat. 

ISL0060-500) supplemented with 10% FBS (Immunological Science, cat. EU-000-500), 

1% L-glutamine 200 mM (Thermofisher, cat. A2916801), 1% amphotericin B 250 µg/mL 

(Thermofisher, cat. 15290026), and 1% penicillin/streptomycin (Thermofisher, cat. 

15070063) at 37 °C and 5% CO2 for 13ï15 days in 10 cm dishes specific for primary 

cultures (PrimariaÊ Cell Culture Dishes, Corning, cat. 353803). Microglial cells were then 

removed with a motor shaker (Argolab, cat. 41202012). Then, cells were detached using 

(Thermofisher, cat. 25200056), reseeded onto glass coverslips in 96-well plates for 

viability analyses (5.000 cells/mL), in 24-well plates (50.000 cells/mL), in 35 mm Petri 

dishes for cytokine analysis (500.000 cell/mL) or in Petri dishes 100 mm (5.000.000 

cells/mL) for western blotting and extracellular vesicles purification. The media was 

replaced twice weekly until day in vitro (DIV) 21. Using this protocol, the percentage of 

GFAP-expressing cells that was obtained was higher than 80%, as illustrated in section 

4.10. 
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4.3 Treatment with Gly 

To examine the effects of Gly on hippocampal neurons and astrocytes, primary cultures 

were treated with 0.5 ɛg/mL (3 ɛM) of Gly (Sigma-Aldrich, cat. 45521) dissolved in 

distilled water, while the controls received an equal volume of distilled water. 

Hippocampal neurons were exposed to Gly at 18 DIV for 30 min, whereas astrocyte 

cultures were exposed at 20 DIV for 24 hours. For extracellular vesicles (EVs) isolation, 

astrocytes were treated with Gly in FBS-free medium 24 hours before supernatant 

collection. The selected concentration of 3 ɛM corresponds to an in-vitro equivalent of the 

ADI. Briefly, the 3 ÕM concentration was estimated from the oral ADI of Gly 

(0.5 mg/kg/day) using a simplified conversion approach, assuming a 1:1 ratio between 

body weight (kg) and distribution volume (L). This approximation is based on the 

assumption that 1kg body weight corresponds to 1 L of volume of distribution, a common 

simplification in preliminary in vitro modeling. This method does not account for 

interindividual variability in body mass or pharmacokinetics but allows for a standardized 

estimation of ADI-equivalent concentrations for use in cell-based assays (Walton et al., 

1999). 

 

4.4 Cell viability (MTT assay) 

For the 3-[4,5-dimethylthiazol-2-yl] -2,5 diphenyl tetrazolium bromide (MTT) assay, 

astrocytes were seeded in 96-well tissue culture plates at a density of 5.000 cells/mL and 

exposed to increasing concentrations of Gly (i.e.: 0, 1.5, 3, 6, 30, 300, 1000, and 3000 µM) 

for 24 hours. A set of wells containing only culture medium was used as a blank, following 

the manufacturerôs instructions. Each experimental condition was performed in triplicate 

(technical replicates), and the entire experiment was independently repeated four times 

(biological replicates). At the end of the Gly treatment, cells were incubated with the MTT 
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solution (Immunological Sciences; IK-11127) for 4 hours at 37°C. In viable cells, 

mitochondrial enzymes reduce the yellow MTT compound into insoluble purple formazan 

crystals through the action of NAD(P)H-dependent cellular oxidoreductase enzymes. 

DMSO was added directly to the medium in each well to dissolve the formazan salt, 

allowing quantification of cell viability. The optical density (OD) was measured with a 

spectrophotometer at 570 and 630 nm using the iMarkÊ Bio-Rad microplate reader (Bio-

Rad; Italy). To correct for background interference, the raw OD values were adjusted by 

subtracting the OD at 630 nm from the OD at 570 nm, as follows: 

ὕὈ  ὕὈ  ὕὈ  

Then, the mean of ODcorrected value of the blank was subtracted from each sample to obtain 

the net OD (ODnet): 

ὕὈ ȟ  ὕὈ ȟ  ὕὈ ȟ  

 Cell viability for each treatment was then calculated using the following formula:  

#ÅÌÌ ÖÉÁÂÉÌÉÔÙ Ϸ  
/$ ȟ

 /$ ȟ  
ρππ  

The mean cell viability of the untreated control (Gly 0 µM) across all biological replicates 

was used as the reference (100% viability). 

 

4.5 ADEVs isolation and characterization  

To isolate ADEVs, the astrocyte culture medium was collected and centrifuged at 300x g 

at 4 °C for 30 minutes to remove residual cell debris. Then, the supernatant was transferred 

to a cold 50 mL tube vial and filtered through 0.2 µm filters into a centrifuge tube kept on 

ice and ultracentrifuged (Beckman Optima L-60) at 100.000x g for 2 hours at 4 °C to pellet 

EVs (Franquesa et al., 2014). After the supernatant was removed, the pellet was 

resuspended in 1 mL of sterile-filtered 0.01M PBS pH 7.4 + 1% DMSO, and kept at -80 
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°C in aliquots for subsequent Nanoparticle Tracking Analysis (20 µl) and for Transmission 

Electron Microscopy (80 µL), and treatments in downstream experiments (500 µL). To 

remove contaminating proteins, the remaining volume of the resuspended pellet was 

diluted with 4 mL of sterile-filtered 0.01M PBS and then exposed to a second round of 

ultracentrifugation at 100.000x g for 2 hours at 4 °C. Samples ultracentrifugation was 

performed using a type 50.2Ti fixed-angle rotor (maximum speed: 50.000 rpm; max g-

Force 302.000x g; k-factor: 69). Finally, the supernatant was removed, and the pellet 

containing the EVs was resuspended in 120 ɛL of ice-cold lysis RIPA buffer (see section 

4.8 Western Blotting for details) and stored at -80 °C. 

 

4.6 Nanoparticle tracking analysis (NTA) 

ADEVs pellets were resuspended in sterile-filtered 0.01M PBS + 1% DMSO and diluted 

1:200 in 1 mL of sterile-filtered 0.01M PBS, as in (Pomatto et al., 2021). Before starting 

the analyses, the sample was stirred for at least 2 minutes. ADEVs were analyzed for 

particle size and concentration on a NanoSight LM10 system (NanoSight, Salisbury, UK). 

This technique is based on the properties of light scattering and Brownian movements of 

the particles. A 405 nm laser light source was used to detect the movement of ADEVs, and 

measurements were performed in flow mode provided by an automatic syringe pump. A 

camera through the Nanoparticle Tracking Analysis Software (NTA 3.2) recorded a total 

of 3 videos of 30 seconds for each sample. We maintained the same settings for the 

acquisition of the video for each sample, by setting the threshold value at 5 to detect 

between 15 and 100 particles per frame. The concentration value expressed in particles/mL 

obtained by the NTA was used to calculate the number of EVs released in each cell in 

EVs/cells.  
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4.7 Transmission electron microscopy (TEM) 

The morphological identification of ADEVs was assessed by using TEM. Briefly, ADEVs 

were suspended in sterile-filtered 0.01M PBS + 1% DMSO, a drop was added on 200 mesh 

nickel formvar carbon-coated grids (Electron Microscopy Science, Hatfield, PA, USA) 

and left to adhere for 5 minutes. Next, grids were incubated with 2.5% glutaraldehyde for 

5 minutes, washed in distilled water, and then negatively stained with Nano-W and 

NanoVan (Nanoprobes, Yaphank, NY, USA) reagents before being observed using a JEM-

1400 Flash transmission electron microscope (JEOL, Tokyo, Japan) as described in 

(Pomatto et al., 2021).  

 

4.8 Western blotting 

Western blotting was performed following a standard protocol as described in (Gurgone et 

al., 2023) for both astrocytes and EVs. After lysis in RIPA buffer (150 mM NaCl, 1% 

Triton X-100, 0.5% Sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris 

Base, 5mM EDTA, 1mM EGTA) containing protease and phosphatase inhibitors (100mM 

DTT, 1M NaF, 200 mM sodium orthovanadate, 100 mM PMSF), protein concentration 

was measured with a Nanodrop (Thermo Scientific) instrument. The lysates were boiled 

in an SDS sample buffer, separated by an 8% SDS-polyacrylamide gel, in which were 

loaded 100 µg for each sample. The proteins were then blotted to a PVDF membrane 

previously incubated in methanol for at least 10 minutes, following a standard protocol. 

Next, the membranes were blocked in 5% non-fat milk in TBS (20 mM Tris-HCl, pH 7.5, 

150 mM NaCl) with 0.1% Tween-20 for 1 h and incubated with the primary antibodies 

(anti-rabbit CD63, 1:1000, cat. AB-8381, Immunological Sciences, Italy; anti-GFAP 

1:500, cat. sc-33673, Santa Cruz Biotechnology, USA; anti-rabbit calnexin 1:250, cat. 

2433S, Cell Signalling, USA) overnight at room temperature (RT). After several washes 
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with TBS 0.1% Tween 20, the membranes were incubated with the appropriate secondary 

antibodies (anti-mouse IgG HRP 1:3000, cat. A4416, Sigma, Italy; anti-rabbit IgG HRP, 

1:3000, cat. A0545, Sigma, Italy) for 1 hour at RT. The chemiluminescent signal was 

visualized using ClarityÊ Western ECL Blotting Substrates (Bio-Rad; Italy), acquired 

with Bio-Rad ChemiDocTM Imagers (Bio-Rad; Italy), and the intensity was analyzed with 

the Image J software (NIH, USA).  

 

4.9 Immunocytochemistry  

Cells were fixed in paraformaldehyde (4% in 0.1M phosphate buffer, PB, pH 7.4) for 10 

minutes at RT, washed three times for 5 minutes each with 0.01M PBS (pH 7.4), and kept 

in a blocking solution containing 10% normal donkey serum (NDS) and 0.5% Triton X-

100 for 1 hour. Subsequently, cells were incubated for three hours at RT with the primary 

antibody in a solution containing 3% NDS and 0.5% Triton X-100. Cells were then rinsed 

in 0.01M PBS and incubated for 1 hour with a solution containing the appropriate 

secondary antibody (1:1000, Jackson ImmunoResearch, West Grove, PA, USA) with 3% 

NGS, and 0.5% Triton X-100. After several rinses in PBS, glass coverslips were mounted 

using an anti-fade aqueous mounting medium (Dako, Italia, Italy). Table 5 shows the list 

of primary antibodies used: 

 

Primary 

antibodies 

Species of 

origin  

Working 

dilution  
Supplier and catalog no. 

anti-GFAP Mouse 1:500 
Santa Cruz Biotechnology, USA, cat. sc-

33673   

anti-MAP2AB Goat 1:1000 
Immunological Sciences, Rome, Italy, cat. 

AB-83851 

anti-Homer1bc Chicken 1:500 
Synaptic Systems, Göttingen, Germany, cat. 

160 026 
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anti-vGLUT1 Guinea Pig 1:500 
Millipore, Burlington, MA, USA, cat. 

AB5905 

anti-Gephyrin Mouse 1:250 
Synaptic Systems, Göttingen, Germany, cat. 

147 011 

anti-vGAT Rabbit 1:500 
Synaptic Systems, Göttingen, Germany, cat. 

131-002 

 

Table 5 - List of primary antibodies used. 

