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1. ABSTRACT

Pesticideexposuras increasingly recognized as a major environmental factor contributing
to human disease lyphosate (Gly)theprincipalactive compound of the mossttensively

used herbicide worldwiddas beerpidemiologicallylinked to ahigherrisk of conditions

such aspar ki nsoni sm, aut i s m,. Thaese @pideiiolaglta i mer 6 s
correlationsare supported bgxperimental evidence demonstratimgurotoxic effects in
rodentmodels characterized by neurondamage synaptic dysfunctions, glutamatergic
excitotoxicity, and oxidative stres&lthough Gly is known to cross the bloddain barrier

and accumulatevithin the brain parenchymahe mechanism by which its neurotoxic
effects disseminatecross cellular networks remains poarhderstood

This thesisinvestigates both direct amadirect pathways of Gly neurotoxicityrirst, we
explored the direct effects of acute Gly exposure on primary hippocampal neurons. Even
the acceptabl e daoflGly causad rapkl émpairmebtiof inhiBitorg M)
synaptic transmission by reducing both GABA release and postsynaptic GABAa receptor
availability.

Secongdweexploredastrocytesanediatel effects via extracellular vesicles (EVs). Primary
cortical astrocyteexposedfor 24 hours with ADI Gly showed a reactive but non
inflammatory phenotyp&Vhen applied to primary cortical neuroAHEVs isolated from
Gly-exposed astrocytese(medGly-ADEVS) causeda significant reductiom dendritic
complexity andsynapticdensity unlike control ADEVs (CtHADEVS).

Electrophysiological analysesvealed that CWADEVs enhanced neuronal excitability

and synaptic strength, whereas @RPEVs abolished these supportive effedig
selectively impairingpostsynaptic efficacy.

Together, these findings reveal ,dahdstuptGl vy, e

neuronal communication through both direct synaptic impairment and indirect astrocyte
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mediated mechanisms. By converting a normally trophic glial signal into-aupportive
or neurotoxic one, Gly exposure may compromise neural circuit development and stability.
Collectively, tis work highlights the wvulnerability of neurioglia 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 eoleirohmental
exposuresin altering public health. Epidemiological studiesndicate thatpollutants,
chemicals, and lifestyle factors can imphamanwell-being In 2005, the International
Agency for ResearchnadCancer (IARC) introduced thexposome concepd describe the
totality of a subject's environmental exposutle®ughout their lifetime and their potential
health effects Environmental expsurecan beclassifiedinto biologial, chemical, and
physicalcategories andccursthroughmultiple pathwaysincludingair pollution, dietary
intake and contaminated water sour¢®gei et al., 2022)For instance, iapollution like
particulate mattehas beerinked to anincreasedncidenceof lung cancer and asthma
(Nakhjirgan et al., 2024 Among the most pressing environmental heeltthllenge®f the

215 century thereis the extensive use of synthetic chemicals in agricultsweh as
pesticidesAlthoughthesecompoundglay a crucial role irop protectionfood security

and improving agricultural productivityhey also pose serious risks to human health and
the environmentlue 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 ecosyst@masticide exposuygarticularly
organophosphates, organochlorines, carbamates, and pyrethasithteen associated with
acute and chronic conditiondncluding cancer, diabetes, neurological disorders,
respiratoryissues and reproductivedysfunctions These chemicals can interfere with
biological receptors and enzymes in the human b8dye the assessment of pesticide
risks remas complex, considering factors such as exposure levels, duration, and

individual susceptibility, regulatory agencies worldwide continue to evaluate scientific



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 improvénserd public

awareness campaig(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, beloggio the
organophosphorus compouranily. This clas is characterized by the covalent bond
between the carbon and the phosphorus attimmolecule was synthesized in 1950 by
the Swiss chemist Henry MartiiGalli et al., 2024)In 1993, Krawczyk and Bartczak
solved the crystal structure of commercia@rbicides including Gly, through Xray
crystallography(Krawczyk and Bartczak, 1993Fig. 1a). Gly is characterized by three
functional groups: the phosphonate ¢PiQ) in blue), the amino (N in red) and the

carboxylic (COOH, in greer(ayasumana et al., 201(#Fg. 1b).

Figure 1. Chemical structure of Gly(a) Crystal structure of Gly obtained from the PubChem
database(b) Gly molecular structurewith indication of its maifunctional groups.

Theelevated polarity confeiGly chemical and physical properti@&able 1, Soares et al.,
2021) including high adsorption, high solubility in wateand insolubility in organic

solventsand very low lipophilicity(Williams et al., 2000Q)



Active Substance Glyphosate

Family Organophosphorus compounds
Function Herbicide
[UPAC name N-(phosphonomethyl) glycine
CAS number 1071-83-6
Molecular formula C3HBNOS5P
Molecular weight 169.1 g/mol

In water: 10.5 g/La20°C

Solubility Insoluble in organic solvents
Melting point (°C) 189 °C
Boiling point (°C) Not defined (Glyphosate is decomposed during melting process)
Temperature of decomposition (°C) 200°C

pKal = 2.0; pKaZ = 2.6;
pKa3 = 5.6; pKa4 = 10.6

Dissociation constant

Log Kow -0.40

Tablet Gl y6s physical a ffrdm SohresrDi etah,l202p)r oper t i es

2.2.2 Mechanism of action of Gly

Gly is theactivecompoundoresent irseveral widely used formulatioralledGly-based
herbicides(GBH) (Duke, 2018) Worldwide, there are approximately 2,000 different
commercial formulations of GBHs in ug&ltmanninger et al., 2023These formulations

like Glifloglex®, Touchdown®, and Glyphogan®;ontain co-formulants including
surfactants anédjuvantswhich significantlyenhanceplant penetration and herbicidal
efficacy. Gly is formulated in both acid ansalt forms (e.g., glyphosate potassium,
isopropylamine, and diammonium salyhich improvestability and handlingvithout
affecing 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 instanceRoundup®includes proprietary surfactants aimed at enhancing cuticular

penetration, whereaRodeo®is a surfactanfree formulation designed specifically for



application in aquatic environments, minimizing toxicity to {target aquatic organisms.
Gly is typically applied to plant foliageand after its adsorptioacross the leavest
translocateshroughthe active growth site (meristems) acaliseshe progressive death

of all plant types fromtheroofsS mi t h R o e. Tlstphy@tbxic actioh & 2du@ jo
the Gly ability to blockthe shikimate pathwayy inhibiting the enolpyruvylshikimate3-
phosphate synthagEPSPS)The shikimate pathway is a fundamental metabolic system
in plants that begins with the phosphoenolpyruvate and erytdrpeesphate and
proceeds to the biosynthesis of the aromatic amino atiesylalanine, tryptophaand
tyrosine leading to thélock of protein synthesis and platévelopmen{CostasFerreira

et al., 2022; Meftaul et al., 202(Big. 2). Gly mimics an intermediate state of gr@zyme
substratecomplex in the shikimate pathway, inhibiting the EPSPS, involved in the
conversion of shiknic acid 3-phosphate td-enolpyruvyl shikimic acid $hosphate

(Schonbrunn et al., 2001)
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2.2.3The evolution and global impact of Gly usage

After its introductionin 1974 the applications of Gly increasezbnstantly Gly usewas

first restricted to limited areas where th&entwas to eliminate all the vegetation, such as
the industrial sites, along train tracksid between the rows in orchards and viticeltur

1996, the United Statesauthorized thecultivation of genetically engineered herbicide
tolerant soybeans, maimndcotton c al | e d @ R®his mmbvape tklenalatyy o
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 enzymerevhaihs
functional even in the presence of the herbicitl@s pioneering approach transformed
weed management practices by simplifying weed control, reducing the need for
mechanical tillage, and enabling largeale application of Gly through the growing season
(Funke et al., 2006As a consequence, the adoption of Roundup Ready crops & to
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 commercializ&BH under different brandéSoares et al., 2021The global
amount of Gly consumed annually has grown exponentially, from approximately 56.000
tons in 1994 to more than 825.000 tons in 2(Bdnbrook, 2016)Fig. 3). Projections
indicate that by 2025 its utilization wilkachbetween 740.00 and 920.000 tghkggi et

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

The United States is currently the largest conswh@ly, with usage rising sharply from
2,700- 3,600tonsin 1987 to about 8200tonsin 2007, according tthe Environmental
Protection Agency (EPAArgentina usesd48,000- 220,000 tonsof Gly annually, while
India, where over% of the population depends agriculture recordedhousands afons
of Gly in 2015(Singh et al., 2024)n 2018,France ledhe EuropeanUnion EU) with
around 3900 tonsof herbicide sales, followed by Spain with over,00® tons and
Germany with over 1800 tons.In contrastMalta, Luxembourgand Cyprus were the

three nations with the lowest herbicide consumpti@enbrook, 2016§Fig. 4).
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use intensityln 2011, Belgium, the Netherlandand Cyprushad the highedherbicide

Belgiumhadincreased td..96 kg/hawhile the Netherlands and Cyprusduced usage to

1.66 and 1.43 kg/ha, respectivelyatvia, Estonia, and Greece applied the least herbicide
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0 5,000 10,000 15,000 20,000 25,000 30,000 35,000

Herbicide sales (tons)

Figure 4: Herbicide sales in 2011 and 2018 in the EU.

Between 2011 and 20180st European nations sawdecline inherbicide sales, while
Latvia, Greece, Slovakia, Estonia, Spaind Franceeportedncreassof upto 34%, 26%,

23%, 20% and 18%, respectiveljHowever annual salealone do not reflect herbicide

application rates pdrectare Kg/ha)at 1.83, 1.68 and 1.52 kg/ha, respectivédy. 2018,
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in 2011, with Ireland, Lithuania, and Malta recording the lowest rates in (B&t®rook,

2016) Between 2011 and 2018 our country showed moderateslefvberbicide usage
compared to other EU Member States, with fluctuations in national sales linked to
agricultural policy changes and climatic variabiliBrg. 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 cbiazed by intensive agriculture
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Figure 5: The intensity of herbicide usage (kg/ha) in thi&J from 2011 to 2018.

Over time, Glyds mar ket share in the EU her
top-selling herbicidein the twentyfirst century. This rise is largely due tglobal
populationgrowth, whichhasnearly tripled from 3 billion in 1950 to 8 billion today,

leading to higher food demand. According to #f@od and Agriculture Organization

(FAQ), globalfood consumption igxpectedo increasdetweerns9% and98% by 2050

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

The widespread anthtensive ue of Gly raises significantssues with one of the most
urgent issues beintg potential persistemdxic residues in the environmerdising serious
concerns about itdmpact on the ecosystem In terms of chemical and pheto
decomposition, Gly is comparativetgsistant tadegradation due to the presence of the
stable carboiphosphate bonalli et al., 2024)Despite this, ameroudactors influence

the compoundo&s de g maudiagtvolatility, hydnolysishpbotolgsiso u n d
runoff, and leachingin soil and water, Gly is typically degraded by microorganitdmas

can breakhe carbonnitrogen bondGalli et al., 2024)nto aminomethylphosphonic acid
(AMPA), methylphosphonic acid (MPARNnd glyoxylate qgrin rare cases, into glycine
(Singh et al., 2024frig. 6). Unfortunately, the lack atchromophore or fluorophore group
intheGl'y mol ecule requires sophisticated ana
detection and quantificatigioares et al., 202IJhe 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 spectrometryM&@0/S), due to its high
selectivity, sensitivity, and ability to simultaneously detect Gly and its metab@iésro

Coy et al., 2013)Someothermethods included cell biosensors, capillary electrophoresis,
enzymelinked immunosorbent assay (ELISA), fluorescence, and colorimetric methods
(Rawat et al., 2023)he 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 remans the preferred technique, while ELISA and biosensor methods are

increasingly utilized for rapid screening and field applicati®ewat et al., 2023)
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Due b its high density and low volatility, Glys less likely to evaporat&éom treated
surfacesreducingits potential to disperse through the. dfforeover aerialtransportof

Gly depends on meteorological conditisweh as wind speed, temperature, and relative
humidity, which can influencespray drift from both aerial and ground treatment
potentiallyaffecing nontarget plantshighlighting the need for strict monitoring and risk
mitigation strategies during applicatifviates et al., 1978Yhe persistence in the soil and

their widespread use have raised serious concerns about the harmful effects of herbicides
on plants, animals, and human hedltircontrolledlaboratory aerobic soil conditions, Gly
hemtlife (the timerequiredfor 50%o0f the compound to degradeange from 1.0 to 67.7

days while AMPA has a longehalf-life, rangingfrom 39.0 to 300.7 day#oreover, the
general populatiortan be exposed t&ly by dermal contact with consumer products,
crops, foliage containing residues of this chemical, inhalation of spray during the usage of
the productsand ingestion of plantsyops or food.As a matter of facGly residues have

been found in processed foods, vegetables, and drinking water. Additionally, the presence
of Gly is foundin olive oil, honey, fruits, nuts, cereal items, vegetables, ari@aved

products, infant food, and alcoholic drinksiportantly, herbicide formulations persist in

16



food long after washingpreparationand cooking, posing a possible thregtionan health

(De Morais Valentim et al., 2024)

Multiple pieces of evidence have indicatdtht Gly is foundin the human body. In
southern Brazil, Gly and AMPA were found in 90% of urine samples of rural village
residentspotentially 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 oapationallyor geographicallgxposed, indicating that tinesource mg

be food and wate(De Morais Valentim et al., 2024 hese findings underscore the
possibilitythat the general populatidacesabroad Gly exposur@ven amongndividuals

who are not directly involvedith its directhandling oragriculturalapplication.

2.2.5 Overview of Gly toxicity studies

Studies conducted on laboratory animals exposéalygrovideso farthe majority of the
information about Gly toxicity.For instance, te ADME (g@bsorption, distribution,
metabolism, an@xcretion profile of Gly has been studidy administratingadiolabeled

Gly in rats In detail *C-Gly (purity 99%) is rapidlyabsorbedand eliminatedwithout
significant accumulation in any specific tissués absorptionreached 10% of the
administered dose after 6 hours in the small intestine and 1.2% at 3 hodosagsin the
large intestine.Rats administered5.6 mg/kg via gavageshowed a peak of Gly
concentration after 1 houkt each timepointliver, kidney, skin, and blood accountiea

<1% of the administered dosghe metabolism of this compound is limited: onlyi@2Z %

of the given dosage was found in excreta as AMPA, the only metabolite of Gly that
undergoessignificant biotransformation. The rest was eliminated as unaltered Gly

(European Food Safety Authority (EFSA) et al., 2023)e elimination occurred within

17



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 Qly.contrast, Biary and pulmonary excretion of Gly

was minimal.On the other handhé highesamount of Glyresidues wasfound in bones,
kidneys and liver, with less than 1% of the dose remaining in tissues 168 hours after the

treatmen{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 providedbie

2. Since rats may not be the most sensitive specistutty chemical effects, pesticide
toxicity tests are usually conductédth on nonrodents (dogs andhbbit9 and rodents

(rats and micefBishop et al., 2023)hesetestsvary and are examined in termshafth
exposure methodqoral, dermal, and inhalationand exposure durations (acute
intermediateand chronil. Acute toxicityrefers to adverse effects that occur within a short
period following a single exposure to a substaftmrtterm toxicity for Gly was tested

in rats, dogsand mice.Critical toxicity effects included decreased food intalkedy
weight gain, and altered liver metabolispsuggested by elevated plasma levelkef
hepatic enzymes such @&aline phosphatase (ALP) and alanine aminotransferase (ALT)
Moreover, n rats and mice were observed diarrhea, reduction in activity, ataxia,
piloerection, convulsions, and hunched pos{itwopean Food Safety Authority (EFSA)

et al., 2023)To quantify acute toxicitywo key metricare usedLD50 (Lethal Dose 50%)

which represents the required dose to cause the death of the 50% of a test population
expressedin mg/kg of body weight, and.C50 (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)n 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 forGly 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 lodxserved thabw toxicity from acute
inhalation exposure with an LC50 > 5.48 mg/L in rats. Although Glyneasrritating to

rabbit skin, ittausednoderate to severe irritation of the rabbit effasropean Food Safety
Authority (EFSA) et al., 2023)

Chronic toxicity refers to the adverse effects following repeated exposure to a substance
for a significant p &orthesokindodstudiesa giamumoimos | i f
thirty-two dogsis needed: four per sex per dose, with control and tinee¢mentdosages

at low, mid, and high level8ishop et al., 2023)n the past, regulatory ageesrequired

oral toxicity studiesn dogs for 90 days and one year. However, accorditigetoesults of
retrospective analyseshe oneyear period is no longer required for new pesticide
approvals These studies obtain key values such ds &lo Gbserved Adverse Effect
Leveldo (NOAEL andfiLowest Observed Adverse Effect Lew@LOAEL). The NOAEL is

defined as the highest tested dose at which no negative effects arégnotgzban Food
Safety Authority (EFSA) et al., 2023)he NOAEL for Gly was established based on the
findings of a 96day oral toxicity trial in dogs. The daily dosage53 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