 

4.10 Image acquisition and analysis  

Quantification of GFAP+ cells: Primary astrocyte cultures were immunostained 

for GFAP to label astrocytes and counterstained with 4ǋ,6-diamidino-2-phenylindole 

(DAPI) to visualize nuclei. Confocal images were acquired using a Zeiss LSM 900 

microscope equipped with a 20× objective and a pinhole set at 1 Airy unit. Approximately 

100 fields of view per coverslip were randomly selected to provide a representative 

sampling across the entire culture surface. As illustrated in Fig. 13, in steps 1-5, using Fiji, 

each confocal image was split into two individual channels corresponding to the DAPI and 

GFAP signals (step 1). These separated images were used as inputs for subsequent 

analysis. A custom analysis pipeline was developed in CellProfiler (v4.2.6) to 

automatically identify and quantify astrocytes based on marker expression and 

morphology (Carpenter et al., 2006). Specifically, with IdentifyObjects module both DAPI 

and GFAP signals were used to segment nuclei and cytoplasmic GFAP expression, 

respectively (step 2). The RelateObjects module established the spatial relationship 

between nuclei and surrounding GFAP expression, so that nuclei were anatomically paired 

to the corresponding GFAP+ cytoplasmic regions when overlap occurred (step 3). Next, 

the FilterObjects module transformed this spatial relationship into a binary outcome: 

nuclei overlapping with GFAP expression were classified as GFAP+ (1), while those 

without overlap were classified as GFAP-negative (0) (step 4). The final output was used 
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to calculate the percentage of GFAP+ astrocytes, providing a measure of astrocytic 

enrichment in the culture (step 5). The number of GFAP+ nuclei was calculated and 

expressed as a percentage of the total number of DAPI-stained nuclei.  

ϷὋὊὃὖ ὧὩὰὰί
ὲόάὦὩὶ έὪ ὋὊὃὖὲόὧὩὰὭ

ὸέὸὥὰ ὲόάὦὩὶ έὪ ὈὃὖὍ ὲόὧὰὩὭ
 ρππ 

This semi-automated approach enabled consistent and unbiased cell quantification across 

a large dataset (Fig. 13). 

 

 

Figure 13: Astrocyte quantification with CellProfiler (v4.2.6) pipeline. 

 

Astrocytes morphology: Isolated primary cultured GFAP+ cells images were 

acquired with a 20x objective and the wand tool in ImageJ was used to outline the cellular 
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borders to evaluate the area, perimeter, and immunofluorescence integrated density 

(IntDen; the sum of all the pixels within a selected region) as in (Teh et al., 2017). The area 

was measured excluding any holes in ɛm2. The circularity index was estimated with the 

following formula: (4 x  ́x Area/Perimeter²). 

Neuronal morphology: Neuron images were imaged using a 20x objective, and the 

morphology measurements were performed using the NeuronJ plugin (Meijering et al., 

2004) in ImageJ. Dendritic processes stained with MAP2 antibody were manually traced 

to generate accurate skeleton representations of the neurons. The traced images were 

subsequently processed using the Simple Neurite Tracer (SNT) plugin in order to perform 

the Sholl analysis to quantify the dendritic arbor complexity. This measure is obtained by 

evaluating the number of dendritic intersections with a mask made of concentric circles 

radiating from the soma at regular intervals.  

Synaptic structures: Immunolabeled synaptic puncta were analyzed on five Z-

stack images (1024 x 1024 pixels, 8-bit) that were acquired using the confocal microscope 

equiped with a 40x oil immersion objective (N.A. 1.30), 2x digital zoom and pinhole set 

at 1 Airy unit, as described in Chiantia and Comai et al., (2025). Images were acquired 

from secondary order dendrites of approximately 40 pyramidal neurons per experimental 

condition, across at least four independent experiments. Maximum intensity projection 

images were reconstructed and exported in TIFF format for analysis using Fiji software 

(version 1.34S; National Institutes of Health, public domain). Synaptic puncta area and 

density were automatically measured using the ñAnalyze Particlesò tool in Fiji. The co-

localization of immunosignals was evaluated based on the determination of Pearsonôs 

correlation coefficient (PCC) using the Fiji plug-in JaCoP (Bolte and Cordelières, 2006). 

Brightness and contrast adjustments were made solely for visualization purposes. 
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4.11 Cytokines quantification 

Cytokine levels analysis was performed with the Luminex technology, which combines 

the principle of a sandwich immunoassay with fluorescent bead-based technology, thus 

allowing individual and multiplex analysis of up to 100 different analytes in a single 

microtiter well (Vignali, 2000). The assay for mouse TNFŬ, IL-17, IL-33, CCL4 

(LXSAMSM-05, R&D Systems, Minneapolis, USA) cytokines was carried out at 

Bioclarma srl, Torino, Italy. Briefly, cell medium samples were diluted 1:2 in calibrator 

diluent and analyzed in 96-well microplates, accordingly to the recommendations of 

manufacturers. The content of each well was then placed into the Bio-Plex 200 System 

array reader (Bio-Rad Laboratories Bio-Rad Laboratories, Hercules, California, USA), 

which identifies and quantifies each specific reaction based on bead color and fluorescent 

signal intensity. Data were processed using the Bio-Plex Manager software (version 6.2) 

and converted into pg/mL. 

 

4.12 Electrophysiological recordings 

Whole-cell patch-clamp recordings 

Recordings were performed in whole-cell configuration at room temperature (22-24°C) to 

investigate synaptic activity in cultured neurons. Miniature inhibitory postsynaptic 

currents (mIPSCs) were measured in hippocampal neurons, while miniature excitatory 

postsynaptic currents (mEPSCs) were recorded in cortical neurons.  

Neurons were voltage-clamped at -70 mV and superfused with a Tyrodeôs external solution 

containing (in mM): 2 CaCl2, 130 NaCl, 2 MgCl2, 10 HEPES, 4 KCl, and 10 glucose (pH 

7.4). To isolate miniature synaptic events and suppress action potential-driven activity, 

tetrodotoxin (TTX, 0.3 ɛM, Tocris) was added. For mEPSCs recordings, picrotoxin (PTX, 

50 µM) was added to block GABAA-mediated currents. For mIPSCs, the external solution 
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was supplemented with DNQX (20 ɛM, Sigma-Aldrich), D-AP5 (50 ɛM), and CGP55845 

(5 ɛM, Tocris) to block AMPA, NMDA, and GABAB receptors, respectively. Patch 

pipettes were pulled from thick-walled borosilicate glass (Hilgenberg, Mainsfeld, 

Germany, or Kimble Chase Life Science, Vineland, NJ, USA) and had a resistance of 6ï8 

Mɋ. The internal solution used to record miniature currents consisted of (in mM): 90 CsCl, 

20 TEA-Cl (or 20 Cs-MSO  for mIPSCs), 10 HEPES, 5ï10 EGTA, 2 MgCl , 4 ATP, 0.5 

GTP, and 15 phosphocreatine (pH 7.4). Signals were acquired using either an EPC 10 USB 

amplifier with Patchmaster software (HEKA Elektronik GmbH) or a Multiclamp 700B 

amplifier with pClamp 10 software (Molecular Devices, Sunnyvale, CA, USA). Currents 

were sampled at 10 kHz and low-pass filtered at 1 kHz using a Bessel filter. Neurons with 

leak currents >100 pA or series resistance >20 Mɋ were excluded. Data were analyzed 

using Clampfit software (Axon Instruments) and MiniAnalysis (Synaptosoft, Leonia, NJ, 

USA). The most representative 40s segment of each trace was selected for analysis. Event 

detection was performed using a peak detection threshold of 4 pA for mEPSCs and 10 pA 

for mIPSCs. Non-stationary variance analysis was conducted based on the parabolic 

relationship between current variance and amplitude, as described by (Traynelis and 

Jaramillo, 1998). For further information, please see the paper attached on page 128. 

Multielectrode array (MEA) recordings: Multisite extracellular recordings were 

performed using a 60-electrode MEA system (Multi -Channel Systems MCS GmbH, 

Germany). Data acquisition was controlled through MC_Rack software (Multi-Channel 

Systems), setting the threshold for spike detection at ī30 ÕV and sampling at 10 kHz. 

Experiments were performed in a non-humidified incubator at 37 °C and with 5% CO2, 

without replacing the culture medium. Before starting the experiments, cells were allowed 

to stabilize in the non-humified incubator for 90 seconds; then, the spontaneous activity 

was recorded for 120 seconds. Recordings were performed at multiple time points: at 
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baseline, in the acute phase (after the treatments), and 24 hours post-treatment. Following 

these recordings, PTX (100 µM, Sigma-Aldrich) was added to the culture medium to 

inhibit GABAergic synaptic currents, and a final recording session was performed. The 

following parameters were tested: firing frequency, that represents the average number of 

spikes per second and reflects global neuronal excitability; bursts number, that are periods 

of rapid, high-frequency spiking that indicate coordinated network activation; bursts 

duration, that refers to the length of these events, providing insight into the stability and 

strength of synchronous activity; and cross-correlation (CC) peak values, which quantify 

the degree of temporal alignment in spiking between different electrodes.  

 

4.13 Statistical analysis 

All analyses were conducted blind to the treatments, and the values are reported as mean 

± Standard Error of the Mean (SEM). Statistical analyses were performed using Prism 

software (GraphPad, La Jolla, CA, USA). The modified Thompson tau test was used to 

eliminate outliers, while the normality test was assessed through DôAgostino-Pearsonôs 

normality test. If the data were normally distributed, parametric tests were applied. 

Specifically, a comparison between two groups was made by using Studentôs t-test. For 

comparison involving more than two groups (e.g., in MTT assay or neuronal experiments), 

one-way ANOVA was performed. Post hoc tests were chosen based on the analysis 

context: Holm-Sidakôs multiple comparisons test was applied in the MTT assay to compare 

each group against the control, while Tukeyôs multiple comparisons test was used in 

neuronal experiments to assess all pairwise group differences. For datasets that did not 

meet the assumption of normality, the non-parametric Mann-Whitney U-test was used for 

comparisons between two independent groups. The level of statistical significance is 

indicated by the p-value: *p Ò 0.05, ** p Ò 0.01, *** p Ò 0.001 = ***, p Ò 0.0001. Detailed 
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information on statistical tests, sample sizes (n), and exact p-values is provided in the 

corresponding figure legends. All the raw data are reported in Table 6. 