Main results /

toxicity

. E . . . .
Study type Species fgﬁfsre Duration | Key endpoints Toxicological
values
. . LD ¥
Acute toxicity Rat Oral Single Mgrtallty ' 5,000 mg/kg bw;
dose clinical signs .
low acute toxicity
. . S
Acute toxicity | Mouse Oral Single Mgrtallty, LD .
dose clinical signs mg/kg bw
- Single . LD =
A I Mortal
cute toxicity Goat Ora dose ortality mafkg bw
. . . LD >
Acute toxicity Rat Dermal Single 'V'O.“".""‘Y’ skin mg/kg bw; non
dose irritation . .
irritant to skin
LD >
Acute toxicity | Rabbit Dermal Single Mgrtgllty, eye mg/kg. bw
dose irritation moderatésevere
eye irritation
LC > 5
Acute toxicity Rat Inhalation Acute Mortality low inhalation
toxicity
Chronic toxicity
ExDOSUTE Main results /
Study type Species rzute Duration | Key endpoints Toxicological
values
NOAEL =53
. mg/kg bw/day;
Subchronic Body weight, | opp) - 257
- Dog Oral 90 days food intake,
toxicity liver enzvmes mg/ kg bw
y ALP, GGT,
bilirubin)
Chronic Systemic NOAEL =59.4
. R I 2 .
toxicity at Ora years toxicity mg/kg bw/day
Developmental Rabbit Oral Gestation Maternal and NOAEL = 50

fetal toxicity

mg/kg bw/day

Table 2: Summary of Gly toxicity studies in laboratory animals.
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2.2.7 Toxicologicalreferencevalues andregulatoryguidelines

Gly has undergone extensive regulatory assessment to determine itsisatetis initial
approval in the USA btheEnvironmental Protection Agen¢iPA). 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 aGéesmafety.
Despite ongoing reviews, these agencies have consistently found no significant human
health concerns associated wily use. Afundamentabspect of Gly regulation ithe
establishment athetoxicological referencgalues(TRVs), whichdefineexposure levels
consideredsafeor pose minimatisk to human healthThese guarantee that exposures to
humans and the environment remain within acceptable safety limits, which makes them
crucial for risk assessment and regulatory decisiaking. One of the mairvaluesof

TRVs, established by EFSAs the acceptable daily intake (ADIJhe ADI representthe

daily amountof a substance that a persmanconsumehroughout their lifetime without
adverseeffects(Renwick, 1991) For Gly,the ADI of 0.5 mg/kg bw per days derived

from various toxicological studies, including a-88ys dog study with BIOAEL of 53

mg/kg lody weightper day a twoyear rat study witla NOAEL of 59.4 mg/kg byday;,

anda rabbit developmental toxicity study witiN®OAEL of 50 mg/kg bwiday.To account

for experimental animab-human differences, the ADEk adjusted by the standard
uncertainty factor of 100 based on ingprecies and intandividual variability (European

Food Safety Authority (EFSA) et al., 2023nportantly, lased onADI, regulatory
agencies established the maximum residue |lei€idy (MRLS) to ensure food safetyand

can vary between 20,0@@/kg in oat cereals and Cegy/L in water The Joint Meeting on
Pesticide Residues (JMPRyhich includes experts from tHeAO and the World Health
Organization (WHO)sets the MRLs to regulatee highespermissible levels gfesticide

residuein food. Theselimits aim to protect public health while aligning witbood
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agricultural practices. However, MRLs vary considerably across coynsiiese each
established its own permissible levels for specific pesticides in food and(datkforais
Valentim et al., 2024 or instancein Brazil, Gly MRLs are significantly higher the in the

EUT i.e.: 10 times higher focoffeg 20 times higher fosugarcaneand200 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 carcinogesic risk

In the EU,Gly usewas first approved in 2002 and r&sceundergone multiple renewal
cycles.In 2014 areportby EFSAfound no evidence of genotoxicity or carcinogenicity in
bothratsand mce. In 2017, the European Chemicals Agency (ECHA) reaffirthatGly

lacked sufficient evidence to be classified as carcinogenic, mutagenic, or toxic to
reproductionDespite these reassessments, regulatory debates have continued. In 2022, the
U.S. Court of Appeals for the Ninth Circuid federal appellate court with significant
influence over national policy, particularly in areas such as environmental protection and
public healthjnvalidated part of the EPA's human heaish assessment Gly, requiring

a more comprehensiveéeassessmentn the course of tlsi reevaluation the EPA
maintainedts original positionreaffirming thatGly doesnat posesignificant health risks

to humansin contrast in the EU, civil society organizationsuch as PAN Europe and
Greenpeace, raised conceaimut theregulatory process, particularly the exclusion of
certain peereviewed studieghat suggested potential health or environmental risks
associated with Glyincluding studies omarcinogenic effects dbng-term exposure to

Gly (Koller et al., 2012; Panzacchi et al., 2028gvertheless, following consultations
involving the European Commission, ECHA, EFSA, and member stteg, 6 s appr ov a'

was renewed for another ten years, extending its authorizatibeEU until 2033.These
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differences highlighsevereinconsistencies in pesticide regulatiomnerldwide and the
urgencyof harmonizing food safety standartts protect human andnimal health by

increasing the number of studies on the poteafi@ly 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 Round@ntainng surfactantsin addition

to eyes andskin irritation, acute exposure can cause symptoms like increasedisaliva

mouth and throat burns, nausea, vomiting, and diarrhea upon ingéstemrding to a
comprehensive review of 80 cases of intentidgd@alindupingestion, most of which were

suicide attempts, the most frequently reported clinical manifestationgasreintestinal
hemorrhage, dysphagia, and gastrointestinal tract erosion. Almost 10% of these cases
resulted in deathSevere cases have resulted in acute kidney damage, electrolyte
imbalances, acidosiand cardiovascular collapg€albot et al., 1991)Chronic exposure

has raised concerns about GI )ye@.dncenditiomsnt i al r
like celiac diseas andin the increasedisk of lymplohematopoietic cancgr such as

leukemia, multiple myelomanon-HodgkinandHodgkin lymphomdAnsari et al., 2019)

In a2014study, itwasreported that exposure to moderate/high concentrated GBH (

85-1690 mg/L) resulted in DNA damage in leucocyt€wiatkowska et al., 2014Based

on these datani 2015, t he | ARC, part of the WHO,
carcinogenic to humansodo based on research
conclusion has not beeapprovedby the more recent evaluation by the JMRP.
Additionally, available epidemiological studies suggest an association bemmeters

exposed to Gly or woikg in rural areas during pregnaneynd ahigherincidence of

pregerm delivery togetherwith an increasecheonatal 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 impairmer(Rawat et al., 2023Moreover,current scientific evidence

indicates thaGly useincreasesherisk of developingneurologicaillnessedike attention
deficit hyperactivity disamdlerAlzABPHD)e,r 6autd
(CostasFerreira et al., 2022; Marins et al., 2024; Rawat et al., 2628)ents intoxicated

with Gly exhibit higher levels of S100 calciubinding protein B (S100B), which peaked
onthesecond dapostexposure, suggesting that Gly can rethabrainparenchyma and

potentiallycause brain damagkee et al., 2017)

2.2.9 Neurotoxic effects of Gly

Blood-brain barrier disruption

Gly, being a hydrophilic molecule, does not easily cross the Hoaid 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 selecgtisemipermeable
membranethat regulates the exchange of substances (e.g., xenobiotics, toxins, and
exogenous compounds) between peripheral blood ancktiteal nervous system (CNS)
(Cresto et al., 2023)It is primarily formed by endothelial cells of brain capillaries,
connected by tight junctions, supported by astrocytedesatiand pericytes embedded in

the capillary basement membraf@/u et al., 2023) Mechanistically Gly and its
metabolite AMPAiIncreaseBBB permeabilityby altering tight junction proteinsetween
endothelial cellssuch as occludin and claudjnghich could facilitateheir own entry and
possiblyothertoxinsinto the braifMartinez and AlAhmad, 2019)Some studies suggest

that Gly may exploit specific transporters to cross the BBB, includilugescarrier (SLC)

bidirectionaltransporters, like large neutral amino acid transporters (LAT), which facilitate
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the aminaacidspassage. Due to its structural similarity to glycine and glutamateo@lg

take advantage of theame transporter mechanisms to penetrate the @B&sto et al.,
2023) Importantly, he disruption of the BBBfor instance caused by inflammation,
oxidative stress, hypoxia, and physical forces, which weaken the tight junctions between
brain endothelial cellsallows Gly and other molecules to infiltrate into the brain
parenchyman a dosedependent manndiWinstone et al., 2022ajeading toadverse
neurological effects, including behavioral changes, neurotransmission alterations,

increaseaxidative stress, and neuroinflammation.

Behavioral and neurotransmission alterations

Several sudieshaveshown that Gly or GBH exposure affects rodent behavior, impacting
locomotor activity, cognitive function, and social interactiohalle 3). Gestational Gly
exposure reduces locomotor activity iats and miceprogeny (Ait-Bali et al., 2020;
Coullery et al., 2020Q) while hypoactivity is observed in mice and rats exposed
subchronically or chronically from juvenile stages to adulth@bitbali et al., 2018;
Hernandezlata et al., 2015)Cognitive impairmentancluding defects in learning and
memory,canalso occur(Ait-Bali et al., 2020; Luna et al., 202Additionally, Gly and
GBH exposure are also linked to anxietynd depressichke behaviorswith increased
immobility time in the tail suspension test and heightened anxiety index in the elevated
plusmaze tesfAit-Bali et al., 2020) Furthermore, maternal behavior is also affected, as
GBH-exposed mothers show altered pigking behavior (Ait-Bali et al.,, 2020;

Dechartres et al., 2019)
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Behavioral domain Observed effects References
Coullery et al., 2020; Aitbali et al.,

Motor function Hypoactivity 2018; Hernandezlata et al., 2015;
Aitbali et al., 2020
N Decrease in learning and Coullery et al., 2020;
Cognition o
short and longterm memory Aitbali et al., 2020

Depressiodike Longer immobility time in the o
_ _ _ Aitbali et al., 2020
behavior tail suspension test

_ Increasen the anxiety index o
Anxiety _ Aitbali et al., 2020
in the elevategblusmaze test

o ) Decreasén voluntary social o
Social interaction _ _ Aitbali et al., 2020
interactions

_ Altered maternal licking
Maternal behavior _ Dechartres et al., 2019
behavior toward pups

Table 3: Behavioral changes after Gly exposure

Importantly, it has been shown that theséavioral changes are strongly associated with
neurotransmission disruptioof the underlying brain area@able 4). Gly and GBH
exposure alter the dopaminergic system, which regulates movement, motivation, mood,
and attentionlntriguingly, this dysregulation iprimarily implicated in neurodegenerative
disorders like as a fundamental exampk,ar ki n s o rikdem etdli, 80899 GBel
exposuraeducedyrosine hydroxylase (TH)cells in the substantia nigra pars compacta
(SNc) and in the ventral tegmental area (VTi#g brain regionsvhere the dopaminergic
systemoriginatesfrom, for motor control, reward, and cognitigAit-Bali et al., 2020;
Aitbali et al., 2018)FurthermoreMartinez et al., (20)8emonstrated that Gly exposure
increases dopamine turnover in the prefrontal cortex (PFC) and hippocampus, further
highlighting its impact orthis pathway.

Moreover, it is known thaehrning and memory alterationan becaused by changes in

the cholinergic systerfiunction and structurgAit-Bali et al., 2020; Coullery et al., 2020)
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As for this matterGBH exposure significantly reduces acetylcholinesterase (AGhE)
crucial enzyme for acetylcholine degradati@aativity 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., 201Additionally, intranasal GBH exposure
decreases cholinergic neurons in the medial septdmeh are implicated in recognition
memory and anxiety and project to the hippocampus and entorhinal (®atiéegos et al.,
2020)

Both srotonin (5HT) and noradrenalimeurotransmittersital for mood and emotional
regulation, appeaisoto 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 caalso disrupt glutamatergic neurotransmission, particularly in the
hippocampus, a brain region critical for learning and merfaryation Acute exposure

to GBH increases glutamate release into the synaptic cleft, reducing its uptake by
astrocytes, leading to excessive extracellular glutarpafza t t a n i et al .,
Ferreira et al., 2024)This overstimulation activates NMDA receptors, triggerh@ |

influx and excitotoxicity, which worsen with chronic exposuneleed offspring exposed

to GBH exhibit cognitive defects likely due to these glutamatergic disrup#dimugh
mounting evidencendicatesthat GBH and Glyprofoundlytamperwith the delicate and
complex mechanisms regulatintpe development and maturation synapses, the
molecular and cellular mechanisms underlytimgir effectgemain largely unexplored and

warranedfurtherand prompinvestigation.
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Neurotransmitters Observed effects References

Z T *+heurons in SNc and VTA Aitbali 2020;

Dopamine y turnover of dogp Aitbali 2018;
hippocampus Martinez 2018

AChHE inhibition in PFC and Aitbali 2020;
Choline hi ppocammaehslineagicd Cattani 2017,
neurons in the medial septum Gallegos 2020

_ Z BHT and noradrenaline in the
Serotonin and ) ) )
_ striatum hippocampu®FGC Martinez et al., 2018
noradrenaline _ _
hypothalamus, and midbrain

y gl utamate r _
Glutamate | Cattani et al., 2017, 2014
Z glutamate U

Table4: Alterationsin neurotransmission

Synaptic and developmental disruption

Recent evidenckBasshown thaGly not only affectsreurotransmitter systemisutit also
disrupts synapse Early postnatal exposure to Gly reduces dendtiborization
complexity and impairslendriticspines development irodenthippocampal neurongs
manifested by alecreas in PSD95 postsynapticcompartmentsn a dosedependent
manner both irvitro and exvivo (Luna et al., 2021)Beyondthesestructural changes, Gly
interferes with key signaling pathwayg synapse<rucial for circuit formation and
neuronalintegration Fig. 7). In particular,Gly disrupts the Cd-mediated Wnt non
canonical signaling pathway, downregulating the Wnt5a/calcium/calmedefiandent
protein kinase Il (CamKIl) cascade in embryonic hippocampal ne(fomsllery et al.,

2020) Abnormal ities in the Wnt/ b catenin and
neurotoxic effects, with dysregulation of genes essential for neural develojpnmeict,

such as Cdknla, Numbl, Notchl, Fosll, and Lefl in the PFC of exposed offspring during
pregnancy and lactatiddi et al., 2017)In the hippocampus, Gly exposure also diminishes
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CamKIll expressiona kinase of primarymportancefor synaptic plasticity, memory
formation, andthe structuralorganizationof neural circuits, exacerbating the negative
effects of Gly on neural function and connectivity. Additionally, GBH exposure alters
glutamate metabolism by reducing the activity of glutapyiuvic transaminase (GPT)

and glutamieoxaloacetic transaminasésQT), which are important for regulating
glutamate balance, leading to glutamate accumulatmolexcitotoxicity (Gallegos et al.,

2020) In turn, tis triggers oxidative stress neuronsby enhancing the production of
reactive oxygen species (ROS) and depleting antioxidative defenses, such as glutathione
(GSH). Theseaversive events are known tmpair synaptic plasticity and memory
processedurtherdemonstratinghat Glyintake has the potential &dter key mechanisms

underlyingmnemonidunctions in the brain by producimgeuronal dysfunctias

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
disruptsantioxidative enzymes activity, such as superoxide dismutase (SOD), catalase
(CAT), and peroxidase, leading to oxidative st(€tani et al., 2017 his imbalance in

the oxidative system is further evidenced by atien ofgene expressions related to the
antioxidative machinerysuch as a downregulatiasf the cytoprotectiveCYP1Al gene,
essential for detoxifying environmental toxins, aaadl upregulaion of SOD1, which
converts superoxide radicals into less reactive hydrogen per@ebtood et al., 2021)

This alteration in gene expression suggests a maladaptive cellular resploaissgshe
antioxidative defense systerfails to compensate forsuch conditiondue to the
simultaneous downregulation of critical detoxifying enzymes. fidssltis 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 pedwmesiehralcortex, and
hippocampus. Additionally, Gly exposure diminishes the activity of the enzymes CAT in
PFC, hi ppocampus, and midbrain, i mpairing
oxygen speciefGallegos 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 ce(lNeto Da Silva et al., 2020Autophagy 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 HG3he lipidated form othe microtubuleassociated
protein 1A/1B light chain 3 (LC3), which is used as a marker for autophagosomes and
indicates higher autophagic activ({gui et al., 2012)Additionally, Gly treatment induces

an increase in the expression of the gene encoding Bediprotein that acts as a potential
regulator of botfautophagy and apoptosikig. 7). These findings suggest that while
autophagy may serve as a protective mechanism againgtdsiged cellular damage, its

interaction with apoptosis could further complicate neuronal survival and function.

Neuroinflammation and glial activation

Exposure to Gly and GBHhas been associated with significant neuroinflammation,
characterized by the activation of glial cells and alterations in astrocytic maBkehs.

PFC and hippocampus of mice exposed to GBH showed activation of microglia and
astrocytes, indicating a neuroinflammatory respdAgeBali et al., 2020)It is important

to underline that@ivated glial cells release pmflammatory cytokines that cgroduce
neural damagéTastan and Heneka, 2024) has been demonstrated that Gly infiltrates

the brain in a dosdependent manner, increasing the-gytokine tumor necrosis factor
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al pha (TNFU) | e v edexposurera molacdar alteratiopstentialy p o st
contributing tothe onset ofneurodegenerative disorde(8Vinstone 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 neurotoxicityCattani et al., 2017)Notably, intranasal exposure to GBH

increases astrocyte numbers in the anterior (@&llegos et al.,, 2020)further
demonstrating Glyodés ability to induce distr
findings highlight the role of Gly exposure in promoting neuroinflammateading to

atypical glial cell changes that can likely worsen inflammatory respevifesignificant

implications for neural dysfunction and disease.
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Figure 7: Possible mechanism of action of Gly/GBH in the nervous syst€thNMDAR and
nACHRactivation through increased Ach gtutamate (GLU)evels or direct Gly binding(2)
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2.3 Astrocyte-neuron communication and its role in CNS homeostasis

2.3.1 Astrocytes and neuronslesin CNS functions

The CNS containsa highly diversesubpopulation of cells and molecules that work in
concert toregulateessential lifeprocessesuch as cognition, motor control, sensory
perception and homeostasis. While neurons are traditionally considérednajor

signaling units, astrocyteare indispensablein supporting and modulating neuronal
activity. Their interactionsare necessarjor preserving CNS operation, guaranteeing

synaptic control, metabolic support, amelral network stability

Neurons

Neurons are highly specializbdaincellsresponsible for rapidly transmitting information
using both electricadnd chemical signal3his communicationis made possible by their
unique pecial morphology anspecializedompartmentsEEachneuronconsistof a soma

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

the axon, whichsendsinformation. During neuronal development, axons and dendrites
acquire distinct molecular featuréscluding cytoskeletal and synaptic proteins, which are
essential for theirunction (Kandel, E., Principles of Neural Sciepc€ommunication
occurs at synapseswhich are among the most extensivehvestigated subcellular
structuresn neurons.They consist opresynaptic and postsynaptompartmentsThe

first one is located at the axonal terminals eodverts theelectricalsignal intochemical
neurotransmitter releas®&leurotransmitters are stored in synaptic vesicles and, upon
neuronal depolarization, release their contents into the synaptic cleft. Several regulatory
and stuctural proteins, including synaptotagmin |, 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

32



postsynapticmembrane, triggeringa higher complexntracellular signaling pathway
(Cohen and Greenberg, 200B)xcitatory synapseis the forebrain thaiseglutamateor
aspartateas neurotransmittetare typically formed on dendritic spinesyhile inhibitory
synapsesvhichreleag gammaaminobutyric acid (GABA)arepredominantlyfocated on
cell bodies axonal segmentnd dendritic shaftd~{g. 8). Alterations insynaptic structure
and function have been implicatedn a wide range of neurodevelopmental,

neuropsychiatric, and neurodegenerative disor@arkkath, 2012)

Figure 8: Synaptic terminals on dendrites aralgraphic of excitatory and inhibitory synapses.
Rat hippocampal neurons in culture (DIV) transfected with GFP (green) and immunostained
with markers that label presynaptic terminals of either excitatory (toid w&&iuT1) or inhibitory
(bottom, re@ GADG65) synapsesriagetakenfrom Arikkathet al.,2012)
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Astrocytes

Among glial cellspopulations astrocytes are the moabundantcell type in the CNS
Although their exact proportion remains a matter of debate, astrocytes are estimated to
account for approximatel®0-40% of otal brain cells with a marked regional variability
across different brain areas and between grey and white r(ia#tielwin 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 braifAkdemir 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 neurotransmitteavailability by promotingglutamate uptake. In addition, astrocytes
monitor and regulate water flow, maintain ion and pH balance, and support the
extracellular matrix to ensure an optinearacellularenvironmentHowever, emerging
research has revealed that astrocytes are more than passive support cells, demanstrating
active role in immune surveillance, metabolic regulation, and direct modulation of
behavior and cognitiofAllen and Lyons, 2018Astrocytes play a key role in maintaining

the BBB, a permeabl e but selective structure
Astrocytesprovide 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)hey also function as metabolic hubs, regulating energy
metabolism and lipid homeostasis in the bréMagistretti and Allaman, 2018)

Essentially, astrocytes maintain optimal neuronal circuit functionmerely by passively
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supporting neighboring neurons, but actively integrating and responding to diverse signals
from the CNS microenvironment and the external expostline termiastrocyt® was
coined todescribetheir starshaped morphologyn 1846,Rudolf Virchow first described
astrocytesas homogeneous connective tisseéerring to them alsrain gluethat suppogt
nervous system componef@arciaMarin et al., 2007 Lateron, in the late 19th and early
20th centuriesRamon y Cajal andthers startedincoveing the vastly diverse cellular
architectue of the brainidentifying various neuronal and glial cell typeendwere the

first to suggesthat astrocytes are not a uniforcellular population(Giovannoni and
Quintana, 2020)Conventionally,astrocytes have been classified it majortypes
based on their morphology and distributifibrous and protoplasmic astrocyt&frous
astrocytes are located mainlytlre white matterand exhibilong, straightprocesseshat

can extendupt8 00 & m, mu ¢ h thanprstagplasenic asbraglidma ¢omtrast,
protoplasmic astrocytes afeund in the gray matter andshow extremely branched
morphology with many processgsvingthemaibushy o or fAspongi form
Theseastraytes extend their endfeet to blood vessels and enwrap them to form the glial
limiting membrane, which is the outermost wall of the B@®enaga et al., 2023)heir

fine branches contaawith various neuronal structures, includisgmata, dendrites,
synapses, and axor®aldwin et al., 2023) More recently,five distinct astrocyte
populationshave beenidentified based on thenarkerexpressione.g, Alhlll, CD51,
CD63, and CD71)with vaiiations in theirdistributionacross different brairegionsand
evenwithin the same CNS regiokor instance, cortical astrocytésplaymorphological

and transcriptional diversity, differing in volume, orientation, and arborization across
cortical layers.

Astrocytesexhibit a response defined as reactive astrogliosis in respod¢S3ansults

such as traumatic injury, ischemia, degenerative disorders, and multiple types of
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inflammatory stimuli.n this reactivestate, astrocytes undergo morphologicablecular,
metabolic, and functional changes Morphological changes include hypertrophy,
proliferation, and increased levelsgiial fibrillary acidic protei(GFAP), an intermediate
filament protein expressed in astrocyte@smentin, and nestifHuang et al., 2022)
Astrocyte reactivityis triggered byariousstimuli, includingamyloidb et a ( Ab) pept i
in Alzheimer's disease, hypoxia, ischemia, trauBBB disruption, reactive oxygen
species, nucleotides, excitatory amino acids, myelin debris, and cytokines from microglia
and other cell¢Patani et al., 2023)Jmportantly, environmental toxins and xenobiotics,
including pesticides and herbicides, have emerged as potent triggers of astrocyte
reactivity, expanding our understanding of how external exposure can directly influence
CNS homeostasis and contribute to neurological disease(Cakani et al., 2014,
Sofroniew, 2015) These signals may originate from other brain cetisculating
inflammatory cues microbial pathogens, or environmental toxi{&ofroniew, 202Q)
Reactive astrocytes are characterized by altered calcium signadumgtransmitter and

ion buffering, gap junction communication, phagocytic activity, and metabolic coupling,
which can affect synaptic function, neuronal network and oscillationpbahavior.Key
transcriptional pathways involved include JAK/STAT, FOXO3, C/EBP;JAP NFa B, and
calcineurin/NFAT signaling, which regulate the expression of inflammatory and metabolic
genes in reactive astrocytddistorically, astrocyte reactivity has beennceptualized
through a binary classification similao the macrophage polarizationwith fi Adl
(neurotoxic, preinflammatory) and AA 2 0 (neuroprotective, aninflammatory)
phenotypes The Al phenotype exerts neurotoxic effects (e.g., releasing harmful
substances like nitric oxide or excessive GABAQ has been linked tthe pathogenesis

of multiple neurologic diseaseshis statecan produce inflammatory mediators such as

cytokines chemokines, and complement factors, contributing to neuroinflammation
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(Escartin et al., 2021hn contrastA2 astrocyteplay neuroprotectiveoles (e.g., restricting
immune cell infiltration via scar formatioand havdreen observed in ischetrgonditions
(Patani et al., 2023)However, recent advaces in singéell RNA sequencing and
transcriptomic profiling have revealddh at r eacti ve astreogliosis
noneo randtscAb/A2alichotomy is an oversimplification that fails to capture the
true complexity and heterogeneitytbéreactive astrocyte staf€heoverallimpact on the

CNS dependson the balance of these chang&iovannoni and Quintana, 2020)
Astrocyticalterations have been observednousemodels of syndromic autism (e.g., Rett
Syndrome and Fragile X Syndrome) as well as neurodegenerative disorders, including
mul ti pl e scl eandParkisson'sidelaseIome chaagedoscur 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 astrocydpecific nechanisms (cethutonomous), which

may or may not play a causal role in patlyy. These changes can appear in various
diseases or even within the same condition at different stages of prog(@=dbmin et

al., 2023) In summary, astrocytic reactivity is a multifaceted and cordependent
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 atrocyteneuron communication

The interactions betweeastrocyte and neuronsare fundamental for many neural
processesincluding synaptic transmissiomervous system developmemeuralcircuit
organizationand brain homeostasi&strocyteto-neuroncommunicatioroccurs through
multiple mechanismssuch agyliotransmission, metabolic coupling, ion regulation, and

extracellular vesicles (EVspediated signalingGliotransmission refers to thability of
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astrocytes toeleaseseveral transmittersuch asATP, glutamate, Bserine, and GABA

close tothe synapse¢Ben Achour and Pascual, 201Zhis processllows astrocytes to
modulatesynaptic transmissiorhasedon thetype of neurotransmitter released and the
receptors they activateAdditionally, a single astrocyte can secrete different
gliotransmitters in response tarious stimuli, resulting in differenteffects onboth

excitatory and inhibitory synaps@3urkee and Araque, 2018Beyond neurotransmitters,
astrocytes also secrete cytokines and chemokines, playing key roles in neuroinflammation
and immune responses. Moreover, they release growth factors such adebread
neurotrophic factor (BDNF) and glie¢ll-line-derivedneurotrophic factor (GDNF), which

support neuronal survivdgLinnerbauer et al., 2020)These cellsalso play a role in

neuronal energy metabolism through the astrengi@on lactate shuttle. Astrocytes

uptake glucose from thBBB, convert it into lactateand 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 dehdagistretti

and Allaman, 2018)Moreover, a8t r ocyt es —regul ate extracel!/l
calcium (Ca]J] ) |l evels to maintain neuronal
potassium buffering, astrocytes upt ake e X (
redistributing it via gap jurions(Wang et al., 2012Finally, astrocytes secreteéVs that

transfer bioactive molecules, including proteins, lipids, and microRNAs, to neurons,
modulating synaptic function and neuroprotectigienturini et al., 2019)Interestingly,

EVs are increasingly recognized as mediators of-tghaeuron communication,
particularly in response to stress or inj Budnik et al., 2016)Recent work have

revealed that astrocytierived EVs carry specific cargo that can either promote neuronal
resilience or propagate pathological signals in neurodegenerative diseases, making them

potential biomarkers and therapeutic targétsrasRomero et al., 2025; Stewart et al.,
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2024; Wang et al., 2023piven the many functiongf astrocytesn the CNS, disruption

of astrocyteneuron communication has consequentimplications. Furthermore,
neuropathological factors like neuroinflammation, oxidative stress, and genetic mutations
are known to disrupt astrocytic signaljmghich, in turnyesulsin atypicaltrophic support.

This iscommonlyobserved in neurodegenerative disorders such as Alzhe{#bB)'sand
Parkinson's diseagPD), and amyotrophic lateral sclerosis (ALS), wherein dysfunctional
astrocytes damage neurons and synapses. In addition, giomy&c calcium signaling

and reduced amounts of releagéidtransmittersveaken synaptic plasticity and cognitive
function. Therefore, it is very important to understand the molecular mechanisms that
underlie the functional breakdown of astroegturon communicatiom diseasestiology

(Molofsky and Deneen, 2015)

39



2.4 Extracellular vesicles asnediators of cell-to-cell communication inthe CNS

2.4.1 Extracellular vesicle: the basis

Extracellular vesicles HVs) are a heterogeneous familgf membranesnclosed
nanatructuresecreted by most eukaryotic cells into the extracellular sfia@embo 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 ¥y can be classified
according totheir size and biogenesis lilye criteria establishedby the International
Society of EVs (ISEVs)Traditionally, they have beenlivided intotwo main categories:
exosomes osmallEV (sEVs),andectosomes amicrovesicles (MVs). sEVare typicdly
30-150 nmin sizeandareformed throughthe endocytic pathway. sEVs biogenesis begins
with the nvagination ofthe endosomal limiting membrane aritie 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 tasnporary storage
compartment, (iii) fusion with the plasma membrane to release sEVs into the extracellular
environment(Caruso Bavisotto et al., 2018)Jeanwhile MVs, ranging fromL00-1000nm

in size,are generated through outward budding isgion of theplasma membran&his
process leads to MVs having the sandfistribution of phospholipids irthe bilayer
membraneof the donor cellsBesides, there are other types of EMsluding apoptotic
bodieswhicharethe largest of the three categori®80-2000nm)andare vesicles derived
from programmed cell deathThey contain cytoplasm, organelles, and nuclear debris
Macrophages normally engulf thefor clearance(Colombo et al., 2014)However,
emerging evidence reveals a spectrum of large and very large EV sutbigtpelsallenge

traditional size boundaries have been describd2l6 S -&®charey and Di Vizio, 2025)
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These includesarge oncosomes1i1 0  Qhabare shed from highly migratory cancer

cells and carry oncogenic proteins, DNA, and RM#grasome0.53 Om) for m al o
retraction fibers during cell migration and mediate spatial signabfehbisomesare

organellerich, motile EVs generated from dynamic membrane blebs, wkdpherg~1i

4 Om) extrude damaged organel |l es and pr ot
conditions. Additionally, othevery large plasma membrarerived EVs( > 2 O m) ari se
from mechanical or cytoskeletal remodeling and carry diverse cytosolic ¢aigo9).

Together, these emerging EV classes highligldoatinuum of extracellular vesicles

extending into thenicrometerrange challenging traditional sizkeased classification and
emphasizing the need for biogenesiad functiorbased definitiong D 6 S-&charey

and Di Vizio, 2025)
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1_;33::]"‘:0 OIS Microvesicles |
200-1,500 nm |}
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' 30-150 nm
0 E MVB
O i Exosomes
| 50-100
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(dividing cells) |
200-2,500 nm_~ i
0 | Dense  Light
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wd ,
) & Exopher Apoptotic bodies
3-4 ym (dying cells)

0.5-5um

Figure 9: Classification of EVs based on size and biogenesis.
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2.4.2 EVs biogenesisaind uptakepathways

The biogenesis 08EVs involves severalintracellularpathways,among which the most
well-characterizeds the endosomal sorting complexes required for transport (ESCRT)
machinery(Dixson et al., 2023)This intracellular processwolves multiple stages and
molecular playersin detail, all four ESCRT complexes (ESCRT-I, -Il, and-IIl) take

part in this process along with accessory proteifibe process occursequentially
ESCRTO, particularly itshepatocyte growth facteegulated tyrosine kinase substrate
(HRS) subunit,recognizes and sequestetsquitinatedcargoproteinson the endosomal
membrane throughubiquitin-binding domains. ESCRD recruits ESCRTFI, which,
togetherwith ESCRII induces membrane deformation, forming buds that encapsulate
the selected cargo into nascent ILNESCRTIII is recruited to the neck of the budding
vesicles bylte ESCRT subunittumorsusceptibility gene 1006G10). There ESCRF

[ll polymerizes into filaments that drive membrane constriction and scids@maing to

the formationof the MVBs. This step is critical for releasing ILVs into the M\lidmen
(Cocucci and Meldolesi, 2015Finally, the ATPase Y34 interacts with ESCRTII to
disassemble the ESCRIT complex after membrane scission, allowing the recycling of
ESCRT components for further rounds of vesicle formafiog. 10a). In addition to the
ESCRT pathway, #ernatemechanisms$or sV formation havéeenrecentlydescribed
namely the ESCRIndependent mechanisnOne of these involves the syndecan
synteninAlix mechanism which is implicated in specific cargo loading and ILV
formation, regulated by signaling events I®eosphorylatiorfFig. 10b). A third pathway
involvesthe lipids,whereceramide, produced by the enzyme neutral sphingomyelinase 2
(nSMase2)facilitates theselection of cargoes like RNAs and RNdnding proteingFig.