 

Figure 14 

c - vGAT density (puncta/10ɛm)  f - Gephyrin size (ɛm2) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  3.17 0.23  Ctrl  0.26 0.02 

Gly 1.86 0.17  Gly 0.2 0.02 

d - Gephyrin density (puncta/10ɛm)  g - PCC 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  3.88 0.24  Ctrl  0.53 0.02 

Gly 2.79 0.18  Gly 0.4 0.04 

e - vGAT size (ɛm2)     

Conditions Mean SEM     

Ctrl  0.42 0.03     

Gly 0.41 0.45     
       

Figure 15 

b - peak amplitude (pA)  c - Inter -event interval (ms) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  46.35 1.02  Ctrl  306.3 16.67 

Gly 39.76 1.29  Gly 496.02 41.77 
       

Figure 16 

a - Release sites  b - RRPsyn (nA) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  165.9 34.66  Ctrl  3.72 0.61 

Gly 61.54 8.37  Gly 1.93 0.49 
       

Figure 17 

c - number of channels  d - unitary current  

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  2.77 0.31  Ctrl  30.29 9.28 

Gly 2.79 0.26  Gly 10.96 1.27 
       

Figure 18c - GFAP+/DAPI (%)      
  Mean SEM     
  81 0.95     
       

 

 

 

 



68 

 

Figure 19b - cell viability (%)      
Conditions Mean SEM     

0 100 12     
1.5 97 15     
3 99 18     
6 91 19     
30 89 20     
300 88 17     
1000 89 19     
3000 82 11     

Figure 20 

c - IntDen GFAP (a.u.)  g - Astrocyte perimeter (ɛm) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  227183 12332  Ctrl  837.5 48.12 

Gly 280849 18578  Gly 920.6 56.06 

e - GFAP/vinc (O.D.)  h - Circularity Index  

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  0.57 0.096  Ctrl  0.07535 0.0055 

Gly 1.1 0.21  Gly 0.05532 0.0043 

f - Astrocyte area (ɛm2)     
Conditions Mean SEM     

Ctrl  3112 154.1     
Gly 3356 240.9     

       
Figure 21 

b - Concentration of CCL4 (pg/ml)  d - Concentration of IL-33 (pg/ml) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  1948 459  Ctrl  82 4.3 

Gly 1981 440  Gly 0 0 

c - Concentration of TNFa (pg/ml)  e - Concentration of IL-17 (pg/ml) 

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  1.7 0.46  Ctrl  13 0.52 

Gly 0.81 0.47  Gly 0 0 
       

Figure 22 

c - Size (nm)  d - Concentration (EVs/cell)  

Conditions Mean SEM  Conditions Mean SEM 

Ctrl  202.7 5.7  Ctrl  123,222 25,817 

Gly 198 7.5  Gly 381,250 92,162 
       

Figure 23 

d - dendrites per cells  e - dendrite length (ɛm) 

Conditions Mean SEM  Conditions Mean SEM 

veh 26 1.4  veh 42 1.9 

Ctrl -ADEVs 29 1.5  Ctrl -ADEVs 39.3 1.1 

Gly-ADEVs 15 1.1  Gly-ADEVs 56.9 2.6 
       

 



69 

 

Figure 24 

b - vGluT1+ puncta/10ɛm  d - vGluT1+ puncta size 

Conditions Mean SEM  Conditions Mean SEM 

veh 3.166 0.1909  veh 0.331 0.0155 

Ctrl -ADEVs 3.951 0.2072  Ctrl -ADEVs 0.3399 0.01303 

Gly-ADEVs 2.217 0.1395  Gly-ADEVs 0.2533 0.0147 

c - Homer1bc+ puncta/10ɛm  e - Homer1bc+ puncta size 

Conditions Mean SEM  Conditions Mean SEM 

veh 3.79 0.1237  veh 0.31 0.01 

Ctrl -ADEVs 4.398 0.1362  Ctrl -ADEVs 0.29 0.0077 

Gly-ADEVs 2.212 0.1031  Gly-ADEVs 0.27 0.01 

Figure 25 

b - vGAT+ puncta/10ɛm  d - vGAT+ puncta size 

Conditions Mean SEM  Conditions Mean SEM 

veh 3.74 0.1597  veh 0.3414 0.013 

Ctrl -ADEVs 4.222 0.1669  Ctrl -ADEVs 0.2449 0.0165 

Gly-ADEVs 2.558 0.1248  Gly-ADEVs 0.3195 0.016 

c - Gephyrin+ puncta/10ɛm  e - Gephyrin puncta size 

Conditions Mean SEM  Conditions Mean SEM 

veh 3.14 0.14  veh 0.2536 0.009 

Ctrl -ADEVs 3.591 0.131  Ctrl -ADEVs 0.2781 0.009 

Gly-ADEVs 2.047 0.0987  Gly-ADEVs 0.2455 0.01 
       

Figure 26 

c - Mean firing rate  d - n burst 

Conditions Mean SEM  Conditions Mean SEM 

veh      veh     

basal 1 0  basal 7.5 1.9 

acute 1.2 0.24  acute 14 2.2 

24 hour 1.2 0.17  24 hour 10 1.8 

PTX 2 0.45  PTX 25 3.7 

Ctrl -ADEVs      Ctrl -ADEVs     

basal 1 0  basal 8.3 1.8 

acute 0.81 0.13  acute 16 4.2 

24 hour 0.9 0.14  24 hour 9.1 1.9 

PTX 2.3 0.42  PTX 35 4.5 

Gly-ADEVs      Gly-ADEVs     

basal 1 0  basal 9.4 2 

acute 0.96 0.069  acute 8.5 1.5 

24 hour 0.98 0.17  24 hour 8.6 1.9 

PTX 1.3 0.23  PTX 22 4.5 

e - burst duration (ms)  f - CC peak 

Conditions Mean SEM  Conditions Mean SEM 

veh      veh     

basal 36 2.7  basal 0.31 0.084 

acute 39 2.3  acute 0.36 0.087 

24 hour 39 3  24 hour 0.31 0.056 

PTX 59 6.5  PTX 0.84 0.1 
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Ctrl -ADEVs      Ctrl -ADEVs     

basal 33 2.2  basal 0.32 0.026 

acute 45 5.8  acute 0.48 0.11 

24 hour 35 2.2  24 hour 0.43 0.11 

PTX 57 4.9  PTX 1.1 0.21 

Gly-ADEVs      Gly-ADEVs     

basal 35 2.5  basal 0.24 0.043 

acute 37 3.1  acute 0.39 0.055 

24 hour 37 1.9  24 hour 0.31 0.052 

PTX 39 3.7  PTX 0.77 0.09 
       

Figure 27 

c' - peak amplitude (pA)  h - Unitary current (pA)  

Conditions Mean SEM  Conditions Mean SEM 

veh 11 0.46  veh 0.8 0.08 

Ctrl -ADEVs 20 2.8  Ctrl -ADEVs 1.1 0.14 

Gly-ADEVs 13 0.99  Gly-ADEVs 0.96 0.17 

d' - Inter -event interval (s)  i - no. of channels 

Conditions Mean SEM  Conditions Mean SEM 

veh 0.711 0.072  veh 17 1.5 

Ctrl -ADEVs 0.639 0.12  Ctrl -ADEVs 20 1.9 

Gly-ADEVs 0.644 0.8  Gly-ADEVs 16 2.2 

 

Table 6 - In the table are reported all the raw data and SEM values for each statistical analysis 

divided for figures. 
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5. RESULTS 

5.1 Results: Gly impairs both structure and function of GABAergic synapses in 

hippocampal neurons  

In a complementary study for this thesis work, we recently examined how Gly affects the 

hippocampal inhibitory system, focusing on both functional and structural changes (see 

the full MS attached on page 128). GABAergic synapses, fundamental for balancing 

neuronal excitability, rely on precise coordination between presynaptic neurotransmitter 

release and postsynaptic receptor activation. These synapses mediate inhibition through 

GABA, which binds to GABAa receptors, triggering chloride influx and hyperpolarizing 

the postsynaptic neuron (Zhao et al., 2022). Our findings revealed that inhibitory synaptic 

compartments are significantly disrupted following a 30-minute incubation with Gly at the 

ADI concentration in neuronal cultures (Fig.14a). 

Morphological analyses revealed extensive synaptic remodeling (Fig. 14b), with a 41% 

reduction in vGAT+ (a presynaptic GABAergic marker) puncta density (Ctrl vs. Gly: 

p<0.0001, Student's t-test; Fig. 14c) and a 28% decrease in gephyrin+ (a postsynaptic 

scaffolding protein) puncta density (Ctrl vs. Gly: p<0.001, Student's t-test; Fig. 14d), 

suggesting widespread loss of inhibitory synapses. While the size of vGAT+ puncta 

remained unchanged (Ctrl vs. Gly: p>0.05, Student's t-test; Fig. 14e), suggesting that 

presynaptic terminals persisted but were functionally impaired, gephyrin+ puncta size was 

significantly reduced (Ctrl vs. Gly: p<0.05, Mann-Whitney test; Fig. 14f), indicative of a 

possible disruption of GABAa receptors clustering. The reduced colocalization of vGAT 

and gephyrin further supports a structural misalignment of GABAergic synapses (Ctrl vs. 

Gly: p<0.01, Mann-Whitney test; Fig. 14g, which may contribute to functional deficits.  
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Figure 14: Gly alters both the density and size of GABAergic synaptic contacts. (a) Schematic 

representation of experimental design. (b) Confocal microscopy images showing inhibitory 

synapses in control and Gly-exposed neurons. Scale bar: 20 ɛm. Inhibitory synapses were detected 

by using the presynaptic marker vGAT (cyan) and the postsynaptic marker gephyrin (red). The 

soma and dendrites were labelled with anti-MAP2 antibody. Boxed dendritic segments are shown 

as higher magnification images (below). Scale bar: 5 ɛm. (c, d) Bar graphs showing the average 

density of both vGAT (Ctrl n=29, Gly n =23) and gephyrin (Ctrl n=31; Gly n= 25) puncta. (e, f) 

Quantification of the averaged size of vGAT (Ctrl n=25; Gly n=23) and gephyrin puncta (Ctrl 

n=27; Gly n=24). (g) Quantification of the colocalization between vGAT with gephyrin 

immunosignals. PCC was calculated in dendrite-containing regions of interest (Ctrl n=33; Gly 

n=29). 
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In parallel, patch-clamp recordings showed a significant decrease in both the amplitude 

and the frequency of the mIPSCs, indicating impairments at both pre- and postsynaptic 

levels (Fig. 15a). mIPSCs are currents that occur independently of action potentials, 

provide a crucial readout of presynaptic vesicle release and postsynaptic receptor function, 

allowing for the assessment of both structural and functional integrity of inhibitory 

synapses. A lower mIPSCs amplitude suggests a loss of postsynaptic GABAa receptors 

(Ctrl vs. Gly: p<0.001, Kolmogorov-Smirnov test; Fig. 15b), while an increased inter-

event interval (IEI) points to a reduction in presynaptic neurotransmitter release (Ctrl vs. 

Gly: p<0.001, Kolmogorov-Smirnov test; Fig. 15c). 

 

 

Figure 15: Gly reduces both amplitude and frequency of mIPSCs. (a) Representative mIPSCs 

recorded in hippocampal neurons in control and after 30 minutes of treatment with Gly at ADI 

concentration. (b) Cumulative distribution of mIPSCs amplitude and (c) IEI and relative bar 

graphs (insight), summarizing the average peak amplitude (Ctrl: n = 11 cells, n = 444 events; Gly: 

n = 14 cells, n = 211 events).  

 

Presynaptically, Gly exposure decreased the number of release sites (Nmin) (Ctrl vs. Gly: 

p<0.05; Studentôs t-test; Fig. 16a) and significantly reduced the readily releasable pool 

(RRPsyn), essential for neurotransmitter release (Ctrl vs. Gly: p<0.05, Student's t-test; Fig. 

16b). The Nmin refers to the estimated number of functional synaptic vesicles fusion sites 

available at the presynaptic terminal, while the RRPsyn represents the subset of synaptic 

vesicles that are immediately available for synchronous release upon stimulation. 
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Figure 16: Gly affects neurotransmitter release. (a) Bar graph summarizing the estimated number 

of release sites of GABAergic synapses (Ctrl n = 12; Gly n = 10 cells) (b) Bar graph summarizing 

the effects of Gly on RRPsyn size (Ctrl n = 8; Gly = 8 cells). 