10c). Another mechanism is mediated by tie¢raspams (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. ESCRTIII and VPS4 are particularly indispensable for membrane remodeling and
scissionIn contrastMVs releaseoccurs directly from theutward budding of thplasma
membrane. Their biogenesis requiresrganization of proteins and lipids within the
plasma membrangas well as cytoskeletal remodeli(ifyicarico et al., 2017)A critical

step in MV formation involves the asymmetric redistribution of phospholipids across the
plasma membrane bilayer. Under physiological conditions, phosphatidyl¢Bi®)es
predominantly localized to the inner leaflet of the plasma membrane by aminophospholipid
translocases (flippase#TP-dependent enzymes that actively transport PS from the outer
to the inner leaflet, maintaining membrane asymmdiyring MV biogenesis, this
asymmetry is disrupted through the activation of floppases {Bil@ing cassette
transporters) and scramblases {@ictivated bidirectional lipid transporter), which
mediate thetranslocation ofPS from the inner leaflet to the ceflurface leading to
membrane curvature and structural bendifBgvers 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 necesseegitbe
formation.Additionally, actinmyosin cytoskeleton plays a crucial role in MV biogenesis.
Activation of small GTPases (i.e., RhoA, Racl, and ARFRBJygers cytoskeletal
reorganization and antmyosin contractility, generating the mechanical force required for
membrane protrusion and eventual vesicle reledbés process redts 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 specifieximore correct to refer to
them as EV¢Bahram Sangani et al., 2021) this thesis, the terfiEVso will be usedto

describe theseesicles
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a ESCRT-mediated sorting of ubiquitinylated cargoes b ALIX-syntenin-mediated cargo sorting
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Figure 10: Mechanisms of EVs biogenesis. (@he ESCRT pathway cluster ubiquitylated cargoes
via ESCRT0 (HRSSTAM dimers) and recruits flat clathrin (red dashed line) for ILV formation.
ESCRT /Il curve the membranevhile ESCRAII and VPS4 drive scission, and deubiquitylating
enzymes (DUbs) remove ubiquitin (Uf)) The ALIXsyntenin pathway bypasses early ESCRT
machinery. ALIX interacts with lipids, CHMP4B, and TSG101,ibanslyntenirnto sortCD63 and
syndecan.(c) Lipid-driven ILV formation relies on nSMase2 convertg sphingomyelin to
ceramice, which bends the membrane. This process localizes cargo to lipid rafts enriched with
flotillin, cholesterol,and tetraspanins.(d) MVs (or ectosomesform via plasma membrane
blekbing, driven by mosin Il contractionand subsequent scissioreleasing theMVs into the
extracellular spacelmage fromDixson et al., 2023)

EVs cantriggersignificantphenotypic changes in thecipientcellsnearby and atistant
sites however, theprecisemechanismguiding 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 fusiog. (L1a), where EVs merge
directly with the plasma membramreleasing their cargo into the cytosol. This process is
facilitated by specific lipidipid and proteirprotein 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 backfusion 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 EVdptake pathwayis clathrindependenéndocytosigFig. 11b),
whichis the predominant mechanidor EV uptake. In this pathway, EVs bind to surface
receptors and are internalized irdlathrincoated vesicleswhich subsequentligetach

from the plasma membrane and fuse with the endosomal comparfhiehtprocess
facilitates the sorting of EV cargo into MVB or lysosomes for degradation or recycling
(Kwok et al., 2021)EVs can also be uptaken throudhathrinindependenendocytosis

(Fig. 11c), which includes caveolimediated uptake, macropinocytosis, phagocytosis, and
lipid raft-mediated internalization. Caveolmediated uptake occurs through cholesterol

rich caveolae, directing EVs to intracellular compartments such as the Golgi apparatus
(Fig. 11c-i). Macropinocytosis involves actiriven vesicle formation, and it is nat
specific process for the engulfment of Effsg. 11c-ii). Phagocytosis enables immune
cells to engulf larger EVs, including apoptotic bodies, via recdjgand interations(Fig.

11cHiii). Lipid raft-mediated internalization relies on adhesion molecules and integrins for
EV recognition and uptak@-ig. 11c-iv) (Zhao et al., 2021)Despite thesenechanistic
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 pathwaysExosomes can be internalized @ membrane fusign(b)
clathrin-dependent endocytosis, ant) clathrin-independent endocytosisncluding (c-
i) caveolinmediated uptake(c-ii) macropinocytosis(c-iii) phagocytosis, andc-iv) lipid raft-
mediated internalization.

2.4.3 EVs composition

EVs transporadiverseselection omolecules, including lipidproteingand nuclei@cids

(Fig. 12). Their molecular carga@ompositionis influencedby multiple factors, such as
intracellular origins parental celitypes, andtheir pathophysiological statelhis cargo
determines their roles in cell signaling, gene regulation, immune modulation, and disease
processesEVs 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 membnae curvature, stability, and biological actwiEVs are enriched with
diverseproteins including membrane proteins involved in endosomal pathweyB

biogenesigelated proteins (Alix and TSG101), syntedinandtetraspanins (e.g., CD9,
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CD63, CD81, CD82), integrins, annexins, flotillin, Rab GTP#kesval 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 origi@argo proteinscan either be
exposed to the surface of EVs or contained in the lyaretareoftenused as markers for

EV identification and characterizatioMoreover,EVs can encapsulate various nucleic
acids such as mRNAnicroRNA (miRNA), long norcoding RNA (IncRNA), circular

RNA (circRNA), and in some cases DNA. The nucleic acid cargo enables EVs to mediate
intercellular genetic communicatioRinally, EVs may also contain metabolites, lipolytic
enzymes, and, ilargerapoptotic bodies, even organelles like mitochondria and ribosomes.
Comprehensive cataloging of EV molecular components has been facilitated by several
publicly available databases, including EVpediattps://evpedia.info/evpedia2_Xe/
Vesiclepedia(http://www.microvesicles.or/ 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 valualier tools
comparing EV cargo profiles, identifying cell tygpecific markers, and exploring the

functional implications of EMmediated molecular transfer.
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Figure 12: Composition of EVs Schematic representation of Eddntents including major
proteins, lipids, and nucleic acidsAbbreviations: ARF, ADP ribosylation factor; ESCRT,
endosomal sorting complex required for transport; LAMP, lysosasseciated membrane
protein; MHC, major histocompatibility complex; MFGES8, milk fat glob&&F factor VIII;
RAB, Ragelated proteins in brain; TfR, transferrin receptdm@agetakenfrom Colombo et al.,
2014)

2.4.4 Astrocytederived EVs in CNS homeostasis and pathology

As highlighted in sectio.2.], astrocytes are not only merely supportive glial ¢dtiey
actively contribute to the modulation and preservation of neuronal circuits through a
variety of mechanisms, including the release of EMsough miRNA cargo (e.g., mR

21, miR29c, and miRL30a) astrocytederived EVs (ADEVS)contribute to brain
homeostasi®y modulatingsynaptogenesisynaptic activity, dendritic complexity, and
neurite outgrowthparticularly when stimulated by astiflammatory signals like [£10
(Pistono et al., 2021Moreover, ly transferring metabolites, glycolytic enzymes, and
growth factors (e.g., VEGF, FGF2) to neuroA)EVs support axonal transport and

integrity (Rouillard et al., 2021)In addition, ADEVs containneuroprotectiveproteins,
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such adeat shock proteingisp/Hs@0), synapsin | glutamate transporters (EAAT2),

and fibulin-2, all of which are esstial for neuroprotection and survivlUpadhya et al.,

2020)

However, ADEVsplay a dual role and caalso exacerbate CNS disordergpathological

statedy spreading neuroinflammatory signals and neurotoxic molec¢hiesontributing

to diseasesvoluton in neurodegenerative or neuroinflammatory conditi@iso et al.,

2021) Under these stategactive astrocytes secr&B EVsenrichedwith altered protein

and miRNA contentswhich are thought to @ntribute to disease progressi@haudhuri

etal., 2018; You et al., 202®or instance, it has been observedithat Al zhei mer 6s d
(AD), ADEVs can spreaddysregulated complement proteirigely originating from
astrocytes that failed to degrade internalized aggregates, thereby promoting synaptic loss
and neuroinflammatiorin ALS, ADEVs derived fron5ODl-expressing astrocytes have

been shown to deliver neurotoxic proteins such as mutant SOD1 ané43 D&
motoneurons, inducing aggregation, microgfiadiated inflammation, and neuronal death
(Upadhya et al., 2020ADEVs cantramsport pathological molecules likkb ol i gomer s,
phospheT a u-synutlein, cytokines, or prisndetected in EVs isolated from disease
modelor pati entsd cer ebr o¢Dmkinsatlal, 2014pFalkeref CS F)
al., 2016; Stuendl et al., 201@yloreover, ativated astrocytes release ADEWarrying
proinflammatory cargo, including Telike receptor 4 (TLR4), NdkB-p65, IL-1 receptor,

caspasd, and NLRP3 inflammasome components, stimulagagpheral immune cell
infiltration that in turnamplifiesinflammation(Upadhya et al., 2020jor instance, nder
ethanolinducedinflammatory conditions, astrocytest onlyincreased ADEVs secretion

but also altered their molecular conteintluding the presence GiLR-4 and miRNAs

(i.e., miR-146a, miR182, and miR200b) After neuronalinternalization, thes&DEVs

amplify neuroinflammatorysignaling andexacerlate neuronal damagby dgnificantly
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redueng dendritic growthandcomplexity,andalteringneuronalfiring and burst activity
(Chaudhuri et al., 2018; Oyarce et al, 202R)is thought thatADEVs promote
neurodegeneratiom AD through deposition of the membrane attack comiéXxC), a
cytolytic structure formed by the terminal components of the complement cascade that
creates pores in cell membranes, neuronsand bytriggering necroptosis, a form of
programmed cell deatfNoguerasOrtiz et al., 202Q)Similarly, in traumatic brain injury

and acute CNS insultfADEVs exacerbate neurotoxicity through excessigkease of
excitatory amino acidse(g., glutamate, aspartatelgading toreactive oxygen species
(ROS) generation, calcium overload, mitochondrial dysfunction, and axonal d@rhage

et al., 2024)

2.4.5 EV and environmentalpollutants

The composition of EV$s not onlyaltered by pathological conditionbut it is also
significantly influenced byenvironmental exposuresuch asir particulate mattefPM),
tobacco smoke, chemical contaminaatsd heavy metal$ollutantscanstimulate many

cell types including epithelial cells, macrophages, endothelial ¢ehl®urons and
microglia, to increas&Vs productionand alter their molecular cargacludingmiRNAS,
proteins, and other signaling molecul@arberry and Rager, 2023This pollutant
modified EVs caraffectthe biological functions of the recipient cells when these EVs are
internalized potentially disrupting homeostasis and contributing to disease pracesses
Moreover, EVs can transport environmental toxicants not only witieinlumenbut also

on their surfacefacilitating the systemic distribution of these compounidsough
biological fluids and potentially to distant orgaiickhardt et al., 2022)Jnderstanding

the roles of EVs and their contents in mediating toxitaeticed responses may provide

critical insight into the mechanistic pathways underlying environmental pollutant toxicity.
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Focusing onspecific environmental toxicants, studies have shown that widely used
herbicides such as Paraquatsulted in a marked reduction in Eveasealong with
differential expression of several EAssociated proteins. Interestingly, these protein
alterations mirrored those observed in the parent cells and were linked to pathways such
as ubiquinone met abol(iVsun ialn de. Skrikfy.ddly die0a2nis)c r i
study investigated the role of EVs in Glgduced immune modulation. EVs analysis
revealed thaf2hours of Glyexposur€0.1 pg/mL)led to significant alterations in miRNA
expression ifeVsderived fromperipheral blood mononuclear celBRMCsg from healthy

donors Among the analyzed miRNAs, miB00a5p showed the most significant
upregulation inEVs following Gly treatment(Maddalon et al., 2022)These findings
suggest thaBly may modulatemmune responses through Evediated miRNA transfer
Collectively, tese observationsreinforce the role of EVs as key mediators in
environmentally inducedellular stressliseasesind disease pathwaysighlighting their

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

Gly has been shown tproduceneurotoxic effects, including neuronal and synaptic
dysfunctions, glutamatergic excitotoxicity, and oxidative strésgltiple studies have
investigated the effects of this compound in complex systems, suotiead modelsr in
simplified in vitro systems using isolataeteurons mainly studying excitatory circuitry.
However, he potentialmpact of Gly on inhibitory neurotransmission asttierbrain cell
types such as astrocyteagmains largely unexplored
In this thesis, | addressed this gap by investigating both the direct and indirect effects of
Gly on neuronal function, with a special focus on inhibitsygapsesand astrocytd¢o-
neuron communication.
For the first time, | examined thdirect consequences of Gly on inhibitosynapsesn
primary cultured hippocampal neuroii$irough electrophysiologicet¢cording andhigh
resolutionconfocal imaging (as detailed in tfiest co-authored publicatiofiGlyphosate
impairs both structure and function of GABAergic synapses in hippocampal ngurons
attachedn pagel28).
Moreover | investigated whether astrocytes, key modulators of synaptic activity and
neuronal homeostasis, could contribute to or amplify-iGdiuced neurotoxicityGiven
Gl y 6 s ssimilattgte glutaradte anids capacity to cross the blodwain barrier and
infiltrate the brain parenchyméhypothesizehat one primaryargetis astrocytesThis
raises the possibility thdty altering astrocyte functies, Gly disrupts astrocyteeuron
communicatiorandleadsto broad alterations ineuronahomeostasiandfunction.
To investigateheseissues, in the present thesisaimed to:

1. assess the impact of Gly astrocytewviability.

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 astrocgigmsed to Glyon
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 astregtiated
signaling dysfunction, thus providing new insight into how environmental toxicants

perturb inhibitory balance and disrupt neurglia 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, ltaly. 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 117R@6/07/2017). 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, whereitige mat

occurred.

4.2 Primary cultures preparation

Primary mouse corticand hippocampaheurons were obtained from C57BL/6J
miceat E18. Briefly, pregnant mice were exposed to a rising concentration afl€&ling
to loss of consciousness, rapidly sacrificed by cervical dislocatio enbryos were
removed immediately by cesarean section. After dissection under sterile conditions,
cortices were kept irce-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. IS588)/ dissolved in HBSS plus
DNAse 0.1 mg/mL (Immunological Science, cat. 1IS9893 as previously described in
Gurgone et al., 2023 he isolated cells were then platuo roundglasscoveslips (12
mm) or Petri dishes (35 mm) with four inner rings for electrophysiological recordings
coated with 0.05 mg/mL polyL-lysine (Immunological Sciences, cat. IS3EZXB.
Depending on the experiments, cells were plated at diverse densitvedensity (00

cellmm?) for Sholl analysis mediumdensity @00 cells/mm) for synaptic puncta
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analysis,or high-density (400 ceymn?) for patchclamp andultra-high density (1800
cellmm?) for multi-electrodeanalysis They were maintained in a culture medium
consisting of Neurobasal (Thermofisher, cat. 21103049), 2% BTrhermofisher, cat.
17504044), 2.5% FBS (Immunological Science, cat-@®0500), 1% Lglutamine
(Thermofisher, cat. A2916801), and 1% penicilinegomycin (Thermofisher, cat.
15070063)Half-volume medium replacement was performed twice a week.

Primary cortical astrocytes were isolated from newborn (postnatal dd&34P2
C57BL/6J wildtype mice. Both cerebral hemispheres were dissected, and the meninges
were removed. Cultures were prepared d®gygio et al., 2022with minor modifications.
Briefly, astrocytes were cultured in DMEM {fIL glucose, Immunological Science, cat.
ISLO060G500) supplemented with 10% FBS (Immunological Science, calD@Xx500),

1% L-glutamine 200 mM (Thermofisher, cat. A2916801), 1% amphotericin B1gs0L
(Thermofisher, cat. 15290026), and 1% penicillin/streptomycin (Thermofisher, cat.
15070063) at 37C and 5% CQfor 13 15 days in 1@m dishes specific for primary
cultures (Primari@ Cell Culture Dishes, Corning, cat. 353803). Micrabtiells were then
removedwith a motorshaler (Argolab, cat. 41202012)hen cells were detached using
(Thermofisher, cat. 25200056), reseeded onto glass coverslips-welR@lates for
viability analyses (5.000 cells/mL), in 24ell plates (50.000 cells/mL), in 35 mm Petri
dishes for cytokine analysis (500.000 cell/mL) or irriPdishes 100 mm (5.000.000
cells/mL) for western blotting and extracellular vesicles purification. The media was
replaced twice weekly until day in vitro (DI\21. Using tis potocol the percentage of
GFAP-expressingells that was obtained wdsgher than 80%eas 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 -Adgch,mat. 43531) disddlved o f Gly
distiled water, while the controls received an equal volume of distilled water.
Hippoampal 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 (EVSs) isolation,
astrocytes were treated with Gly in FB®e medium 24 hours before supernatant
collectionThe sel ected concentr at-vitroequivalkent&the M cor r
ADI. Briefly, t he 3 OM concentration was e
(0.5 mg/ kg/ day) using a simplified conversi
body weight (kg) and distribution volume (L). This approximation is based on the
assumptionthatlk g body wei ght corresponds to 1 L o
simplification in preliminary in vitro modeling. This method does not account for
interindividual varability in body mass or pharmacokinetics but allows for a standardized
estimation of ADiequivalent concentrations for use in defised assay@Valton et al.,

1999)

4.4 Cell viability (MTT assay)

For the 3[4,5-dimethylthiazol2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay,
astrocytes werseededn 96-well tissue culture platest a densityf 5.000 cells/mLand
exposed to increasirapncentrations of Gl{i.e.: 0, 1.5, 3, 6, 30, 300, 1000, and 3000 uM)
for 24 hours. A set of wells containing only culture medium was usablask following

t he manuf act uEahmerimentas dondition tvas parfermed in triplicate
(technical replicates), and the entire experiment was indepé&ndepeated four times

(biological replicates). At the end of tkay treatmentcells were incubated witthe MTT
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solution (ImmunologicalSciences IK-11127) for 4 hours at 37°An viable cells,
mitochondrial enzymes reduce the yellow MTT compound into insoluble purple formazan
crystals through the action of NAD(P)ependent 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 iEaBio-Rad microplate reader (Bio
Rad; Italy). To correct for background interference, th&rOD values weradjustedby
subtractinghe OD at 630 nimfrom theOD at 570 nm, as follows
00 00 00

Then, themean ofODcorrectedvalueof the blank was subtracted from each sample to obtain
the net OD QDney):

00 00 M 00 R
Cell viability for eachtreatmenivas then calculated using the following formula

NE A A B] ’r"wl‘|/$ﬁ
#A@EAAEIET§V pTT

h

The mearcell viability of the untreated contro3ly 0 uM) across all biological replicates

was used as the reference (100% viability).