 

Postsynaptically, variance analysis revealed a ~60% decrease in the number of functional 

GABAa receptors, despite unchanged unitary current (Ctrl vs. Gly: p>0.05; Fig. 17d), 

highlighting a specific postsynaptic impairment (Ctrl vs. Gly: p<0.05, Student's t-test; Fig. 

17c).  

 

Figure 17: Gly impact on postsynaptic compartments. (a, b) Parabolic fit of mIPSCs variance 

(ů2) as function of their amplitude in control and in the presence of Gly, respectively. (c) Bar graphs 

of the effects of Gly on the number of GABAa receptors activated by a single quantum of 

neurotransmitter (t (2.29) = 19; zp<0.05, Student's t-test) and (d) on the average unitary current 

amplitude of GABAa receptors. (Ctrl n = 14 cells, n = 444 events; Gly n = 11 cells, n = 211 events). 

 

These findings demonstrate that short-term exposure to Gly at the ADI level can disrupt 

inhibitory synapses and compromise their function in-vitro, leading to an imbalance in 

excitation and inhibition that could underlie some of the cognitive deficits found in animals 

treated with Gly in-vivo and may increase the susceptibility to neurodevelopmental 

alterations such as those observed in ASDs models.  
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5.2 Results: Gly disrupts astrocyte-neuron communication mediated by extracellular 

vesicles  

5.2.1 Evaluation of astrocytes enrichment in primary cerebral cortical cultures from the 

mouse 

To quantitatively assess astrocytic enrichment in primary cerebral cortical cultures, we 

employed an immunocytochemical analysis using GFAP combined with DAPI staining 

(Fig. 18a, b). GFAP is an intermediate filament protein widely expressed in mature 

astrocytes, and its immunoreactivity provides a reliable marker of astrocytic identity both 

in-vitro and in-vivo. I used a semi-automatic pipeline as an unbiased approach (see 

methods) to quantify the number of cells showing both DAPI+ nuclei and GFAP+ 

cytoplasm in these cultures. The results indicated that more than 80% of the total number 

of cells were GFAP+ at DIV21, demonstrating a rather high level of astrocytic enrichment 

(Fig. 18c), a level of purity consistent with previously published data (Güler et al., 2021). 

These data show that only a small pool of non-astrocytic cells, such as microglia, 

oligodendrocyte precursors, or undifferentiated neural progenitors, is present in our 

cultures (see also Schildge et al., 2013). 
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Figure 18: Evaluation of astrocyte enrichment in primary cortical cultures. (a) Representative 

confocal images of primary cortical astrocyte cultures immunostained for GFAP (red) and DAPI 

(cyan). Scale bar = 50 ɛm. (b) Higher magnification of a selected field form (a). Scale bar = 50ɛm. 

(c) Automated quantification of astrocytic enrichment, expressed as the percentage of GFAP+ 

nuclei relative to the total number of DAPI+ nuclei. n=101 images, from three independent 

cultures.  

 

5.2.2 One-day exposure to Gly does not affect the viability of cortical astrocytes 

To assess whether exposure to Gly could affect astrocyte survival, DIV21 primary cortical 

astrocytes were exposed for 24 hours to increasing concentrations of Gly (i.e., 1.5 ɛM - 

3000 ɛM) (Fig. 19a). These concentrations were selected to encompass both 

environmentally relevant levels, including the ADI of 3 ɛM established by the EFSA, and 

supraphysiological doses up to 1000 times the ADI to assess putative dose-dependent 

toxicity. Cell viability was evaluated using the MTT assay, a colorimetric method that 

measures mitochondrial metabolic activity as an indicator of viable and metabolically 

active cells (van Meerloo et al., 2011). The results (Fig. 19b) showed a trend toward dose-

response decline in astrocyte viability (indicated as % of cells) with increasing 

concentrations of Gly, but the statistical analysis showed no significant changes among 

treatments (p > 0.05, one-way ANOVA followed by HolmïSidakôs multiple comparisons 

test).  
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Figure 19: Effect of Gly on the viability of primary cortical astrocytes. (a) Schematic 

representation of the experimental design. Primary cortical astrocyte cultures at DIV20 were 

treated for 24 h with vehicle (Veh) or increasing concentrations of glyphosate (1.5, 3, 6, 30, 300, 

1000, and 3000 ɛM), followed by the measurements of cell viability using the MTT assay. (b) Cell 

viability of 21 DIV astrocyte cultures after 24-hour exposure to increasing concentrations of Gly 

(1.5 ï 3000 µM), as assessed by the MTT assay. Data are expressed as percentage of viability 

relative to the control. Data is representative of technical triplicates from four independent 

experiments. 

 

5.2.3 Gly at ADI level administration induces a morphological and molecular reactive 

phenotype in astrocytes 

Because no effects were detected on cell viability, I investigated whether Gly treatment 

could produce either morphological or molecular changes in astrocytes. Reactive 

astrogliosis is a well-documented response of astrocytes to various insults that is 

characterized by morphological remodeling and increased expression of GFAP (Yakovlev 

et al., 2024). Following 24 hours of Gly treatment at ADI concentration (hereafter referred 

to as ADI-Gly), confocal microscopy was used to assess changes in both astrocyte 

morphology and GFAP expression (Fig. 20a). Both the acquired images and the 

quantitative analysis demonstrated a significant increase in the GFAP immunofluorescence 
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signal, expressed as integrated density (IntDen), in Gly-treated cells compared to vehicle-

treated cells (Ctrl vs. Gly; p<0.05, Mann-Whitney test; Fig. 20b, c), indicative of 

cytoskeletal remodeling compatible with an astrocytic reactive state. To confirm the 

immunofluorescence findings, GFAP expression was further examined by western 

blotting. As shown in Fig. 20d, Gly exposure resulted in a marked upregulation of GFAP 

protein compared to untreated controls. Quantitative analysis showed that Gly significantly 

increased the expression level of GFAP in astrocyte cultures (Ctrl vs. Gly: p<0.05, 

Studentôs t-test; Fig. 20e), reinforcing the idea that even short-term exposure to ADI-Gly 

is sufficient to trigger astrocyte reactivity. In addition, the morphometric analyses showed 

that Gly treatment did not significantly alter cell size, as both area (Ctrl vs. Gly: p>0.05, 

Mann-Whitney test; Fig. 20fe) and perimeter (Ctrl vs Gly: p>0.05, Mann-Whitney test; 

Fig. 20g) of astrocytes were unchanged. However, we observed a significant reduction in 

the circularity index in Gly-treated cells relative to the control group (Ctrl vs. Gly: p<0.05, 

Mann-Whitney test; Fig. 20h). Because circularity index values inversely correlate with 

process extension and complexity (Kang et al., 2014), these data indicate that Gly promotes 

a transition from a more rounded morphology to one characterized by increased astrocytic 

ramifications, suggesting a shift toward a reactive phenotype. 
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Figure 20: Astrocytes treated with ADI-Gly show a reactive phenotype. (a) Schematic 

representation of experimental design. (b) Representative confocal images of cortical astrocytes 

stained for GFAP (red) following 24-hour treatment with vehicle (Ctrl) or 3 ɛM Gly. Scale bar: 50 

ɛm. (c) Quantification of GFAP integrated density (IntDen). (d) Western blotting showing the 

expression of GFAP in Ctrl and Gly-treated cultures. Vinculin is shown as loading control. (e) Bar 

graph displaying GFAP expression normalized to vinculin. (f) Bar graph showing astrocytes area, 

(g) perimeter, and (h) the circularity index. (cells used in c, f, g, h: Ctrl n=86, Gly n=67; 

independent experiments in e: Ctrl n=8; Gly n=7).  
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5.2.4 Gly exposure alters cytokine secretion profile in astrocyte cultures 

Because astrocytes regulate neuroinflammation by releasing a wide array of cytokines and 

chemokines (Zhao et al., 2024), we investigated whether the ADI-Gly alters the 

inflammatory secretory profile, by focusing on key cytokines and chemokines involved in 

neuroinflammation. Cytokine release was assessed in the supernatant of cultures treated 

for 24 hours with ADI-Gly, by Luminex technology, a bead-based multiplex immunoassay 

platform that allows simultaneous detection of multiple soluble proteins (Fig. 21a). The 

chemokines CCL4, TNFŬ, interleukin-33 (IL-33), and interleukin-17 (IL-17) were 

analyzed for the following reasons: astrocytes secrete CCL4 before neuronal damage, 

indicating a protective preemptive function (Takahashi et al., 2018); TNFŬ promotes a pro-

inflammatory A1 phenotype, acting in synergy with IL-17 (You et al., 2017); IL-33 

supports synaptic development and homeostasis by promoting excitatory synapse 

formation (Wang et al., 2021). These analyses showed a selective modulation of cytokine 

release in response to Gly exposure. Interestingly, CCL4 levels remained unchanged 

between Gly-treated and Ctrl cultures (Ctrl vs. Gly: p>0.05, Studentôs t-test; Fig. 21b), 

while TNFŬ levels appeared, although not significantly, lower in the Gly-treated group 

than in the control (Ctrl) cultures (Ctrl vs. Gly: p>0.05, Studentôs t-test; Fig. 21c). In 

contrast, the secretion of both IL-33 and IL-17 was completely abolished (Fig. 21d, e), as 

their levels become undetectable, in the Gly-treated group compared to control cultures 

(IL-33: Ctrl vs. Gly: p<0.0001, Studentôs t-test; IL-17: Ctrl vs. Gly: p<0.0001, Studentôs t-

test). Altogether, these findings indicate that Gly produces astrocyte reactivity that is able 

to selectively alter the secretory profile of cytokines. 
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Figure 21: Effect of ADI-Gly exposure on cytokines secretion from cultured cortical astrocytes. 

(a) Schematic representation of experimental design. Cytokines levels following 24-hour treatment 

with 3 µM Gly (Gly) or vehicle (Ctrl). (b-e) Quantification of the concentrations of (b) CCL4, (c) 

TNFŬ, (d) IL-33, and (e) IL-17. Data represent the mean ± SEM in pg/mL of technical duplicates 

from four independent experiments. Statistical analysis was performed using the Mann-Whitney 

test. 

 

5.2.5 Gly increases the release of astrocytes-derived extracellular vesicles 

Because reactive astrocytes can act on the neuronal environment not only through cytokine 

release but also via the release of EVs, I then evaluated the effect of ADI-Gly exposure on 

the latter. Following ADI-Gly for 24 hours, ADEVs were isolated from the culture medium 

of primary cortical astrocytes using ultracentrifugation (Franquesa et al., 2014)(Fig. 22a). 