4.5 ADEVs isolation and characterization

To isolate ADEVsthe astrocyte culture medium was collected and centrifuged at 300x g
at 4 °C for 30 minutes to remove residual cell deiten the supernatantagtransferred

to a cold 50 mL tube vial and filtered through 0.2 um filters into a centrifugekefien

ice and ultracentrifuged (Beckman Optim®Q) at 100.000x g for 2 hours at 4 °C to pellet
EVs (Franquesa et al., 2014After the supernatant was removed, the pellet was

resuspended in 1 mL of sterilitered 0.01M PBS pH 7.4 + 1% DMS@ndkept at-80
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°C in aliquots foisubsequertlanoparticle Tracking Analys{20 ul) and for Transmission

Electron Microscopy80 pL), and treatments in downstream experime&@0 (ub). To

remove contaminating proteins, themaining volumeof the resuspended pelletas

diluted with 4 mL of sterildiltered 0.01M PBS and theexposed to a second round of
ultracentriigationat 100.000x g for 2 hours at 4 °Samplesultracentrifugtion was
performedusing a type 50.2Ti fixedngle rotor(maximum speed: 50.000 rpm; max ¢

Force 302.000x g; Hactor: 69) Finally, the supernatant was remoyedd the pellet
containing the EVs wa scoldlgsssREPA muffled(sed section 120 ¢

4.8 Western Blotting for details) and stored&Q °C.

4.6 Nanopatrticle tracking analysis (NTA)

ADEVs pellets were resuspended in stefiltered 0.01M PBS + 1% DMSO and diluted
1:200 in 1 mL of sterildiltered 0.01M PBS, as ifPomatto et al., 2021Before 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 scatterin@rovahian movements of

the particles. A 405 nm laser light source was used to detect the movement of AD&V's
measurements were performed in flow mode provided by an automatic syringe pump. A
camera through the Nanoparticle Tracking Analysis Software (BI'PArecorded 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 concentratiomn egtuessed in particles/mL
obtained by the NTA was used to calculate the number of EVs released in each cell in

EVs/cells.

58



4.7 Transmission electron microscopy (TEM)

The morphological identification &DEVs was assessed by using TEM. Briefly, ADEVs
weresuspended in sterii@dtered 0.01M PBS + 1% DMS(a drop was added @00 mesh
nickel formvar carboitoated grids (Electron Microscopy Science, Hatfield, PA, USA)
and left to adhere for 5 minutddext, gids were incubated with 2.5% glutaraldehyde

5 minutes, wahed in distilled waterand then negatively stained with Nawé and
NanoVan (Nanoprobes, Yaphank, NY, USAxgents before beimipserved using a JEM
1400 Flash transmission electron micrgeedJEOL, Tokyo, Japan) as described in

(Pomatto et al., 2021)

4.8 Western blotting

Western blotting was performed following a standard protocol as descrif@drgone et

al., 2023)for both a&trocytes and EVsAfter lysisin RIPA buffer (50 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 PM$®F)tein concentration

was measured with a Nanodrop (Thermo Scientific) instrument. The lysates were boiled
in an SDS sample buffer, separated by an3@&polyacrylamidegel, in which were
loaded 100 pg for each sample. The proteins were then blotted to a PVDF membrane
previouslyincubated in methanol for at least 10 minutes, following a standard protocol.
Next, the membranes were blocked in 5%-fedrmmilk in TBS (20 mM TrisHCI, pH 7.5,

150 mM NacCl) with 0.1% TweeB0 for 1 h and incubated with the primary antibodies
(antirrabbt CD63, 1:1000,cat. AB-8381, Immunological Sciences, lItaly; arBFAP

1:500, cat. se33673 Santa Cruz Biotechnology, USA; amébbit calnexin 1:250¢at.

2433S,Cell Signalling, USA) overnight at room temperature (RT). Afieveralwashes
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with TBS 0.1% Tween 20, the membranes were incubated with the appropriate secondary
antibodies (antmouselgG HRP 1:3000, cat. A441&igma, Italy antirabbitlgG HRP,

1:300Q cat. A0545,Sigma, Italy) for 1hourat RT. The chemiluminescent signal was
visualized using Clarify Western ECL Blotting Substrates (BRad; Italy) acquired

with Bio-Rad ChemiDot" Imagers (BieRad; Italy) andthe intensitywasanalyzed with

thelmage J software (NIH, USA).

4.9 Immunocytochemistry

Cells were fixedn 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. Subsgently, cells were incubated for three hours at RT with the primary
antibody in a solution containing 3% NDS and 0.5% Triteh00. Cells were then rinsed

in 0.01M PBS and incubatefibr 1 hour with a solution containing the appropriate
secondary antibodf1:1000, Jackson ImmunoResearch, West Grove, PA, USA) with 3%
NGS, and 0.5% Triton X.00. After several rinses in PB§ass coverslips were mounted
using an antfade agueous mounting medium (Dako, Italia, Italgble 5 shows the list

of primary antibodies used:

Primary Species of Working

antibodies origin dilution Supplier and catalog no.

Ant-GEAP Mouse 1500 Santa Cruz Biotechnology, USAcat. se

33673
. . Immunological Sciences, Rome, Italy, ¢
ant-MAP2AB | Goat 1:1000 AB-83851
antrHomerlbc| Chicken | 1:500 fgg%p;g: Systems, Gottingen, Germany,
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. . ] Millipore, Burlington, MA, USA, cat.
antrvGLUT1 | Guinea Pig 1:500 AB5905

: : . Synaptic Systems, Gottingen, Germany,
ant-Gephyrin | Mouse 1:250 147 011

: . . Synaptic Systems, Gottingen, Germany,
antrvGAT Rabbit 1:500 131-002

Table5 - List of primary antibodies used.

4.10 Image acquisition and analysis

Quantification of GFAP* cells Primary astrocyte cultures were immunostained

for GFAP to

| abel

astr oc ydiamidino2gphedylindole u nt er s

(DAPI) to visualize nuclei.Confocal images were acquired using a Zeiss LSM 900

microscope equipped with a 20x objective and a pinhole set at 1 Airy unit. Approximately

100 fields of view per coverslip were randomly selected to prosidepresentative

sampling across the entire culture surfaillustrated inFig. 13, in stepsl-5, using Fiji,

each confocal image was splitarttvo 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 CellProfildr2.6) to

automatically identify and quantify astrocytes based on marker expression and

morphology(Carpenter et al., 200683 pecifically,with IdentifyObjectsnodulebothDAPI

and GFAPsignalswere usedto segmentnuclei and cytoplasmic GFAP expressipn

respectively (step 2) The RelateObjectsmodule established the spatial relationship

between nuclei and surrounding GFAP expressorthanucle were anatomically paired

to thecorrespondingsFAP* cytoplasmic regions when overlap occur(step 3) Next,

the FilterObjects module transformed thispatial relationship into a binarputcome

nuclei overlapping with GFAP expression were classified as GRAR while those

without overlap were classified as GFABgative (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 culturéstep 5) The number of GFAPnuclei was calculated and
expressed as a percentage of the total number of Biakled nuclei

008 504 ¢ £ 000008 60OQaQ
OWQAA Ot —7 7. QAT
osoeumouweﬁ“@oui)owa&ﬁ

This semiautomated approach enabled consistent and unbiased cell quantification across

a large dataseF{g. 13).

(step 1) Image processing

¥

Split channels

m Image processing dapi.tiff gfap.tiff
modules

!

(step 2) A. IdentifyObject
« Identifiy nuceli (light blue)
+ Citoplasmic areas (pink)

Segmentation of DAPI Segmentation of GFAP

B. RelateObjects
(Step 3) Intersection between nuclei and

astrocytes l

(step 4) C. FilterObjects
Nuclei GFAP-negative = 0
Nuclei GFAP-positive = 1

!

OUTPUT
%GFAP-positive cells

(step 5)

Figure 13: Astrocyte quantificationwith CellProfiler (v4.2.6)pipeline.

Astrocytes morphology Isolated primary cultured GFAP cells imageswere

acquired witha 20xobjective and the wand tool in ImageJ was used to outline the cellular
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bordersto evaluate the area, perimeter, amimunofluorescencentegrated density
(IntDen; the sum of all the pixels within a selected region) éBdh et al., 2017)The area
was measured excluding any holesimh The circularity index was estimated with the
following formula: (4 x © x Area/Perimeter?).

Neuronal morphology Neuronimageswere imaged using a 20x objectjaad the
morphobgy measurementsere performed using the NeuronJ pludiMeijering et al.,
2004)in ImageJ.Dendritic processestained with MAP2 antibodwere manually traced
to generate accurate skeleton representations of the neurons. The traced images were
subsequently processed usthg Simple Neurite TraceSNT) plugin in order to perform
the Sholl analysito quantify thedendriticarbor complexity This measure is obtained by
evaluating the number afendriticintersectionswith a mask nade of concentric circles
radiating from the soma at regular intervals.

Synaptic structures Immunolabeledsynaptic punctavere analyzed offive Z-
stack images (1024 x 10p#els, 8-bit) thatwere acquired usintdpe confocal microscope
equiped witha 40x oil immersion objective (N.A. 1.3®x digital zoomand pinhole set
at 1 Airy unit,asdescribedn Chiantia and Comai et al2025. Imageswere acquired
from secondaryrderdendritesof approximately40 pyramidalneurongper experimental
condition across at least foundependenexperiments Maximum intensity projection
images were reconstructed and exported in TIFF format for analysis kigisgftware
(version 1.34S; National Institutes of Health, public domain). Synaptic puncta area and
density were automaticallmeasuredusingt he @A An al ytpain RjiaThé doc | e s O
localization of immunosignalwas evaluated based omé det er mi nati on of
correlation coefficient (PCC) using the Fiji phigJaCoR(Bolte and Cordelieres, 2006)

Brightness and contrast adjustments were made solely for visualization purposes.
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4.11 Cytokines quantification

Cytokine levelsanalysis was performed with the Luminex technology, which combines
the principle of a sandwich immunoassay with fluorescent-baadd technology, thus
allowing individual and multiplex analysis of up to 100 different analytes in a single
microtiter well (Vignali, 2000) The assay for mouse TNF IL-17, IL-33, CCL4
(LXSAMSM-05, R&D Systems, Minneapolis, USAQytokines was carried out at
Bioclarma srl, Torino, Italy. Brieflycell mediumsamples were diluted 1:2 in calibrator
diluent and analyzed in 98ell microplates, accordingly to the recommendations of
manufacturers. The content of each well was thlecedinto the BiePlex 200 System
array reader (BidRad Laboratories BiRad Laboratories, Hercule€alifornia, USA),
which identifies and quantifies each specific reaction based on bead color and éimbresc
signal intensityData were processed usitige Bio-Plex Manager software (version 6.2)

and converted o pg/mL.

4.12 Electrophysiologral recordings

Whole-cell patchclamp recordings
Recordings were performed in whadell configuration at room temperature {22°C)to
investigate synaptic activity in cultured neuromdiniature inhibitory postsynaptic
currents (mIPSCs) were measured in hippocampal neuvdnk miniature excitatory
postsynaptic currents (NEPSCs) were recorded in cortical neurons
Neurons were voltagelampedat7 0 mV and superfused with a T\
containing(in mM): 2 CaC#, 130 NaCl, 2 MgGl 10 HEPES, 4 KCI, and 10 glucose (pH
7.4). To isolate miniature synaptic events aagpressaction potentiadriven activity,
tetrodotoxin (TTX, 0.3 &M, Tocris) was adde

50 uM) was added to block GABAmediated currents. For mIPS@se external solution
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was supplemented wiBNQX ( 20 eAMiich)y3*AgPda ( 50 €M), and CG
(5 &M, Tocris) t o bl ock reckpbPsArespedtiveéiPatch and G
pipettes were pulled from thiekalled borosilicate glass (Hilgenberg, Mainsfeld,
Germany, or Kimble Chase Life Science, Vineland, NJ, USA) and had a resistain8e of 6
Mg. The internal solution used to9C&tord mi |
20 TEACI (or 20 CsMS O for mlPSC4p, EGOAHEREMgCYH , 4
GTP, and 15 phosplereatine (pH 7.4). Signalgere 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 lgpass filtered at 1 kHz using a Bessel filtdeuronswith
|l eak currents >100 pA or s erDatawereanalywedst ance
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 mMEPSCs and 10 pA
for mIPSCs. Nosstationaryvarianceanalysis was conducted based on the parabolic
relationship between current variance and amplitude, as describéfrdynelis and
Jaramillo, 1998)For further informationplease see the paper attachaghagel28.

Multielectrode array (MEA) ecordings: Multisite extracellular recordings were
performed usinga 60-electrode MEA systenfMulti-Channel Systeen MCS GmbH,
Germany) Data acquisition was controlled through MC_Rack software (Mihannel
Systems) , setting the threshold for spike
Experiments were performed in a Abamidified incubator at 37 °C and with 5% CO2,
without repl&ing the culture medium. Before starting the experiments, cells were allowed
to stabilize in the nohumified incubator for 90exonds then, the spontaneous activity

was recorded fol20 semnds Recordings were performed at multiple time points: at
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baseline, in the acute phase (after the treatments), and 24 hodreawsent. Following

these recordings, PTXL00 uM, SigmaAldrich) was added to the culture medium to
inhibit GABAergic synaptic currents, and a final recording session was pedoiiine
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, highfrequency spiking that indicate coordinated networkvation; bursts
duration, that refers to the length of these events, providing insight into the stability and
strength of synchronous activity; and crassrelation (CC) peak values, which quantify

the degree of temporal alignment in spiking betweenréiffieelectrodes.

4.13 Statistical analysis

All analysesvere conducted blintb thetreatmentsand he valuesarereported as mean

+ Standard Error of the MealSEM). Statistical analyses were performed using Prism

software (GraphPad, La Jolla, CA, USAhe modified Thompson tau test was used to
eliminateoutliers while the normality test was assessed throDgh Ag ofeBneonds
normality test.If the data were ormally distributed, parametritests were applied.
Specifically,a comparison between two groupgsma de by usi-tegf Fd8t udent
comparison involving moreantwo groups (e.g., in MTT assay or neuronal experiments),

oneway ANOVA was performed. Paoshoc tests were chosen based on the analysis
contextHolm-Si dak 6s mul ti pl e c onipeMTTiassa/tosompagest was
each group against the control, whileu k ey 6s mul ti pl e compari sor
neuronal experiments to assess all pairwise group differeRoeslatasets that did not

meet the assumption of normality, then-parametricdVannWhitney U-testwas usedor

comparisons between twiadependenigroups The level of statistical significance is

indicated by the alue:*p 00.05, ** p 00.01,*** p O0.001 = ***, p 00.0001.Detailed
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information on statistical tests, sample sizes (n), and exa&lyesis provided in the

corresponding figure legendsll the raw data are reported Trable 6.
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Figure 14
c-VGAT density (pu f-Gephyrin?dsize
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 -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-vVGAT sidze (&mnm
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
¢ - 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




Figure 19D - cell viability (%)

Conditions Mean SEM
0 100 12
15 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 per.
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-Astrocyté ar ea
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 (hm) 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 | engl
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
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Figure 24
b-vGl uT1+ punct a 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-Homer 1bc+ punct e - Homerlbc+ 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+ punctal 1l 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+ punct 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

Table6 - In the table are reported all the raw datnd 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 wavk,recently examined how Gly affects the
hippocampal inhibitory system, focusing on both functional and structural chaseges (
the full MS attachedon 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 GABA receptors, triggering chloride influx and hyperpiisg

the postsynaptic neurdé@hao et al., 20220ur findings revealed that inhibitory synaptic
compartments are significantly disrupted following an@@ute incubation with Gly at the

ADI concentration in neuronal culturésig.143a).

Morphological analyses revealed extensive synaptic remodé&iggl4b), with a 41%
reduction in VGAT (a presynaptic GABAergic markepuncta density(Ctrl vs. Gly:
p<0.0001, Student'stest; Fig. 140 and a 28% decrease in gephyr{a postsynaptic
scaffolding protein)puncta density Gtrl vs. Gly: p<0.001, Student'stest; Fig. 14d),
suggesting widespread loss of inhibitory synapses. While the size of v@uéicta
remained unchanged{rl vs. Gly: p>0.05, Student'stest; Fig. 146, suggesting that
presynaptic terminals persisted but were functionally impaired, gephyrin+ puncta size was
significantly reducedtrl vs. Gly: p<0.05, ManAWhitney testJFig. 14f), indicative of a
possibledisrupton of GABAareceptos clustering. The reduced colocalization of vVGAT
and gephyrin further supports a structural misalignment of GABAergic syndpisees(

Gly: p<0.01, ManaWhitney testFig. 14g which may contribute to functional deficits.
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Figure 14: Gly alters both the density and size of GABAergic synaptic contactsS¢aematic
representation of experimental desigi) Confocal microscopy images showing inhibitory
synapses in control and Gixposed neurons. Scalebar:2n. | nhi bi t ory synapses
by using the presynaptic marker vGAT (cyan) and the postsynaptic marker gephyrin (red). The
soma and dendrites were labelled with evithP2 antibody. Boxed dendritic segments are shown

as higher magnification imagesdlow). Scalea r : Ec, deBar.graphs showing the average
density of both vGATCYrl n=29, Gly n =23)and gephyrin Ctrl n=31; Gly n= 25 puncta.(e, f)
Quantification of the averaged size of vVGATir( n=25; Gly n=23) and gephyrin punctaQirl

n=27; Gly n=24). (g) Quantification of the colocalization between VvGAT with gephyrin
immunosignals. PCC was calculated in denddtataining regions of interesC{rl n=33; Gly

n=29).

72



In parallel, @mtch-clamp recordings showed a significant decrease in both the amplitude
and the frequency of the mIPSCs, indicating impairments at botrapdepostsynaptic

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
synapss. A lower mIPSCs amplitude suggests a loss of postsynaptic GA&Xptors

(Ctrl vs. Gly: p<0.001, Kolmogorosmirnov test;Fig. 15b), while an increased inter

event interval (IEI) points to a reduction in presynaptic neurotransmitter re(@bes(

Gly: p<0.001, Kolmogorossmirnov testfig. 15c).
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Figure 15: Gly reduces both amplitude and frequency of mIPSCs. ReEpresentative mIPSCs
recorded in hippocampal neurons in control and after 30 minotéseatment with Gly at ADI
concentration.(b) Cumulative distribution of mIPSCs amplituded (c) IEI and relative bar
graphs (insight), summarizing the average peak ampligGtie n = 11 cells, n= 444 events; Gly:
n= 14cells, n= 211 events).

Presynaptically, Gly exposure decreased the number of release sitg{CMl vs. Gly:
p<0.05; -&stkid d6a)taddssignificantly reduced the readily releasable pool
(RRRyn), essential for neurotransmitter releaSerl(vs. Gly:p<0.05, Student'stest;Fig.

16b). The Nnin refers to the estimated number of functional synaptic vesicles fusion sites
available at the presynaptic terminal, while the RRRpresents the subset of synaptic

vesicles that are immedi&geavailable for synchronouglease upon stimulation
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Postsynaptically, variance analysis revealed a ~60% decrease in the number of functional
GABAa receptors, despite unchanged unitary cur(étl vs. Gly. p>0.05;Fig. 17d),

highlighting a specific postsynaptic impairme@tr{ vs. Gly:p<0.05, Student'stest;Fig.

17¢).
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Figure 17: Gly impact on postsynaptic compartments. (a,Rgrabolic fit of mIPSCs variance

( @ as function of their amplitude in control and in the presence of Gly, respecto)@gr graphs

of the effects of Gly on the number of GABAceptors activated by a single quantum of
neurotransmitter (t (2.29) = 192p<0.05, Student'stest) and(d) on the average unitary current
amplitude of GABAreceptors. Ctrl n = 14 cells, n = 444 events; Gly n = 11 cells, n = 211 events).

Thesefindings demonstrate thahortterm exposure t&ly atthe ADI level can disrupt
inhibitory synapses andompromisetheir function invitro, leading to an imbalance in
excitation and inhibition that could underlie some of the cognitive deficits folardrimals
treated with Gly irvivo and may increase the susceptibility to neurodevelopmental

alterations such as those observed in ASDs models.
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5.2Results Gly disrupts astrocyte-neuron communication mediated by extracellular

vesicles

5.2.1 Evaluation of astrocytes enrichment iprimary cerebral corticakculturesfrom the

mouse

To quantitativelyassess astrocytic enrichment in primary cerebral cortical cultwees,
employed anmmunocytochemical analysissing GFAP combined withDAPI staining
(Fig. 18a, b). GFAP is an intermediatélament protein widely expressed in mature
astrocytes, and its immunoreactivity provideglgablemarkerof astrocytic identitypoth
in-vitro and invivo. | used asemtautomaticpipeline as anunbiasedapproach (see
methods)to quantify the number ofcells showing both DAPI™ nuclei and GFAP*
cytoplasmin these culturesThe results indicated that maitean 80% othetotal number
of cells were GFAPat DIV21, demonstrating aatherhigh level of astrocytienrichment
(Fig. 18c), alevel of purity consistent witpreviously published dai@duler et al., 2021)
Thesedata show that only a small poolof nonastrocytic cells, such as microglia
oligodendrocyte precursors, or undifferentiated neural progenitrgresentin our

cultures(see alséchildge et al., 2013)
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Figure 18: Evaluation of astrocyteenrichmentin primary cortical cultures (a) Representative
confocal images of primargortical astrocyte cultures immunostained 8FAP (red) and DAPI
(cyan).Scale bar =5 0  ¢byhligher magnification of a selected fidmkm (a) Scal e bar =
(c) Automated gantification of astrocytic enrichment, expressed as the percentaGé AP

nuclei relative to the total number of DAPhuclei n=101 images from three independent
cultures

5.2.20ne-day exposure t&ly doesnot affectthe viability ofcortical astrocytes

To assess whether exposure to Gly caffdctastrocyte survivaDIV21 primary cortical
astrocytesvere exposedor 24 hoursto increasing concentratiortd Gly (i.e.,1.5¢ M-
3000 ) iyl 19a. These concentrations were selected to enessnpboth
environmentally relevant levels, including the ADI of 3Vlestablishedby the EFSA, ath
supraphysiological doses up to 1000 tintles ADI to assesputative dosedependent
toxicity. Cell viability was evaluated using the MTT assay, a colorimetric method that
measuresnitochondrialmetabolic activity as an indicator of viable amtabolically
active cell{van Meerloo et al., 2011 he resultgFig. 19b) showed drend towardlose
responsedecline in astrocyte viability (indicated as % of cellswith increasing
concentration®f Gly, but thestatistical analysis showetb significantchanges among
treatmentgp > 0.05 oneway ANOVA followed by HolmiSi dak s mul ti pl e

tes).
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Figure 19: Effect of Gly on the viability of primary cortical astrocytega) 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 ¢ M), f olellvahilgydsingthe MTH assatbeCals ur e me n't
viability of 21 DIV astrocyteultures after 24our exposure tancreasingconcentrations of Gly

(1.57 3000 uM), as assessed by tMa T assayData are expressed as percentage of viability

relative to the controlData is represerdtive of technical triplicates from four independent

experiments.

5.2.3Gly at ADI leveladministration inducesa morphological and moleculareactive

phenotype in astrocytes

Because no effects were detected on cell viabilitgyestigated whetheGly treatment
could produceeither morphological or molecular changes astrocytes Reactive
astrogliosis is a welllocumented response of astrocytes to various inshésis
characterized by morphological remodeling and increased expression of(&&lkd¥lev

et al., 2024)Following 24 hours of Gly treatmeiat ADI concentratiorfhereafter referred
to as ADIGIy), confocal microscopywas used to asseshangesin both astrocyte
morphology and GFAP expressiorfFig. 20a). Both the acquired images and the

guantitative analysis demonstrated a signifitacteasen the GFAP immunofluorescence
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signal, expressed astegrated densityirjtDen), in Gly-treated cell€compared twehicle
treated cells(Ctrl vs. Gly; p<0.05, MannWhitney test Fig. 20b, ©), indicative of
cytoskeletal remodelingompatiblewith an astrocyticreactive stateTo confirm the
immunofluorescence findings, GFAP expression was further examined by western
blotting. As shown irFFig. 20d, Gly exposure resulted in a marked upregulation of GFAP
protein compared to untreated controls. Quantitative analysis showed tisajrisigantly
increased the expression level of GFAP in astrocyte cult@as$ \(s. Gly: p<0.05,

St u d etest;Fgs20e], reinforcingthe ideathat even shorterm exposure to ABGly

is sufficient to trigger astrocyte reactivity. addition,the morphometrianalyseshowed

that Gly treatment did not significantly alteell size, as botlarea Ctrl vs. Gly. p>0.05,
MannWhitney test Fig. 20fe) and perimeter Ctrl vs Gly. p>0.05,MannWhitney test;

Fig. 20g) of astrocytes were unchangétbweverwe observea significant reduction in

the circularity indexn Gly-treated cells relative to the contgybup(Ctrl vs. Gly. p<0.05,
MannWhitney test;Fig. 20h). Becausecircularity indexvaluesinverselycorrelatewith
procesextensiorand complexitfKang et al., 2014}hese datandicate that Gly promotes
atransition from anorerounded morphology to one characterized by increased astrocytic

ramifications, suggesting a shift toward a reactive phenotype.
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Figure 20. Astrocytes treated withADI-Gly show a reactive phenotypda) Schematic
representation of experimental desigb) Representative confocal imagescoftical astrocytes
stained forGFAP (red) following 24-hour treatment with vehicle (Ctrl) or 8V Gly. Scale bar: 50
€ m(c) Quantification of GFAP integrated density (IntDen)d) Western blotting showing the
expression of GFAP in Ctrl and Giyeated cultures. Vinculin shown agoading control.(e) Bar
graph displaying GFAP expression normalized to vincif)jBar graph showing astrocytes area
(g) perimeter and (h) the circularity index (cells used inc, f, g, h: Ctrl n=86, Gly n=67
independent experimentsenCtrl n=8; Gly n=7).
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5.2.4Gly exposure alters cytokine secretion profile in astrocyte cultures

Becauseastrocytesegulateneuroinflammabn by releasing a wide array of cytokines and
chemokines(Zhao et al., 2024)we investigatedwhether the ADI-Gly alters the
inflammatory secretory profildyy focusing orkey cytokinesand chemokines involved in
neuroinflammation Cytokine release was assessethe supernatant afultures treated

for 24 hours with ADIGly, by Luminextechnology, a beallased multiplex immunoassay

platform that allows simultaneous detection of multiple soluble pro{€igs 21g. The

chemokine CCL4, TNRJ, interleukin33 (IL-33), and interleukinl7 (IL-17) were

analyzed for the following reasonastrocytessecrete CCL4&efore neuronal damage,
indicating a protective preemptive functiffakahashietal., 2018J]NFU pr omo-t es a p
inflammatory Al phenotype, ang in synergy with 1-:17 (You et al., 201%)IL-33

supports synaptic development and homeostasis by promoting excitatory synapse
formation(Wang et al., 2021)These analyses sheda selective modulation of cytokine

release in response to Gly exposuregerestingly CCL4 levels remained unchanged
between Ghtreated and Ctrl cultureCtrl vs. Gly. p >0 . 05, -fst;&ig.@lb)f 6 s t
while TNFU | e v e leds altroygp motisignificantlyiower in the Glytreated group

thanin the control (Ctrl) cultures(Ctrl vs. Gly:. p>0. 05 ,-tesSRigu2l®.mnt 6 s t
contrast, the secretion bbthIL-33 andIL-17 wascompletely abolishe(Fig. 21d, €), as

their levelsbecomeundetectablein the Gly-treated group compared ¢ontrol cultures
(IL-33:Ctrlvs.Gly: p<0.0001 St u-test;iLtlt €trlvs.Gly: p<0.0001 St udent 6s
tes). Altogether, these findingsdicatethat Glyproducesastrocyte reactivity that sble

to selectively altethe secretory profile of cytokines
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Figure 21: Effect of ADI-Gly exposure ortytokines secretion fom cultured cortical astrocyte.

(a) Schematic representation of experimental desiytokines levels following 24hour treatment
with 3 uM Gly(Gly) or vehicle (Ctrl) (b-e) Quantification of the concentrations (@) CCL4,(c)

T N F (d),IL-33,and(e) IL-17. Data represent the mean + SEM in pg/mL of technical duplicates

from four independent experimen8atisticalanalysis was performed usirige MannWhitney
test

5.2.5Gly increass the release adistrocytesderived extracellular vesicles

Becauseaeactive astrocytesanact on theneuronal environment not only through cytokine
release but also vihe release dtVs, | thenevaluatedhe effect ofADI-Gly exposureon

the latter Following ADI-Gly for 24 hours ADEVs werdsolatedfrom the culture medium

of primary cortical astrocytassingultracentrifugatior{Franquesa et al., 20X#)g. 223).

To determine both the size and concentration of the isolated ADEVs, nanopatrticle tracking
analysis (NTA) was performe&ig. 22b). NTA measurement${g. 22¢) revealed that the
average particle size of ADEVs was consistent with the established range for EVs, with no
significant differences observed between Ctrl andt@&gted groups (Ctrl v&ly: p<0.05;

St u d etest). msiguingly, the quantitative analysis of ADEVs concentrafag €2d)

showed a significant increase in the estimatezhmnumber of ADEVs released per
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astrocyte following Gly treatment compared to the control (CtiG.p <0 . 05; St uden
t-test). The morphology of the isolated ADEVs was examined by transmission electron
microscopy (TEM). Consistent with typical EV characteristics, ADEVs displayed a
sphericaldonut shape with wellefined membrane structurBig. 22€). The purity and
identity of isolatedADEVs wereassesselly western blot analysisf both the tetraspanin
CD63, a protein widely used aBVs markerand calnexin, anarker of theendoplamic
reticulum. As shown irfFig. 22f, our ultracentrifuged samples agarichedwith CD63'
ADEVs, while thenegative immunosigndbr calnexinindicaiesthat our samples areot
contaminated byntracellular organelles arellular debris Moreover the increased CD63
signal observed in ADEVs derived from Glgated astrocytes may reflect an enhanced
vesicle release, in line with a possible upregulation of EV biogenesis or secretion
pathwaysThese data indicate that Gly does not affect the physical properdd3Efs,

but it looks to impact ADEVs biogenesis or secretion rats®suggesting that Glynay
influence cell-to-cell communication mediated by astrocytesin the brain

microenvironment.

82



a Treatment for
24 hours with
* Veh
AN * Gly (3uM)

o

I NCAS P Samples for:
Ly | i
e = sagp - R

N : *NTA
N & Isolation of ADEVs e o * TEM
Primary cortical from the medium + Treatments
astrocyte cultures
DIV20

T
o
o

O

Q

Ctrl Gly

25

20 150 1
.N 1001

10

- 50

odiz . P

o
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000 0
Size (nm) Size (nm)

®

NN
o o

o

size (nm)

o

2x105

Concentration (particles / ml) m
o
&

Concentration (particles / ml)

Concentration (EVs/cell)

o

ADEVs Cells
Ctrl Gly Ctrl Gly

Ctrl Gly

Vinc » e 117 KDa
Calnexin | mgo KDa
GFAP > - . 50 KDa

Figure 22: Gly exposure enhances theeclease of ADEVs.(a) Schematic representation of
experimental desigr(b) NTA analyses showing the size and number of ADEVs from Citrl (Ctrl
ADEVs) and Gly (GBADEVs). Quantitative analysis of partidle) size andd) concentration of
ADEVs.(e) TEM images of EVs derived from Ctrl and @Kkposed astrocytes. Scale bar: 100 nm.
(f) Western blotting showing the expression of CD63catukxin markers in Ctrl and Glireated
cells and ADEVs lysates isolated from their culture medii@trl n=9; Gly n=9 independent
experiments)

5.2.6 Gly-ADEVsimpairedthe physiological arborization of cortical neurons

To investigate the potential neurotoxetfects of Gly through ADEVs(Gly-ADEVS)
releasewe examined theimpacton neuronaimorphology To this aim, primary cortical
neurons were isolated from E18 mouse embryos and culititeds densityfor 17 days
before being expose to ADEVs preparationsNeurons werethus treated with vehicle
(PBS + 1% DMSO), EVs derived froumtreated astrocytes (GBIDEVS), orGly-ADEVs

at a previously estimateghysiological concentration (1xi@articles/mL)(Patel and
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Weaver, 2021)After 24 hours, neurons were fixed DIV 18 and immunostained with
microtubuleassociated protein 24AP2) to visualizeboth dendritic processes and soma

of pyramidaishaped neuronéFig. 23a, b). The extent of dndritic arborizationwas

quantified usingSholl analysisthe goldstandard method to assendritic complexity

that is performedyocounting the number of intersections between dendrites and a series

of 2 em-spacedconcentric circles radiating from the sarhdound that ortical neurons

treated with vehicle or C#ADEVs exhibit a morecomplex dendritic arbaezation

compared to neurons exposed to -BEVs (Oneway ANOVA foll owed by
multiple comparison testig. 23c). Specifically, the quantitative analysis shad a

significant decrease in the number of dendritesh{s. GIyvADEVs: p<0.0001, @&l-

ADEVs vs Gl-ADEVs: p<0.0001;0neway ANOVA foll owed by Tuk
comparison tesfig. 23d) coupled withanincreasean their lengthin Gly-ADEV-treated
neuronscompared withthe other experimental groufeeh vs.Gly-ADEVs: p<0.0001,