To determine both the size and concentration of the isolated ADEVs, nanoparticle tracking 

analysis (NTA) was performed (Fig. 22b). NTA measurements (Fig. 22c) revealed that the 

average particle size of ADEVs was consistent with the established range for EVs, with no 

significant differences observed between Ctrl and Gly-treated groups (Ctrl vs. Gly: p<0.05; 

Studentôs t-test). Intriguingly, the quantitative analysis of ADEVs concentration (Fig. 22d) 

showed a significant increase in the estimated mean number of ADEVs released per 
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astrocyte following Gly treatment compared to the control (Ctrl vs. Gly: p<0.05; Studentôs 

t-test). The morphology of the isolated ADEVs was examined by transmission electron 

microscopy (TEM). Consistent with typical EV characteristics, ADEVs displayed a 

spherical-donut shape with well-defined membrane structure (Fig. 22e). The purity and 

identity of isolated ADEVs were assessed by western blot analysis of both the tetraspanin 

CD63, a protein widely used as EVs marker, and calnexin, a marker of the endoplasmic 

reticulum. As shown in Fig. 22f, our ultracentrifuged samples are enriched with CD63+ 

ADEVs, while the negative immunosignal for calnexin indicates that our samples are not 

contaminated by intracellular organelles or cellular debris. Moreover, the increased CD63 

signal observed in ADEVs derived from Gly-treated astrocytes may reflect an enhanced 

vesicle release, in line with a possible upregulation of EV biogenesis or secretion 

pathways. These data indicate that Gly does not affect the physical properties of ADEVs, 

but it looks to impact ADEVs biogenesis or secretion rates, also suggesting that Gly may 

influence cell-to-cell communication mediated by astrocytes in the brain 

microenvironment.  
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Figure 22: Gly exposure enhances the release of ADEVs. (a) Schematic representation of 

experimental design. (b) NTA analyses showing the size and number of ADEVs from Ctrl (Ctrl-

ADEVs) and Gly (Gly-ADEVs). Quantitative analysis of particle (c) size and (d) concentration of 

ADEVs. (e) TEM images of EVs derived from Ctrl and Gly-exposed astrocytes. Scale bar: 100 nm. 

(f) Western blotting showing the expression of CD63 and calnexin markers in Ctrl and Gly-treated 

cells and ADEVs lysates isolated from their culture medium. (Ctrl n=9; Gly n=9 independent 

experiments). 

 

5.2.6 Gly-ADEVs impaired the physiological arborization of cortical neurons 

To investigate the potential neurotoxic effects of Gly through ADEVs (Gly-ADEVs) 

release, we examined their impact on neuronal morphology. To this aim, primary cortical 

neurons were isolated from E18 mouse embryos and cultured at low density for 17 days 

before being exposed to ADEVs preparations. Neurons were thus treated with vehicle 

(PBS + 1% DMSO), EVs derived from untreated astrocytes (Ctrl-ADEVs), or Gly-ADEVs 

at a previously estimated physiological concentration (1x109 particles/mL) (Patel and 
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Weaver, 2021). After 24 hours, neurons were fixed at DIV 18 and immunostained with 

microtubule-associated protein 2 (MAP2) to visualize both dendritic processes and soma 

of pyramidal-shaped neurons (Fig. 23a, b). The extent of dendritic arborization was 

quantified using Sholl analysis, the gold-standard method to assess dendritic complexity, 

that is performed by counting the number of intersections between dendrites and a series 

of 2 ɛm-spaced concentric circles radiating from the soma. I found that cortical neurons 

treated with vehicle or Ctrl-ADEVs exhibit a more complex dendritic arborization 

compared to neurons exposed to Gly-ADEVs (One-way ANOVA followed by Tukeyôs 

multiple comparison test; Fig. 23c). Specifically, the quantitative analysis showed a 

significant decrease in the number of dendrites (veh vs. Gly-ADEVs: p<0.0001, Ctrl-

ADEVs vs Gly-ADEVs: p<0.0001; One-way ANOVA followed by Tukeyôs multiple 

comparison test; Fig. 23d) coupled with an increase in their length in Gly-ADEV-treated 

neurons compared with the other experimental groups (veh vs. Gly-ADEVs: p<0.0001, 

Ctrl-ADEVs vs. Gly-ADEVs: p<0.0001; One-way ANOVA followed by Tukeyôs multiple 

comparison test; Fig. 23e). Altogether, these data disclose for the first time astrocytes' 

ability in spreading Gly-dependent neurotoxicity through ADEVs and highlight a potential 

novel Gly-mediated mechanism contributing to neuronal alterations.  
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Figure 23: Gly-ADEVs produce a severe reduction of dendritic complexity in cortical neurons 

after 24 hours. (a) Schematic representation of experimental design. (b) Representative images of 

neurons labelled with MAP2 exposed to vehicle (veh), Ctrl-ADEVs, or Gly-ADEVs for 24h. Scale 

bar: 50ɛm. (c) Sholl analysis representing the number of intersections between dendrites and 

concentric circles centered on the soma. (d) Analysis of the number of dendrites per cell and (e) 

the mean dendritic length (veh n=35; Ctrl-ADEVs n=39; Gly-ADEVs n=35 neurons, from four 

independent experiments). Statistical analysis: One-way ANOVA followed by Tukeyôs multiple 

comparison test; ***, p<0.001, ****, p<0.0001, for Ctrl-ADEVs vs. Gly-ADEVs; §§§§, p<0.0001, 

for veh vs. Gly-ADEVs. 

 

5.2.7 Gly-ADEVs application results in the atypical organization of both glutamatergic 

and GABAergic synapses 

The observed disruption in dendritic structure prompted us to investigate whether Gly-

ADEVs also interfere with synaptic architecture of pyramidal-shaped neurons in culture. 

To assess the impact of exposed astrocytes to Gly on synaptic maintenance, we added Ctrl-

ADEVs or Gly-ADEVs to cortical neuronal cultures and then imaged both glutamatergic 

and GABAergic synapses using immunofluorescence and confocal microscopy. To this 

aim, primary cortical neurons were cultured at medium density and treated for 24 hours 
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with vehicle, Ctrl-ADEVs, or Gly-ADEVs. After treatment, neurons were fixed and 

immunostained for proteins of the pre- and post-synaptic structures (Fig. 23a). For 

glutamatergic synapses, the vesicular glutamatergic transporter (vGluT1) was used to label 

presynaptic terminals, while Homer1bc was employed to identify postsynaptic structures 

(Fig. 24a). Confocal microscopic inspections revealed that neurons exposed to Ctrl-

ADEVs exhibit a significant increase in the density of both vGluT1+ and Homer1bc+ 

immunopuncta compared to the vehicle-treated group. Intriguingly, the exposure to Gly-

ADEVs severely disrupted excitatory synaptic organization. Both vGluT1+ and Homer1bc+ 

immunopuncta densities were significantly reduced in neurons treated with Gly-ADEVs 

compared to both vehicle and Ctrl-ADEVs groups (vGluT1+/10ɛm: veh vs. Ctrl-ADEVs: 

p<0.01; veh vs. Gly-ADEVs: p<0.01; Ctrl-ADEVs vs. Gly-ADEVs: p<0.0001; 

Homer1bc+/10ɛm: veh vs. Ctrl-ADEVs: p<0.01; veh vs. Gly-ADEVs: p<0.0001; Ctrl-

ADEVs vs. Gly-ADEVs: p<0.0001; One-way ANOVA followed by Tukeyôs multiple 

comparison test; Fig. 24b, c). Additionally, the size (i.e., area) of both vGluT1+ and 

Homer1bc+immunofluorescence synaptic puncta was reduced in neurons treated with Gly-

ADEVs compared to the other groups (vGluT1 size: veh vs. Gly-ADEVs: p<0.01; Ctrl-

ADEVs vs. Gly-ADEVs: p<0.001; Homer1bc size: veh vs. Gly-ADEVs: p<0.05; One-way 

ANOVA followed by Tukeyôs multiple comparison test; Fig. 24d, e), indicating that Gly 

profoundly tampers with ADEVs effects on both number and structural/molecular integrity 

of putative excitatory synapses. 
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Figure 24: Gly-ADEVs disrupt glutamatergic synapse integrity in cortical neurons. (a) 

Representative confocal microscopy images illustrating glutamatergic synapses in cortical 

neurons treated for 24 hours with vehicle, Ctrl-ADEVs, or Gly-ADEVs. Synapses were labelled 

with vGluT1 (cyan) for presynaptic terminals and Homer1bc (red) for postsynaptic densities. Scale 

bar: 5ɛm. Bar graph showing (b, c) mean density and (d, e) size analysis of pre- and post-synaptic 

compartments in glutamatergic synapses (vGluT1: veh n=41; Ctrl-ADEVs n=36; Gly-ADEVs 

n=28 dendrites; Homer1bc: veh n=65; Ctrl-ADEVs n=75; Gly-ADEVs n=55 dendrites).  

 

Moreover, to study presynaptic and postsynaptic inhibitory compartments, we used 

antibodies against the vesicular GABA transporter (vGAT) and the postsynaptic 

scaffolding protein gephyrin, respectively as in (Chiantia and Comai et al., 2025) (Fig. 

25a). Interestingly, we found that while ADEVs treatment did not modify the density of 

GABAergic-putative synapses decorating the dendrites of pyramidal-shaped neurons, Gly-

ADEVs produced a reduction of both vGAT+ and gephyrin+ puncta compared to vehicle 

and Ctrl-ADEVs-treated neurons (vGAT+/10ɛm: veh vs. Gly-ADEVs p<0.0001, Ctrl-

ADEVs vs. Gly-ADEVs p<0.0001; gephyrin+/10ɛm: veh vs. Gly-ADEVs: p<0.01, Ctrl-

ADEVs vs. Gly-ADEVs p<0.0001; One-way ANOVA followed by Tukeyôs multiple 

comparison test; Fig. 25b, c). Moreover, while the size of vGAT+ immunopuncta was not 
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changed by ADEVs, gephyrin+ puncta were significantly reduced in Gly-ADEV-treated 

neurons compared to neurons treated with Ctrl-ADEVs (vGAT size: veh vs Ctrl-ADEVs, 

veh vs. Gly-ADEVs:p> 0.05, Ctrl-ADEVs vs Gly-ADEVs; gephyrin size: Ctrl-ADEVs vs. 

Gly-ADEVs: p<0.05; One-way ANOVA followed by Tukeyôs multiple comparison test; 

Fig. 25d, e). Thus, these data show that Gly-ADEVs affect the integrity of GABAergic 

synapses by reducing both the number and size of gephyrin+ postsynaptic sites, without 

significantly altering presynaptic vGAT puncta size. 

 

 

 

Figure 25: Gly-ADEVs affect GABAergic synaptic integrity in cortical neurons. (a) 

Representative confocal microscopy images showing GABAergic synapses in cortical neurons 

after 24-hour treatment with vehicle, Ctrl-ADEVs, or Gly-ADEVs. Synapses are labeled with vGAT 

(cyan) for presynaptic terminals and gephyrin (red) for postsynaptic compartments. Scale bar: 5 

ɛm.  Bar graphs illustrate (b, c) the mean density and (d, e) size of pre- and post-synaptic 

compartments at inhibitory synapses (veh n=35; Ctrl-ADEVs n=37; Gly-ADEVs n=42 dendrites). 
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5.2.8 Gly-ADEVs do not recapitulate Ctrl-ADEVs effect on network excitability after 

picrotoxin-mediated disinhibition 

Given the alterations in synaptic organization produced by Gly-ADEVs, we next examined 

whether these changes were paralleled by compromised neuronal network activity by using 

multi-electrode array (MEA) recordings. Under our conditions, MEA devices enable real-

time extracellular recording of spontaneous electrical activity from acutely cultured 

neurons. To assess both immediate and delayed effects of ADEVs, primary cortical 

neurons were plated on MEAs and maintained under standard culture conditions until 

DIV17. Spontaneous extracellular activity was recorded for 2 minutes at four specific time 

points (Fig. 26a): (i) 0 min, to establish basal spontaneous activity, (ii) 5 minutes after 

treatment (vehicle, Ctrl-ADEVs, or Gly-ADEVs), (iii) 24 hours post-treatment, (iv) 5 min 

after picrotoxin (PTX), a GABAa receptor antagonist that blocks inhibitory synaptic 

transmission. As shown in the representative MEA recordings (Fig. 26b), clear differences 

in network activity are present after the PTX application between groups. Under basal, 

acute, and 24-hour conditions, the mean firing rate remains comparable among all 

experimental groups, as shown (Fig. 26c) by quantitative analyses (statistical significance 

values of MEA analyses are reported in Table 7). Interestingly, while both veh- and Ctrl-

ADEV-treated neurons exhibit a robust increase in firing frequency following PTX-

induced disinhibition, Gly-ADEVs-treated cultures failed to show such a rise after PTX 

exposure. Between-group comparisons confirmed that Gly-ADEVs significantly reduced 

mean fire frequency recorded after PTX application compared to Ctrl-ADEVs exposure. 