Ctrl-ADEVs vs. GIyADEVs: p<0.0001Oneway ANOVA f ol |l owed by Tuk
comparison testrig. 23e). Altogether, these datdisclose for the first timastrocytes'

ability in spreading Glydependenneurotoxiaty throughADEVs andhighlight apotential

novel Glymediated mechanisgontributing to newnal 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 degigrRepresentative images of
neurons labelled with MAP2 exposedvighicle eh), Ctrl-ADEVS, or GIyADEVs for 24h. Scale
bar : (®)0hothanalysis representing the number of intersections between dendrites and
concentric circles centered on the sord.Analysis of the number of dendrites per cell é)d

the mean dendritic lengtfveh n=35; CtrtADEVsn=39; Gly-ADEVs n=35 neurons, from four
independent experimentStatisti@al analysis:Oneway ANOVA f ol |l owed by
comparison test**, p<0.001, ****, p<0.0001, for Ctrl-ADEVs vsGly-ADEVs; 888§, p<0.0001,

for veh vsGly-ADEVs

5.2.7 Gly-ADEVs application results in the atypical organization @th glutamatergic

and GABAergic synapses

The observed disruption in dendritic structure prompted us to investigate whether Gly
ADEVs also interfere with synaptic architecturepyramidatshaped neurons in culture

To assess the impacteXposed astrocytes to Gly on synaptic maintenameaddedCtrl-
ADEVs or Gly-ADEVs to corticalneuronal cultures and then imadsath glutamatergic

and GABAergic synapseassing immunofluorescence and confocal microscdythis

aim, primarycortical neurons were cultured at medium density and treat&tifopurs
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with vehicle, CtHADEVS, or GlyADEVs. After treatment, neurons were fixed and
immunostained forproteins of the pre- and postsynaptic structures(Fig. 233. For
glutamatergic synapsdbgvesiculamglutamatergic transporter (vGluTiMasusedto label
presynaptiderminals while Homerlbcwas employed to identify postsynaptic structures

(Fig. 24a). Confocal microscopic inspectionsevealed that neurons exposedGuil-

ADEVs exhibit asignificant increasein the density of bothvGluT1" and Homerlbt
immunguncta compared to theshicletreatedgroup Intriguingly, theexposure to Gly

ADEVs severelydisruptedexcitatorysynapticorganizationBothvGIluT1"and Homerlbt
immunguncta densities werggnificantly reduced in neurons treated with GWDEVs

compared to both vétie and CtrtADEVs groups(vGIuT1"/10em: veh vs. CtrtADEVS:

p<0.01; veh vs. GBADEVs: p<0.01; CtdADEVs vs. GIyADEVs: p<0.0001;
Homerlb¢/10em: veh vs. CtHADEVs: p<0.01; veh vs. GRADEVs: p<0.0001; Ctd

ADEVs vs. GIyADEVs: p<0.0001 Oneway ANOVA foll owed by Tuk
comparison testFig. 24b, c). Additionally, the size (i.e., area)of both vGIuTZ and
Homerlbéimmunofluorescencsynapticpunctawasreduced in neurons treated wisihy-

ADEVs compared to the other groupsGluT1 size vehvs. Gly-ADEVs: p<0.QL; Ctrl-

ADEVs vs. GIyADEVs: p<0.001;Homerlbcsize vehvs. Gly-ADEVS: p<0.05;0neway

ANOVA foll owed by Tuk ey Big 24dp8, lindicagngtleatGtyo mpar i s
profoundly tampers with ADEVsffects on botimumberandstructural/molecular integrity

of putativeexcitatorysynapses

86



a | + veh | + Ctrl-ADEVs | + Gly-ADEVs |

(o
(¢}
Q.
) (1]

* % ok K
%k %k = < -
8 E 81 Lk krxx 087 _ *x g 06 "
g_ %ok koK ok k = :E,_ ok k k=
=y " Zs] 4 o 8 K
& © 3 N . ‘® o8 () +veh
s | R @ 041 g0 4 9 + Cirl-ADEV
Q : £ 8 + Ctrl- s
<4 341 S N ®
a2 B 5 = © + Gly-ADEVs
e o] - +20.24 +8 0.2
5 2- T2{[t = 2
g 5 g :
0 To Z 00! 2004

Figure 24: Gly-ADEVs disrupt glutamatergic synapse integrity in cortical neuron&)
Representative anfocal microscopy image#lustrating glutamatergic synapsem cortical
neuronstreated for 24 hours witkehicle, Ctrl-ADEVs or Gly-ADEVs.Synapsesvere labelled
with vGIuT1 (cyan) for presynaptic terminals and Homerlbc (il@d)ostsynaptic densitieScale
bar: 5¢&gm. B a (b, cgmean pldnsity am@, w)siae gnalysis gfre- and postsynaptic
compartments in glutamaterggynapses (vVGIuT1: veh n=41; GADEVs n=36; GIyADEVs
n=28 dendrites Homerlbc: veh n=65; CtrADEVs n=75; GIyADEVs n=55 dendrites)

Moreover to study presynaptic and postsynaptic inhibitory compartments, we used
antibodes against the vesicular GABA transporter (VGAT) atite postsynaptic

scaffolding proteirgephyrin, respectivelas in(Chiantia and Comai et al., 2028ig.

25a). Interestingly, we founthat while ADEVs treatment did not modify the density of
GABAergic-putative synapses decorating the dendrites of pyraraidaded neurons, Gly

ADEVs produced reductionof both vVGAT and gephyrih puncta compared to viete

and Ctrl-ADEVs-treatedneurons YGAT/10em: vehvs. GlyADEVs p<0.0001, Ctrl

ADEVs vs. GIyADEVs p<0.0001 gephyrin/10em: vehvs. Gly-ADEVs: p<0.01, Ctd

ADEVs vs. GIyADEVs p<0.000t Oneway ANOVA foll owed by Tuk

comparison tesfig. 25b, c). Moreover, while the size of vGATmmunopunctavas not
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changedby ADEVSs, gephyriri puncta were significantlyeducedin Gly-ADEV-treated
neuronscompared taeurondreated withCtrl-ADEVs (VGAT size: vehvs CtrkADEVS,

veh vs. GIyADEVs:p> 0.05, CtHADEVs vs GlyADEVS; gephyrinsize:Ctrl-ADEVS vs.

Gly-ADEVs: p<0.05;0neway ANOVA foll owed by Tukeyds mu
Fig. 25d, ). Thus, these data show that GWDEVs affect the integrity of GABAergic

synapses by reducing both the number and size of geplpgstsynaptic sites, without

significantly altering presynaptic vVGAT puncta size.
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Figure 25: Gly-ADEVs affect GABAergic synaptic integrity in cortical neurors. (a)
Representativeanfocal microscopy images showing GABAergic synapsesrtical neurons
after 24hour treatment with vehicle, Cf+ADEVs, or GIlyADEVs.Synapses are labeled with vGAT
(cyan) for presynaptic terminals and gephyrin (red) for postsynaptic compartréeats. bar: 5

€ m.Bar graphs illustrate(b, c) the mean density an@l, e) size of pre and postsynaptic
compartments at inhibitory synapgesh n=35; CtrtADEVsn=37; Gly-ADEVs n=42 dendrites)
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5.2.8 Gly-ADEVs do not recapitulate CtrADEVs effect onnetwork excitability after

picrotoxin-mediated disihibition

Given the alterations in synaptic organizagwaduced by GBADEVS, we next examined
whether these changeegre paralleled bgompromisedheuronal networlactivity byusing
multi-electrode array (MEA) recordingdnder our conditiondylEA devicesenablereal
time extracellularrecording of spontaneouslectrical activity fromacutely cultured
neurons. Toassess botiimmediateand delayed effects of ADEVs, primary cortical
neuronswere plated on MEA and maintained under standard culture conditions until
DIV17. Spontaneousxtracellulamactivity was recorded for 2 minutes atf specific time
points Fig. 26a): (i) 0 min, to establishbasalspontaneous activity, (i) 5 minutes after
treatmeni{vehicle, CthtADEVs, or GlyADEVS), (iii) 24 hours postreatment, (ivp min
after picrotoxin (PTX), a GABAa receptor antagonist that blocks inhibitory synaptic
transmissionAs shown in the representatiViEA recordinggFig. 26b), clear differences

in network activityare presentafter the PTX applicatiobetweengroups Under basal,
acute, and 24hour conditions,the mean firing rate remains comparable among all
experimentagroups as shownKig. 26c) by quantitative analyses (statistical significance
values of MEA analyses are reportediamble 7). Interestingly, whileboth veh and Ctrt
ADEV-treated neurons exhibd robustincrease in firingfrequencyfollowing PTX-
induced disinhibition Gly-ADEVs-treated cultures failed to shosucha rise after PTX
exposure. Betweegroup comparisons confirmed thaty-ADEVs significantly reduced
mean fire frequencyecorded after PTX applicatiasomparedo Ctr-ADEVs exposure

A robust firing frequencyrend toward reduction was also obseribagdcomparingGly-
ADEVs- to vehtreated cell{p = 0.05 Fig. 26c). PTX alsoelicited a robst increase in
the number of bursts iall conditions,indicating longer episodes okuronalactivity,

although GlyADEVs significantly reduced this effect compared to the-EDEVs group.
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Moreover, PTX produced an increasebofrstduration in bothveh and CtrtADEVs-
treated neuronsn effecthatdid not occuin theGly-ADEVs group(Fig. 26d, €). Finally,
PTX treatmensignificantly increased CC peak amplitudeaft three treatment groups,
consistent with a transition to highly synchronized firing across electrbidegever the
rise in CC peak detected in GADEVs-treated culturesvas significantly lower than in
Ctrl-ADEVs (Fig. 26f, g). Together, these data demonstrate that wiold Ctrl-ADEVs
and GIyADEVs do not promote main changes in ciuit propertiesup to 24 hours
compared toehtreatedheuronsGly-ADEVs prevent typical responspsoduced byCtrl-
ADEVs after PTX-mediated disihibition. These findings support thielea that Gly
promotes the release of a modifiddEVs pool thatlacks the ability to modify or

modulateneuronakexcitability, especially when GABAergic transmission was blocked
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Figure 26: Gly-ADEVs do not recapitulate the effects dCtrl-ADEVs on cortical network
propertiesunder 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 (préreatment), acute (5 minutes pastatment with vehicle, CHADEVs, or Gly
ADEVS), 24 hours ptgreatment, and following application of picrotoxin (PTX, a GABAa receptor
antagonist).(b) Representativdéraces of extracellular field potential recorded following PTX
application from a single electrodei f) Quantification of MEA parameters across foer 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 synchronizafignRepresentativecross
correlograms showing the probability of coincidence of the electrical events between two
electrodes of the device. Timescale +2 @&h: 8 MEA; CtdADEVs: 6 MEA; GIyADEVs: 8
MEA). Statisti@al analysis Two-way ANOVAwith Tukey's multiple comparisons téstatisticsare
reported inTable7).
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Mean firing rate Burst duration
PTX PTX
Ctrl-ADEVs vs. GIyADEVs \ p<0.01 Ctrl-ADEVs vs. GIyADEVs \ p<0.01
veh veh
basal vs. +PTX p<0.01 basal vs. +PTX | 0<0.05
acuevs. +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
acuevs. +PTX p<0.001 CC peak
24h vs. +PTX p<0.001 PTX

number of burst Ctrl-ADEVs vs. GIyADEVs | p<0.05
PTX veh
Ctrl-ADEVs vs. GlyADEVs \ p<0.01 basal vs. +PTX 0<0.05
veh acuevs. +PTX p<0.01
basal vs. +PTX 0<0.001 24h vs. +PTX p<0.001
acuevs. +PTX p<0.05 Ctrl-ADEVs
24h vs. +PTX p<0.001 basal vs. +PTX p<0.0001
Ctrl-ADEVs acuevs. +PTX p<0.001
basal vs. +PTX p<0.0001 24h vs. +PTX p<0.0001
acuevs. +PTX p<0.001 Gly-ADEVs
24h vs. +PTX p<0.0001 basal vs. +PTX p<0.0001
Gly-ADEVs acuevs. +PTX p<0.01
basal vs. +PTX p<0.01 24h vs. +PTX p<0.001
acuevs. +PTX p<0.01
24h vs. +PTX p<0.01

Table7: Statisticsof Fig. 26.

5.2.9 Gly-ADEVs prevent the enhancement of mEPSCs amplitude inducedCbsl-

ADEVs

To directly investigate ADEVs role on g/naptic transmissign we performed
electrophysiologicabatchclamprecordings of miniature excitatory postsynaptic currents
(mEPSCsJrom primary cortical eurans. After 24 hoursof treatmentwith vehicle, Ctri
ADEVs, or Gly-ADEVs, mEPSCs traces showed substantial difference among
experimental groupd={g. 27a, b). The analysis of mEPSCesponseseveakd that Ctrl-
ADEVs treatmentsignificantly increased mean peak amplitwdenpared to veltreated

neuronsyeh vs. CtHADEVs: p<0.001; Onavay ANOVA,; Fig. 27c). This effectwasnot
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recapitulated bythe Gly-ADEVs group which mean amplitude valuesshowed a
significantreductioncompared to CtrADEV's andwerecomparable tthevehgroup(veh

vs. GlyADEVs: p>0.05 Ctrl-ADEVs vs. GIyADEVSs: p<0.03 Oneway ANOVA; Fig.
27c9. Interestingly cumulative fraction analysis of mMEPSCs amplitudes revealed a clear
rightward shiftfrom veh to GIyADEVs and furthetto Ctrl-ADEVSs, reflecting a graded
enhancement in pasiynaptic evet amplitude across treatmer(tgeh vs. GlyADEVSs:
p<0.0001; veh vs. CHADEVs: p<0.0001; Ctrl-ADEVs vs. GIyADEVs p<0.0001;
Kolmogorov Smirnov test Fig. 27c). Theseresultsdemonstrate thaGly-ADEVs can
induceanincrease in mMEPSCs amplitudemparedo veh,whereas CtFADEVs promote

a substantially greater enhancemdegarding presynaptic functign®eanlEl values
remained unchanged across treatment grougds vs. CtHADEVSs, veh vs. GIyADEVS,
Ctrl-ADEVs vs. GIyADEVs: p>0.05; Onevay ANOVA; Fig. 27d§. However,
cumulative fraction analysis revealed a slight leftward shift in BathADEVs and Gly
ADEVs compared to veh (veh vs. GADEVs: p<0.0001; veh vs. GIADEVs p<0.01;
Ctrl-ADEVs vs. GIlyADEVs: p<0.001;Kolmogorovw Smirnov testfig. 27d), indicating
that despite mean frequency was not significantly altered, both treatments slightly shifted
event distributions toward shorter intervals, reflectamgncreasean excitatorysynaptic
activity. These data show thahe enhancement of excitatory synaptic transmission
promotedby ADEVs additionis robustly reducedby Gly. Intriguingly, these datalso
provide a mechanistic explanatigne., increased excitatory drive produced by Ctrl
ADEVs) to the differential action on network excitabilipromoted byCtrl- and Gly
ADEVs asrevealedoy PTX addition duringMEA recordings

To asseswvhetherthe increasein mEPSCs amplituderoduced byCtrl-ADEVs could
depend oralteredbiophysical properties gfostsynaptic receptgrwe performed a peak

scaled variance analygRBSVA)of mEPSCswhich enabletheestimation obothnumber
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and unitary current conductanoé AMPA receptors activated duringolatedsynaptic
events To this aim, weused a parabolic fit to plot the distribution of MEPSCs variance

( 9 as a function of their amplitudé&rom these valuesoth the number of AMPA
receptors activated by a quantum of neurotransmattel their unitary currentwere
derived Interestingly, tle analysesevealed no significant changes in either the width or
steepness of the fits across groupg).(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 treatmerdmpared to vefveh vs. CtHADEVS, veh

vs. GIyADEVSs, CtrkADEVs vs. GlyADEVs: p>0.05; Onavay ANOVA; Fig. 27h, i).
Altogether, hese findingsindicate that CtrtADEVs can enhance glutamatergic
transmissiory increasing theumber ofactivesynapticcontactsrather than bghanging

the density and biophysical properties of single postsynApieA receptos. Moreover,

these data show th&trl-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 anincreased density of excitatory synaptic puncta positive for Homerlbc and

vGIuT1.
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Figure 27: Ctrl-ADEVs but not GIyADEVs increasethe amplitude of mEPSCga) Schematic
representation of experimental desigb) RepresentativenEPSC trace®f primary cortical
neurons exposed to vehicle (veh), &BDEVs, or GIyADEVs for 24 hours. Quantification of
mEPSQc , ) meahn peak amplitude arfd , ) IEl.deg)Par abol ic fit 0% mMEPSCs
in function of their amplitude in the presence of the velt;ADEVS, and GBADEVS respectively

Bar graphsshowing(h) the average unitary current amplitude of AMPA receptors (@nadn the
number of AMPA receptors activated by a quantum of neurotransmitter. Bar graphs represent
mean = SEM analyzed by emay ANOVAfollowed by post hoc Tukey test. Cumulative
distributions /eh n=16cells,n=1158 events; Ct{ADEVs n=12cells, n=1065 events; GIxDEVs

n=14 cells n=1183events) were analyzed using the Kolmogb&mirnov test*, p<0.01; ***,
p<0.001
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6. DISCUSSION

Mostrisk assessment studies evaluathmysafety of Glybased herbicidesere conducted
more than 30 years ago and largely overloakesir potentialimpacton the CNS. This
thesis aimed to investigatew ADI-Gly affects brain cells throudboth direct and indirect
mechanisms thatre highly relevant taeuronal functionNotably, thisrepresentshe first
study specifically designed to investigate the impact of Gly on GABA&m@nsmission
and on astrocyteo-neuron communicationyith the goal toexplore, withmechanistic
insights if Gly at an established permissible daBsrups neuronalconnectivity and
neurotransmissiorandor it utilizes cell-to-cell longdistance signals propagation to
promote neuronalysfunction.Intriguingly, our findings support both mechanisms of Gly
neurotoxic action: (i) direct interference with inhibitory synapses and (ijngéidiated
transmission of neurotoxic signals through Ehased longange communication.