A robust firing frequency trend toward reduction was also observed by comparing Gly-

ADEVs- to veh-treated cells (p =  0.05; Fig. 26c). PTX also elicited a robust increase in 

the number of bursts in all conditions, indicating longer episodes of neuronal activity, 

although Gly-ADEVs significantly reduced this effect compared to the Ctrl-ADEVs group. 
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Moreover, PTX produced an increase of burst duration in both veh- and Ctrl-ADEVs-

treated neurons, an effect that did not occur in the Gly-ADEVs group (Fig. 26d, e). Finally, 

PTX treatment significantly increased CC peak amplitude in all three treatment groups, 

consistent with a transition to highly synchronized firing across electrodes. However, the 

rise in CC peak detected in Gly-ADEVs-treated cultures was significantly lower than in 

Ctrl-ADEVs (Fig. 26f, g). Together, these data demonstrate that while both Ctrl-ADEVs 

and Gly-ADEVs do not promote main changes in circuit properties up to 24 hours 

compared to veh-treated neurons, Gly-ADEVs prevent typical responses produced by Ctrl-

ADEVs after PTX-mediated disinhibition. These findings support the idea that Gly 

promotes the release of a modified ADEVs pool that lacks the ability to modify or 

modulate neuronal excitability, especially when GABAergic transmission was blocked. 
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Figure 26: Gly-ADEVs do not recapitulate the effects of Ctrl-ADEVs on cortical network 

properties under disinhibited conditions. (a) Schematic of the experimental timeline for MEA 

recordings. Primary cortical neurons were cultured on MEA chips and recorded at four time 

points: baseline (pre-treatment), acute (5 minutes post-treatment with vehicle, Ctrl-ADEVs, or Gly-

ADEVs), 24 hours post-treatment, and following application of picrotoxin (PTX, a GABAa receptor 

antagonist). (b) Representative traces of extracellular field potential recorded following PTX 

application from a single electrode (cïf) Quantification of MEA parameters across the four time 

points: (c) mean firing rate (Hz), (d) number of bursts, (e) burst duration (ms), and (f) cross-

correlation (CC) peak as a measure of network synchronization. (g) Representative cross-

correlograms showing the probability of coincidence of the electrical events between two 

electrodes of the device. Timescale ±2 sec (Veh: 8 MEA; Ctrl-ADEVs: 6 MEA; Gly-ADEVs: 8 

MEA). Statistical analysis: Two-way ANOVA with Tukey's multiple comparisons test (statistics are 

reported in Table 7). 
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Mean firing rate  Burst duration  

PTX  PTX 

Ctrl-ADEVs vs. Gly-ADEVs p<0.01  Ctrl-ADEVs vs. Gly-ADEVs p<0.01 

veh  veh 

basal vs. +PTX p<0.01  basal vs. +PTX 0<0.05 

acute vs. +PTX p<0.05  Ctrl-ADEVs 

Ctrl-ADEVs  basal vs. +PTX p<0.001 

basal vs. +PTX p<0.001  24h vs. +PTX p<0.0001 

acute vs. +PTX p<0.001  CC peak 

24h vs. +PTX p<0.001  PTX 

number of burst  Ctrl-ADEVs vs. Gly-ADEVs p<0.05 

PTX  veh 

Ctrl-ADEVs vs. Gly-ADEVs p<0.01  basal vs. +PTX 0<0.05 

veh  acute vs. +PTX p<0.01 

basal vs. +PTX 0<0.001  24h vs. +PTX p<0.001 

acute vs. +PTX p<0.05  Ctrl-ADEVs 

24h vs. +PTX p<0.001  basal vs. +PTX p<0.0001 

Ctrl-ADEVs  acute vs. +PTX p<0.001 

basal vs. +PTX p<0.0001  24h vs. +PTX p<0.0001 

acute vs. +PTX p<0.001  Gly-ADEVs 

24h vs. +PTX p<0.0001  basal vs. +PTX p<0.0001 

Gly-ADEVs  acute vs. +PTX p<0.01 

basal vs. +PTX p<0.01  24h vs. +PTX p<0.001 

acute vs. +PTX p<0.01    
24h vs. +PTX p<0.01    

 

Table 7: Statistics of Fig. 26. 

 

5.2.9 Gly-ADEVs prevent the enhancement of mEPSCs amplitude induced by Ctrl-

ADEVs 

To directly investigate ADEVs role on synaptic transmission, we performed 

electrophysiological patch-clamp recordings of miniature excitatory postsynaptic currents 

(mEPSCs) from primary cortical neurons. After 24 hours of treatment with vehicle, Ctrl-

ADEVs, or Gly-ADEVs, mEPSCs traces showed substantial difference among 

experimental groups (Fig. 27a, b). The analysis of mEPSC responses revealed that Ctrl-

ADEVs treatment significantly increased mean peak amplitude compared to veh-treated 

neurons (veh vs. Ctrl-ADEVs: p<0.001; One-way ANOVA; Fig. 27c). This effect was not 
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recapitulated by the Gly-ADEVs group, which mean amplitude values showed a 

significant reduction compared to Ctrl-ADEVs and were comparable to the veh group (veh 

vs. Gly-ADEVs: p>0.05; Ctrl-ADEVs vs. Gly-ADEVs: p<0.01; One-way ANOVA; Fig. 

27cô). Interestingly, cumulative fraction analysis of mEPSCs amplitudes revealed a clear 

rightward shift from veh to Gly-ADEVs and further to Ctrl-ADEVs, reflecting a graded 

enhancement in post-synaptic event amplitude across treatments (veh vs. Gly-ADEVs: 

p<0.0001; veh vs. Ctrl-ADEVs: p<0.0001; Ctrl-ADEVs vs. Gly-ADEVs p<0.0001; 

KolmogorovïSmirnov test; Fig. 27c). These results demonstrate that Gly-ADEVs can 

induce an increase in mEPSCs amplitude compared to veh, whereas Ctrl-ADEVs promote 

a substantially greater enhancement. Regarding presynaptic functions, mean IEI values 

remained unchanged across treatment groups (veh vs. Ctrl-ADEVs, veh vs. Gly-ADEVs, 

Ctrl-ADEVs vs. Gly-ADEVs: p>0.05; One-way ANOVA; Fig. 27dô). However, 

cumulative fraction analysis revealed a slight leftward shift in both Ctrl-ADEVs and Gly-

ADEVs compared to veh (veh vs. Ctrl-ADEVs: p<0.0001; veh vs. Gly-ADEVs p<0.01; 

Ctrl-ADEVs vs. Gly-ADEVs: p<0.001; KolmogorovïSmirnov test; Fig. 27d), indicating 

that despite mean frequency was not significantly altered, both treatments slightly shifted 

event distributions toward shorter intervals, reflecting an increase in excitatory synaptic 

activity. These data show that the enhancement of excitatory synaptic transmission 

promoted by ADEVs addition is robustly reduced by Gly. Intriguingly, these data also 

provide a mechanistic explanation (i.e., increased excitatory drive produced by Ctrl-

ADEVs) to the differential action on network excitability promoted by Ctrl- and Gly-

ADEVs as revealed by PTX addition during MEA recordings. 

To assess whether the increase in mEPSCs amplitude produced by Ctrl-ADEVs could 

depend on altered biophysical properties of postsynaptic receptors, we performed a peak-

scaled variance analysis (PSVA) of mEPSCs, which enables the estimation of both number 
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and unitary current conductance of AMPA receptors activated during isolated synaptic 

events. To this aim, we used a parabolic fit to plot the distribution of mEPSCs variance 

(ů2) as a function of their amplitude. From these values, both the number of AMPA 

receptors activated by a quantum of neurotransmitter and their unitary current were 

derived. Interestingly, the analyses revealed no significant changes in either the width or 

steepness of the fits across groups (Fig. 27e-g). Quantification of unitary current and 

receptor number confirmed the absence of significant differences among the three 

conditions, indicating that neither the number nor the conductance of postsynaptic AMPA 

receptors was affected by ADEVs treatments compared to veh (veh vs. Ctrl-ADEVs, veh 

vs. Gly-ADEVs, Ctrl-ADEVs vs. Gly-ADEVs: p>0.05; One-way ANOVA; Fig. 27h, i).  

Altogether, these findings indicate that Ctrl-ADEVs can enhance glutamatergic 

transmission by increasing the number of active synaptic contacts, rather than by changing 

the density and biophysical properties of single postsynaptic AMPA receptors. Moreover, 

these data show that Ctrl-ADEVs promote the recruitment or stabilization of active 

synapses, thereby amplifying the overall postsynaptic response to spontaneous 

neurotransmitter release, an effect further supported by our morphological analyses 

showing an increased density of excitatory synaptic puncta positive for Homer1bc and 

vGluT1. 
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Figure 27: Ctrl-ADEVs but not Gly-ADEVs increase the amplitude of mEPSCs. (a) Schematic 

representation of experimental design. (b) Representative mEPSC traces of primary cortical 

neurons exposed to vehicle (veh), Ctrl-ADEVs, or Gly-ADEVs for 24 hours. Quantification of 

mEPSC (c, cô) mean peak amplitude and (d, dô) IEI. (e-g) Parabolic fit of mEPSCs variance (ů2) 

in function of their amplitude in the presence of the veh, Ctrl-ADEVs, and Gly-ADEVs, respectively. 

Bar graphs showing (h) the average unitary current amplitude of AMPA receptors and (i) on the 

number of AMPA receptors activated by a quantum of neurotransmitter. Bar graphs represent 

mean ± SEM analyzed by one-way ANOVA followed by post hoc Tukey test. Cumulative 

distributions (Veh n=16 cells, n=1158 events; Ctrl-ADEVs n=12 cells, n=1065 events; Gly-ADEVs 

n=14 cells, n=1183 events) were analyzed using the KolmogorovïSmirnov test. **, p<0.01; ***, 

p<0.001. 
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6. DISCUSSION 

Most risk assessment studies evaluating the safety of Gly-based herbicides were conducted 

more than 30 years ago and largely overlooked their potential impact on the CNS. This 

thesis aimed to investigate how ADI-Gly affects brain cells through both direct and indirect 

mechanisms that are highly relevant to neuronal function. Notably, this represents the first 

study specifically designed to investigate the impact of Gly on GABAergic transmission 

and on astrocyte-to-neuron communication, with the goal to explore, with mechanistic 

insights, if  Gly at an established permissible dose disrupts neuronal connectivity and 

neurotransmission and/or it utilizes cell-to-cell long-distance signals propagation to 

promote neuronal dysfunction. Intriguingly, our findings support both mechanisms of Gly 

neurotoxic action: (i) direct interference with inhibitory synapses and (ii) glia-mediated 

transmission of neurotoxic signals through EVs-based long-range communication.  

The low Gly concentration (3 ɛM) used in this study was deliberately chosen to reflect the 

EFSA-defined ADI, lying two orders of magnitude below the established non-observed 

effect level (NOEL, ~200 ɛM). We believe that this choice greatly supports the relevance 

of our results deriving from experimental conditions set for assessing the effects of low-

dose Gly on both neuronal and astrocytic functions. Indeed, we observed synaptic 

alterations in cultured hippocampal neurons following a 30-minute incubation with 3 ɛM 

Gly. Consistently, a previous study (Arrigo et al., 2023) showed that already at very low 

ɛM concentrations (i.e., 1 ɛM) Gly can induce small changes in oxidative stress and cell 

viability in H9c2 cells, after an exposure time (1ï2 hours) that is comparable with our 

treatment protocol. Therefore, our results challenge the long-standing assumption that an 

established clinically safe dose of Gly is, without doubt, biologically inert. Moreover, they 

highlight the need to re-evaluate current safety margins with further experimentations 

dedicated to the effects of Gly in the CNS, particularly under chronic or repeated exposure 
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conditions, as our data and previous studies show that even a single Gly exposure at 

compliant concentrations may compromise brain cells signaling, synaptic development, 

and ultimately brain function. 

 

Direct actions of Gly on brain cells 

Our analysis shows a reduction in the number and size of gephyrin+ immunopuncta 

decorating hippocampal cells dendrites after ADI-Gly exposure. Moreover, we 

demonstrate that Gly perturbs inhibitory synaptic transmission in these cells, causing the 

reduction of both GABA release and postsynaptic receptor availability. It is feasible to 

assume that the postsynaptic effects of Gly are mediated by the disruption of both actin 

polymerization and microtubule dynamics (Díaz-Martín et al., 2021; Hedberg and Wallin, 

2010), leading to the destabilization of the microtubule-bound protein gephyrin, essential 

for GABAa receptors anchoring in the postsynaptic membrane (Giustetto et al., 1998). On 

the other hand, Gly may interfere with presynaptic mechanisms such as actin remodeling 

and ATP-dependent protein interactions involved in the physical clustering of synaptic 

vesicles onto the active zone of the plasma membrane (vesicle docking) and in their 

preparation for rapid fusion (vesicle priming). Thus, our findings suggest that neurons 

respond to Gly exposure with rapid remodeling of their cytoskeletal architecture, though 

with distinct manifestations and consequences. In this context, also astrocytes display an 

atypical cytoskeletal organization following Gly exposure at ADI concentration, as shown 

in our study by the increase of GFAP expression, a typical consequence of astrocytes 

reactive state. It is known that astrocytic morphology is predominantly shaped by the 

ordered organization of intermediate filaments such as GFAP and vimentin, which are 

highly reorganized during reactive states (OôLeary et al., 2020). These cytoskeletal 

changes produced by Gly can be mediated by JAK/STAT (Stur et al., 2019), which regulate 
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actin dynamics and intermediate filament reorganization in astrocytes. On the other hand, 

in neurons, Gly modifies the expression of CAMKII (Cattani et al., 2014; Jaworski et al., 

2019; Luna et al., 2021), which modulates components of the neuronal cytoskeleton 

through phosphorylation of microtubule-binding proteins important for the maintenance of 

neuronal morphology (Okamoto et al., 2007). Another difference underlying the distinct 

cellular changes produced by Gly between hippocampal neurons and astrocytes after 

exposure probably relies on the effect latency. While cytoskeletal changes in neurons often 

operate locally, modifying the morphology of dendritic segments or spines within minutes 

or hours, astrocytic cytoskeletal responses are cell-wide, affecting the shape and the size 

of the entire cell, vesicle release, and secretory behavior, and therefore they persist for 

longer time (Kavalali and Monteggia, 2023; Lawal et al., 2022). In view of all the above, 

to better understand the impact of Gly on the CNS, it will be very important in future 

studies to dissect out the molecular mechanisms underlying the cytoskeletal remodeling 

produced by Gly and the precise timeline/latency of its action in different brain cell 

population. 

 

Gly alters the astrocytic secretory profile  

Our study demonstrates that the cytoskeletal remodeling induced by Gly in astrocytic cells 

is associated with substantial changes in EVs secretion (i.e., increased rate). Interestingly, 

these two events are likely to be consequential, as it has been shown that the repositioning 

of MVBs toward the cell periphery and the modification of membrane curvature are 

mediated by actin remodeling. These dynamic changes are necessary for vesicles 

trafficking and release at the astrocyte periphery (Jin et al., 2022; Potokar et al., 2007). 

Moreover, as demonstrated by Cattani et al., Gly exposure activates kinases such as 

ERK1/2 that in turn stimulate EVs release by modulating lysosomal activity (Hikita et al., 
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2022). On the other hand, the increased ADEVs release that we observed after Gly 

exposure could also reflect a compensatory response to cellular dysfunction or a stress-

induced secretory phenotype, similarly to what observed in other models of glial activation 

(Wang et al., 2017). Finally, the rapid onset of Gly effects, occurring through a 24-hour 

treatment, supports the idea that Gly triggers either translational or post-translational 

modifications, such as kinases activation, cytoskeletal reorganization, or changes in EVs 

trafficking dynamics.  

In addition, our data show that ADI-Gly induces a selective reprogramming of cytokine 

release from astrocytes. Intriguingly, the chemokine CCL4, that is typically secreted as an 

early protective signal before injury (Takahashi et al., 2018), remained unchanged 

following Gly exposure, suggesting that Gly-induced astrocyte activation does not involve 

pathways associated with preemptive neuroprotection. Similarly, although TNF-Ŭ levels 

showed a tendency to decrease, this change did not reach statistical significance, indicating 

that Gly does not strongly engage the canonical TNF-Ŭ-mediated pro-inflammatory 

cascade. However, this unexpected pattern of TNF-Ŭ secretion may reflect the limitations 

of our experimental design, particularly the single time point chosen for analysis. TNF-Ŭ 

secretion dynamics are highly temporal, with early and late phases of release that can differ 

substantially in response to various stimuli. It is therefore possible that significant changes 

in TNF-Ŭ levels occur at earlier or later time points not captured in our study. Future 

investigations employing time-course analyses would provide a more comprehensive 

understanding of how Gly affects TNF-Ŭ secretion dynamics in astrocytes. In contrast, Gly 

exposure resulted in a complete suppression of IL-33 and IL-17 secretion. This result is 

particularly relevant for this study as IL-33 has been implicated in maintaining synaptic 

homeostasis and promoting excitatory synapse formation (Wang et al., 2021), while IL-17 

acts synergistically with TNF-Ŭ to amplify inflammatory signaling and astrocytic reactivity 
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(You et al., 2017). The loss of both interleukins suggests that Gly disrupts key signaling 

pathways involved in neuron-astrocyte communication and inflammatory coordination. 

Moreover, this secretory identity toward a non-inflammatory but dysregulated state 

represents a noncanonical astrocytic phenotype that could have implications for both 

neuroprotection and neurotoxicity. The existing literature reports that Gly exposure 

induces neuroinflammatory responses, characterized by increased levels of pro-

inflammatory cytokines such as TNF-Ŭ in plasma and brain tissue (Winstone et al., 2022b). 

These findings suggest that systemic or in vivo Gly exposure activates glial cells and 

promotes inflammatory signaling. In contrast, our results revealed a tendency toward 

reduced TNF-Ŭ secretion in astrocyte cultures exposed to Gly. This discrepancy could arise 

from several factors. First, differences between in vivo and in vitro systems are substantial, 

including the absence of crosstalk with other cell types such as microglia or neurons, in 

our monoculture model. In vivo, microglia are often the primary responders to 

inflammatory stimuli and may be the main source of TNF-Ŭ following Gly exposure, 

whereas isolated astrocytes may respond differently. Second, variations in exposure 

concentration, duration, and the temporal dynamics of cytokine secretion (as discussed 

above may account for the observed differences. Third, the route of exposure (systemic 

versus direct application) and metabolic context may influence astrocytic responses. It is 

possible that, in isolated astrocytes, Gly elicits a distinct form of reactivity that does not 

involve a strong pro-inflammatory response but rather a functional dysregulation 

characterized by selective suppression of specific cytokines. Overall, our findings point to 

a more specific and maladaptive response in astrocytes in vitro, whereas the literature 

highlights Glyôs pro-inflammatory effects in vivo. These results add to our knowledge of 

Gly neurotoxicity by emphasizing the possibility, to be addressed in future studies, of the 
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existence of cytokine-mediated neuro-glial communication impairments and selective glial 

dysfunction. 

 

Ctrl - and Gly-ADEVs differentially regulate neuronal morphology and synaptic 

function   

In our experiments, we observed a dual effect of ADEVs on neuronal structure and 

function. Ctrl-ADEVs exerted robust effects on cortical neurons, such as the increase of 

excitatory synapses density and the potentiation of glutamatergic synaptic transmission. In 

contrast, ADEVs secreted by Gly-exposed astrocytes displayed an opposite action, i.e., 

producing impairments of dendritic morphology and reducing both glutamatergic and 

GABAergic synapse density. Thus, our data show for the first time that astrocytes, when 

sensing microenvironmental stress, can regulate neuronal structure and function through 

EVs-mediated signaling. Mechanistically, these effects may arise from alterations in 

ADEV cargo induced by Gly exposure, such as stress signals that disturb redox or 

metabolic homeostasis in neurons that, in turn, may affect cytoskeletal organization and 

neuronal growth. Moreover, shifts in the ADEVs cargoes composition toward stress-

related miRNAs, such as miR-134, miR-132, or miR-9, could lead to dysregulation of 

kinases involved in dendritic spine morphology (e.g., LIMK1, PAK1, or Cdc42) and actin-

associated proteins (Haramati et al., 2011; Juhila et al., 2011; Schratt et al., 2006; Wayman 

et al., 2008). In addition to these miRNAs changes, also the protein content of Gly-ADEVs 

could further contribute to neuronal cytoskeletal destabilization. Under physiological 

conditions, ADEVs typically carry neuroprotective and growth-promoting proteins, such 

as Hsp/Hsc70, synapsin I, apolipoprotein E, IGF-binding proteins, or Fibulin-2 (DôArrigo 

et al., 2021; Patel and Weaver, 2021), which reduction or complete loss would deprive 

neurons of essential trophic support, resulting in structural and synaptic defects. Notably, 
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the presence of such synaptogenic molecules in Ctrl-ADEVs could also explain the 

observed ñpositive/potentiatingò effects on excitatory synapses, highlighting the essential 

role of ADEVs in sustaining neuronal connectivity and circuit excitability under 

physiological conditions. 

Despite the marked morphological and neurotrasmission alterations induced by Gly-

ADEVs, network activity recorded by MEA from Gly-ADEVs neurons remained largely 

comparable to vehicle-treated cultures, indicating that both firing and bursting patterns 

were not disrupted. However, our data show that Gly-ADEVs cannot fully recapitulate the 

effects of Ctrl-ADEVs on network activity following disinhibition. In fact, while Ctrl-

ADEVs enhanced neuronal excitability when GABAergic transmission was blocked by 

PTX, Gly-ADEVs failed to increase excitability (i.e., firing frequency, bursts number and 

duration) under this condition. This indicates that Gly-ADEVs compromise the 

homeostatic ability of cortical networks needed to modulate or adapt their activity under 

in response to rapid changes in synaptic strength. In this context, the attenuated effect 

produced by PTX in the presence of Gly-ADEVs could be explained by our data showing 

that Gly-ADEVs produce severe abnormalities in synaptic connectivity, with lower 

excitatory and inhibitory synapse density limiting the networkôs ability to compensate for 

weakened inhibition. Alternatively, our MEA data could be explained by an impairment 

of inhibitory synapses. Under this scenario, if GABAergic inhibitory drive is reduced by 

Gly-ADEVs, the effect of GABAa receptor blockade would produce more subtle effects 

on firing rate. More likely, the attenuated PTX response observed in Gly-ADEVs-treated 

cultures reflects a complex interplay between reduced excitatory efficacy, altered 

homeostatic mechanisms, and impaired inhibitory drive, ideas that shall be tested in the 

future.  
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At the single-cell level, patch-clamp recordings revealed that Ctrl-ADEVs significantly 

enhanced the amplitude of mEPSCs in cortical neurons, indicating a postsynaptic 

potentiation of excitatory synaptic transmission. This effect was completely absent in 

neurons treated with ADEVs from Gly-ADEVs, whose mEPSC amplitude remained 

comparable to baseline (i.e., vehicle-treated neurons) levels. Although Gly-ADEVs 

reduced vGluT1 puncta density, mEPSC inter-event intervals remained unaffected, 

suggesting that structural alterations of presynaptic terminals do not translate into a 

measurable reduction in spontaneous glutamate release. This could reflect compensatory 

activity upregulation at remaining synapses, selective pruning of non-releasing silent 

boutons, or differential sensitivity to Gly-ADEVs of structural versus functional metrics. 

This also suggests that Gly-ADEV-mediated synaptic disruptions may first target synapse 

architecture and postsynaptic responsiveness, before altering presynaptic neurotransmitter 

release dynamics. Interestingly, peak-scaled variance analysis did not reveal changes in 

AMPA receptor number or unitary conductance, implying that Gly-ADEVs may influence 

synaptic alignment, rather than receptor density or efficacy. Importantly, these 

electrophysiological observations mirror the MEA findings, where Gly-ADEVïtreated 

neurons failed to mount a normal firing response to disinhibition by PTX, suggesting that 

the absence of postsynaptic excitatory strengthening translates into diminished circuit-

level excitability. 

Taken together, these findings indicate that astrocytes normally fine-tune neuronal 

function via EVs signaling, enhancing postsynaptic strength, and maintaining typical 

excitability. On the other hand, Gly exposure selectively disrupts this cell-to-cell 

communication by altering EVs content and impairing the delivery of growth-supporting 

and synaptogenic cues. 
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Potential impact of ADEVs beyond neuronïglia communication 

An important consideration that extends beyond the scope of our in vitro findings is that 

ADEVs are not neuron-specific in their targeting. In the complex cellular environment of 

the brain, ADEVs can be uptaken by multiple glial cell types, including microglia, 

oligodendrocytes, oligodendrocyte precursor cells (OPCs), and endothelial cells (Pistono 

et al., 2021). This broader intercellular communication network could amplify or modulate 

the neurotoxic effects of Gly through secondary glial responses that were not captured in 

our monoculture system. For instance, microglia uptake of Gly-ADEVs could trigger 

inflammatory priming or alter microglial-mediated synaptic remodeling, critical processes 

for synaptic pruning during development and in response to injury (Paolicelli et al., 2011; 

Shields et al., 2020). Given that microglia are highly sensitive to alterations in their 

microenvironment and respond to astrocyte-derived signals (Cuní-López et al., 2022), Gly-

ADEVs carrying stress-related cargo could shift microglial activation states toward either 

excessive synapse elimination or impaired debris clearance, further exacerbating synaptic 

dysfunction.  

 Similarly, oligodendrocytes and OPCs, which rely on astrocytic support for their 

differentiation, myelination capacity, and metabolic coupling with axons (Philips and 

Rothstein, 2017), could be negatively affected by Gly-ADEVs. Alterations in 

oligodendroglial functions would not only compromise myelin integrity but also disrupt 

the metabolic support provided to neurons, potentially amplifying the structural and 

functional deficits we observed. Additionally, endothelial cells of the BBB, which 

maintain contact with astrocytic endfeet, could internalize Gly-ADEVs, potentially leading 

to BBB dysfunction, altered permeability, and impaired neurovascular coupling. 

Therefore, while our study focused on the direct astrocyte-to-neuron axis, the ultimate 
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impact of Gly exposure in vivo likely involves complex, multi-directional cellular 

crosstalk that could significantly magnify the neurotoxic consequences we observed. 

  

 In sum, this study supports a model in which astrocytes exposed to Gly undergo 

cytoskeleton-dependent cellular reorganization that, without engaging canonical 

inflammatory cascades, in turn modifies EVs release rates that disrupts ADEVs-mediated 

neuronïglia communication and promotes neurotoxicity. The cellular and synaptic 

alterations observed in this study suggest that even ADI-Gly may have significant 

consequences for both hippocampal and cortical network organization in vivo. In the brain, 

such perturbations could translate into reduced network adaptability, impaired sensory 

processing, or altered synchronization of neuronal assemblies ð processes essential for 

learning, attention, and cognition ð all of which have been reported in animal models 

exposed to Gly. Moreover, because ADEVs act as long-range conveyors of essential 

signals, the dysfunctional effects caused by their altered release and composition could 

propagate beyond the initial site of Gly exposure, gradually reshaping local microcircuits 

and contributing to diffuse network hypoactivity or hyperexcitability. Importantly, these 

effects may be particularly detrimental during neurodevelopment, when astrocyte-to-

neuron communication critically orchestrates synapse formation and pruning (Shan et al., 

2021). Indeed, several in vivo and ex vivo studies have shown that Gly exposure can 

disrupt glutamatergic and GABAergic signaling, leading to cortical hyperactivity, 

excitotoxicity, and cognitive impairment (Cattani et al., 2014; Martínez et al., 2019; Ait-

Bali et al., 2022). Our findings provide a mechanistic link to these observations by 

revealing that even within the regulatory ADI limits, Gly can compromise cortical circuit 

maturation and information processing through subtle but cumulative alterations in glial 

signaling and synaptic architecture. 
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7. LIMITATION S OF THE STUDY 

While our findings provide novel insights into the synaptic consequences of Gly exposure 

and the role of ADEVs in mediating neuronïglia communication, several limitations 

should be acknowledged.  

The first caveat of this study is that the direct application to cultured cells of pure 

Gly does not recapitulate the complex pharmacokinetic and metabolic dynamics that occur 

following dietary or environmental exposure to Gly, or commercial herbicide formulations 

such as Roundup, in an intact organism. When ingested, Gly undergoes partial absorption 

and is subject to metabolic, biodistribution, and excretion processes that influence its tissue 

availability and overall action (as described in Section 2.2.5 ï Overview of Gly toxicity 

studies). Moreover, additional factors such as binding to plasma proteins, limits in BBB 

permeability, and potential biotransformation by intestinal microbiota may alter the 

fraction of active compound that reaches the CNS. 

Second, the use of primary cell cultures does not fully recapitulate the complex 

cellular diversity, spatial organization, and dynamic signaling present in the brain in-vivo. 

In particular, the absence of the microglia and vasculature omits potentially important 

modulators of both Gly toxicity and ADEV signaling. Therefore, while in-vitro exposure 

provides valuable mechanistic insights into the direct cellular and synaptic effects of Gly 

as a native compound, it represents a simplified scenario that isolates neuronal and glial 

responses from systemic metabolic regulation. 

Third, although we demonstrated functional and structural effects of Gly-ADEVs 

on neurons, we did not directly identify the vesicular cargo responsible for these changes. 

Without proteomic or transcriptomic profiling of ADEVs, the interpretation of the 

molecular mechanisms underlying the observed cellular and synaptic modifications remain 

highly speculative. 
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Lastly, a key limitation of this study is the lack of mIPSC recordings on neurons 

treated with Gly-ADEVs, which prevented the direct assessment of their effect on 

inhibitory neurotransmission. Considering that we show that Gly-ADEVs do alter both 

excitatory and inhibitory synapses molecular organization, it is plausible to speculate that 

part of the attenuated PTX response arises from reduced GABAergic activity, leading to a 

network unable to mount the expected rebound in excitatory firing. Future studies 

combining the results of both mEPSC, which we obtained in this study, and mIPSC 

recordings will be crucial to delineate how Gly-ADEVs affect excitatory/inhibitory 

balance and to define whether GABAergic neurotransmission is a primary or secondary 

target of astrocyte-derived vesicular signaling. 

Despite these limitations, our study provides compelling evidence that Gly, even at 

regulatory ñsafeò levels, can reprogram astrocyte secretory behavior in a way that 

compromises neuronal structure and synaptic integrity. Thus, our findings highlight the 

potential sensitivity of astrocyteïneuron communication to environmental perturbations 

and strongly position ADEVs as mediators of environmentally driven synaptic 

vulnerability. 
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8. FUTURE PERSPECTIVES 

Building on the findings of this work, future studies should aim to further elucidate the 

mechanisms underlying the role of ADEVs in Gly-induced neurotoxicity and whether such 

may also occur in intact organisms. First, identifying the molecular cargo of ADEVs, 

through comprehensive proteomic, lipidomic, and small RNA sequencing, will be essential 

to determine which components are responsible for the observed neuronal modifications. 

This would in turn allow the functional validation of candidate molecules through gain- or 

loss-of-function experiments in recipient neurons. Second, uptake mechanisms and the 

intracellular trafficking of ADEVs in neurons shall be assessed to understand how their 

cargo content reaches its subcellular targets and modulates the synaptic machinery. 

 Importantly, to establish the translational relevance of our findings, it will be 

critical to extend these studies to in-vivo systems using approaches allowing ADEVs to be 

anatomically traced and molecularly analyzed in the context of intact neural circuits. Such 

approach will allow us to explore the functional correlates of the synaptic changes that we 

observed in primary hippocampal neurons, including, but not limited to, alterations of the 

synaptic plasticity underlying learning and memory or spatial exploration. Additionally, 

given the complex interplay between astrocytes, neurons, and microglia, it will be crucial 

to investigate whether microglial responses to Gly-ADEVs contribute to either enhancing 

or mitigating the observed neuronal phenotypes. 

 Given the widespread environmental exposure to Gly and growing concern over its 

neurodevelopmental impact, these perspective studies would open new opportunities for 

investigating ADEVs as early-warning indicators of neurotoxicity. Moreover, therapeutic 

strategies that target EV biogenesis, release pathways, or cargo composition could emerge 

as promising tools to restore synaptic resilience in the face of environmental stressors. 
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