Thelow Gly concentratiof 3 ¢ M) u s e dvasidelibetately chosenttouedidjoe
EFSAdefined ADI,lying two orders of magnitude below the established-observed
effect level (NOEL.~2 0 0 ). ¥V&believe thathis choicegreatly supportthe relevance
of ourresults deriving fromexperimental conditionsetfor assessinthe effectsof low-
dose Gly on both neuroral and astrocytic functiors. Indeed we observed synaptic
alterationdn cultured hippocampal neurons following a®ihute incubationwh 3 ¢ M
Gly. Consistentlya previousstudy (Arrigo et al., 2023showedthatalready at veryow

€ Mconcentrationgi.e.,1 ¢ MGly can inducesmallchanges in oxidative stress and cell
viability in H9c2 cells, aftelan exposuretime (1i 2 hour$ that iscomparablewith our
treatment protocolTherefore our results challenge the lorgianding assumption than
established clinically saf#ose of Glyis, withoutdoubt biologically inert Moreover they
highlight the need to revaluate current safety margimsth further experimentations

dedicated taheeffects of Gly in the€CNS, particularly under chronic or repeated exposure

96



conditions,as our data and previous studies show teetna singleGly exposureat
compliantconcentrations may compromibeain cellssignaling synaptic development

and ultimately brain functian

Direct actions of Gly on brain cells

Our analysis shows reduction in the number and size of gephHyfimmunopuncta
decorating hippocampal cells dendritegter ADI-Gly exposure Moreover, we
demonstratéhat Gly perturbs inhibitory synaptittansmissionn these cellscausinghe
reductionof both GABA release and postsynaptic receptor availabilitys feasible to
assume thate postsynaptieffectsof Gly are mediated by the disruption lodth actin
polymerizationand microtubule dynamid®iazMartin et al., 2021; Hedberg and Wallin,
2010) leading to the destabilization of thacrotubuleboundprotein gephyrinessential

for GABAa receptos anchoringn the postsynaptic membra(t@iustetto et al., 1998Dn
theother hangdGly may interfere witlpresynaptic mechanisms suchaasin remodeling

and ATRdependent protein interactiomsvolved inthe physicalclusteringof synaptic
vesiclesonto the active zonef the plasma membrang@esicle docking) andn their
preparation for rapid fusion (vesicle primin@hus, ar findings suggest that neurons
respond to Gly exposure witlpid remodeling of their cytoskeletal architecfuteugh

with distinct manifestations and consequenteshis contextalsoastrocytesdisplayan
atypicalcytoskeletabrganizatiorfollowing Gly exposure at ADI concentration, gsown

in our studyby the increaseof GFAP expressiona typical consequence aktrocytes
reactive statelt is known that astrocytic morphology is predoantly shaped by the
ordered organization of intermediate filaments such as GFAP and vimentin, which are
highly reorganized during reactive statesO6 L e ar y e fThesa Icytoskeletald 2 0 )

changes produced by Gly can be mediatedNy/STAT (Stur et al., 2019which regulate
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actin dynamics and intermediate filament reorganization in astro€tethe other hand,
in neurons, Glymodifies the expression &FAMKII (Cattani et al., 2014; Jaworski et al.,
2019; Luna et al.,, 2021Wwhich modulatescomponents of the neuronal cytoskeleton
through phosphorylation oficrotubulebindingproteinsmportant for the maintenance of
neuronal morphologyOkamoto et al., 2007Another difference underlyinthe distinct
cellular changegroduced byGly betweenhippocampal neurons and astrocysdter
exposurgrobablyrelies orthe effect latencyWhile cytoskeletachangesn neuronsoften
operatdocaly, modifying the morphology oflendritic segments or spines within minutes
or hours, astrocyticytoskeletaresponses areell-wide, affecting the shapand the size
of the entire cellvesicle release, and secretory behavior, taedefore theypersistfor
longertime (Kavalali and Monteggia, 2023; Lawal et al., 2028)view of all the above

to better understand the impact of Gly on the CNS, it will be very importafttune
studies tadissect out the molecular mechanisms underlytmarytoskeletal remodeling
produced by Glyand the precisetimeline/latency of its action in different brain cell

population

Gly alters the astrocytic secretory profile

Our studydemonstratethat thecytoskeletal remodeling induced by Giyastrocytic cells

is associated witBubstantial changes EVs secretion (i.e., increased rate). Interestingly,
these two events are likely to be consequerast has been shown thtterepositioning

of MVBs toward the cell periphery anithe modification ofmembrane curvaturare
mediated byactin remodeling These dynamic changesare necessary for vesicles
trafficking and release at the astrocyte peripi{@ny et al., 2022; Potokar et al., 2007)
Moreover,as demonstrated by Cattani et &ly exposureactivaes kinases such as

ERK1/2thatin turnstimulate EVs release by modulating lysosomal acti¥iikita et al.,
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2022) On the other handthe increased ADEVselease that webserved after Gly
exposure coul@lsoreflect a compensatory response to cellular dysfunction or a-stress
induced secretory phenotype, simyaio whatobserved in other models of glial activation
(Wang et al., 2017)inally, the rapid onset o&ly effects, occurringhrough a24-hour
treatment supports the idea that Gly triggesgher translational orposttranslational
modifications such askinases activation, cytoskeletal reorganization, or changeS\is
trafficking dynamics.

In addition, our data shothat ADI-Gly induces a selective reprogrammingcgtfokine

release fronastrocyts. Intriguingly, the chemokine CCL4hatis typically secreted as an

early protective signal before injurgTakahashi et al., 2018yemained unchanged
following Gly exposure, suggesting that @hduced astrocyte activation does not involve
pathways associated with preemptive neuroprotection. Similarly, althougHJTNF e v e | s
showed a tendency to decrease, this change did not rasisticstl significance, indicating

that Gly does not strondy engage the canonical TNFmediated pranflammatory
cascadeHowever, this unexpected pattern of TNBecretion may reflect the limitations

of our experimental design, particularly the single time point chosen for anallyisJ
secretion dynamics are highly temporal, with early and late phases of release that can differ
substantially in response to various stimitlis therefore possible that significant changes
inTNFU | evels occur at earl i er or l ater t i me
investigations employing timeourse analyses would provide a more comprehensive
understanding of how Glgffects TNFU s ecr et i on dy.mna&ontrastGlyi n ast 1
exposure resulted in a complete suppression &3lland 1L-17 secretion. This result is
particularly relevantor this studyas IL-33 has been implicated in maintaining synaptic
homeostasis and promoting excitatory synapse form@tiamg et al., 2021 while 1L-17

acts synergisticallywith TNE t o ampl i fy inflammatory signa
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(You et al., 2017)The loss of both interleuksrsuggests thably disrupts key signaling
pathways involved in neureastrocyte communication and inflammatory coordination.
Moreover, his secretory identity toward a nenflammatory but dysregulated state
representsa noncanonicahstrocytic phenotype that could have implications for both
neuroprotection and neurotoxicitythe existing literature reports that Gly exposure
induces neuroinflammatory responses, characterized by increased levels -of pro
inflammatory cytokinessthas TNFU i n p | as ma (Winstdne btala2022b)t i s s u e
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
reducedTNFJ secretion in astrocyte culltlarisees expoc
from several factors. Firstlifferences between in vivo and in vitro systers substantial
including the absence afosstalkwith other cell types such as microglia or neurons

our monoculture model. In vivo, microglia are often the primaesponders to
inflammatory stimuli and may be the main source of TWfellowing Gly exposure,
whereas isolated astrocytes may respond differently. Second, variations in exposure
concentration, duration, and the temporal dynamics of cytokine secfas discussed
above may account for the observed differentégd, 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 formeactivity that does not
involve a strong pranflammatory response but rather a functional dysregulation
characterized by selective suppression of specific cytokinesrall, our findings point to

a more specific and maladaptive response in astrocytes in vitro, whereas the literature
hi ghl i gh tidlam@atorydeHectpin wvo. These results add to our knowledge of

Gly neurotoxicity by emphasizing the possibilitg be addressed in future studiefsthe
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existence otytokinemediated neurglial communication impamensand 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. CtrtADEVs exertedobusteffects on cortical neuronsuch aghe increasef
excitatorysynapses densigndthe potentiation ofjlutamatergic synaptic transmission. In
contrast, ADEVs secreted by G&xposed astrocytes displayad oppositeaction,i.e.,
producing impairments oflendritic morphologyand reducing both glutamatergic and
GABAergic synapse densityrhus our data show for the first tinthat astrocytes, when
sensingmicroenvironmental stress, can regulate neuronal structure and function through
EVs-mediated signalingMechanistically,these effects may arisefrom alteations in
ADEV cargo induced by Glyexposure,such & stress signals that disturb redox or
metabolic homeostasis meurons thatin turn, may affect cytoskeletal organization and
neuronalgrowth. Moreover, shifts in the ADEVsargoescomposition toward stress
related miRNAs, such as miR34, miR132, or miR9, could lead to dysregulation of
kinases involved in dendritic spine morphologyg(e.IMK1, PAK1, or Cdc42) and actin
associated proteir{slaramati et al., 2011; Juhila et al., 2011; Schratt et al., 2006; Wayman
et al., 2008)In addition tathesemiRNAs changegsalsotheproteincontent oiGly-ADEVs

could further contribute tameuronalcytoskeletaldestabilization Under physiological
conditions, ADEVs typically carry neuroprotective and greptbmoting proteins, such

as Hsp/Hsc70synapsin I, apolipoprotein E, I&inding proteins, or Fibulk2( D6 Ar r i g o
et al., 2021; Patel and Weaver, 2Q2&hich reduction orcompleteloss would deprive

neurons of essential trophic suppoesulting instructural and synaptic defects. Notably,
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the presence of such synaptogenic molecules inrACIHVs could also explain the
observedipositivd p o t e n éfféect dn iextigtory synapses, highlighting the essential
role of ADEVs in sustaining neuronal connectivity and circuit excitability under
physiological conditions.

Despite the marked morphological andurotrasmissioralterations induced by Gly
ADEVs, network activity recordelly MEA from Gly-ADEVs neurongemained largely
comparable to vehicleeated cultures, indicating thboth firing and bursting patterns
werenot disrupted. Howeveour datasshow thaiGly-ADEVs camotfully recapitulate the
effects of CtHADEVs on networkactivity following disinhibition In fact, while Ctrl-
ADEVs enhanced neuronakcitability when GABAergic transmissiorwas blocked by
PTX, Gly-ADEVs failed to increasexcitability (i.e.,firing frequency, bursthumber and
duratior) under this condition This indicates that GHADEVs compromise the
homeostati@bility of cortical networksieededo modulateor adapttheir activity under

in response to rapid changessynaptic strengthin this context, e attenuated effect
produced byPTX in the presence of GKXDEVs could be explained by our data showing
that GlyADEVs produce severabnormalitiesin synaptic connectivity with lower
excitatoryand inhibitorysynapse densitymiting the networld ability to compensate for
weakened inhibition. Alternativelygur MEA data could be explained lay impairment
of inhibitory synapsesUnder this scenariaf GABAergic inhibitory driveis reduced by
Gly-ADEVs, the effect ofGABAa receptorblockadewould producemore subtleeffects

on firing rate More likely, the attenuated PTX response observed inARNEVs-treated
cultures refle@ a complex interplay between reduced excitatory efficaalyered
homeostatic mechanismend impaired inhibitordrive, ideas that shall be tested in the

future
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At the singlecell level, mtchclamp recordings revealed that GADEVs 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 ADEVsdm GIy»-ADEVs, whose mEPSC amplitude remained
comparable to baselina.€,, vehicletreated neuron$ levels. Although Gly-ADEVs
reduced vGIluT1l puncta density, mEPSC u#eent intervals remained unaffected,
suggesting that strtral alterationsof presynaptic terminalslo not translate into a
measurable reduction in spontaneous glutamate release. This could reflect compensatory
activity upregulation at remaining synapses, selective pruning ofreleasingsilent
boutons, or differential sensitivity Gly-ADEVs of structural versus functional metrics.
This also suggests th&ly-ADEV-mediatedsynapticdisruptiors may first target synapse
architecture and postsynaptic responsiveness, before altering presynaptic neurotransmitter
release dynamics. Interestingly, pesdaled variance analysis did not reveal changes in
AMPA receptor number or unitary conductance, implying @igtADEVs mayinfluence
synaptic alignment rather than receptor densitgr efficacy Importantly, these
electrophysiological observations mirrhre MEA findings, where GIyADEVi treated
neurons failed to mount a normal firing response to disinhibition by PTX, suggesting that
the absence of postsynapégcitatory strengthening translates into diminished circuit
level excitability.

Taken together, these findings indicate that astrocytes normaHljufieeneuronal
function via EVs signaling, enhancing postsynaptic strengtidl maintainingtypical
excitability. On the other handGly exposure selectively disrupts theell-to-cell
communication by altering EVs content and impairing the delivery of greupiporting

and synaptogenic cues.

103



Potential impact of ADEVs beyondneuroni glia communication

An important consideratiothat extends beyond the scope of our in vitro findings is that
ADEVs are not neurespecific in their targeting. In the complex cellular environment of
the brain, ADEVs can be uptaken by multiple glial cell types, including microglia,
oligodendrocytes, @odendrocyte precursor cells (OPCs), and endothelial @&8sono

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 ofABIEVs could trigger
inflammatory priming or alter microgliainediated synaptic remodeling, critical processes

for synaptic pruning during development and in response to i(Raglicelli et al., 2011;
Shields et al., 2020)Given that microglia are highly sensitive to alterations in their
microenvironment and respond to astroeyégived signal$CuniLopez et al., 2022)Gly-

ADEVs carrying stresselated 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 capacityand metabolic coupling with axor{®hilips and
Rothstein, 2017) could be negatively affected by GADEVs. 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 bserved. Additionally, endothelial cells of the BBB, which
maintain contact with astrocytic endfeet, could internalize ANV, potentially leading
to BBB dysfunction, altered permeabilityand impaired neurovascular coupling

Therefore, while our studfocused on the direct astrocytteneuron axis, the ultimate
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impact of Gly exposure in vivo likely involves complex, mudirectional cellular

crosstalk that could significantly magnify the neurotoxic consequences we observed.

In sum, this study supports a model in which astroog¥p®sed to Glyundergo
cytoskeletordependent cellular reorganization that without engaging canonical
inflammatory cascades) turn modifiesEVs release ratdhatdisrups ADEVs-mediated
neuroniglia communication andoromotes neurotoxicity. The cellular and synaptic
alterations observed in this study suggest that even-@pImay have significant
consequences ftwothhippocampal and cortical network organization in vindhe krain,
such perturhtions could translate into reduced network adaptability, impaired sensory
processing, or altered synchronization of neuronal assendblipgocesses essential for
learning, attention, and cognitian all of which have been reported in animal models
exposed to Gly. MoreovehecauseADEVs act as longange conveyors oéssential
signals, thedysfunctional effects caused by theltered release and composition could
propagate beyond the initial site @fy exposure, gradually reshaping local microcircuits
and contributing to diffuse network hypoactivity or hyperexcitabilityportantly, hese
effects may be particularly detrimental during neurodevelopment, when asttecyte
neuron communication critittg orchestrates synapse formation and pruriBigan 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; Martinez et al., 2019; Ait
Bali et al., 2@2). Our findings provide a mechanistic link to these observations by
revealing that even within the regulatory ADI limiSly cancompromise cortical circuit
maturation and information processing through subtle but cumulative alterational in gl

signaling and synaptic architecture.
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7. LIMITATION SOF THE STUDY

While our findings provide novel insights into the synaptic consequences of Gly exposure
and the role of ADEVs in mediating neufgtia communication, several limitations
should be acknowledged.

The first caveat of this study is that the direct application to cultured cells of pure
Gly does notecapitulatehe complex pharmacokinetic and metabolic dynamics that occur
following dietary or environmental exposuceGly, or commercial herbicide formulations
such as Roundum an intact organismWhen ingested, Gly undergoes partial absorption
and is subject tmetaboli¢ biodistribution, and excretion processes that influendesgse
availability andoverall action(as described inegtion 2.2.5° Overview of Gly toxicity
studie$. Moreover,additional factors such as binding to plasma protdimsts in BBB
permeability, and potential biotransformation by intestinal microbiota may alter the
fraction of active compound thedacheshe CNS.

Secondthe use of primary celtulturesdoes not fully recapitulate the complex
cellular diversity, spatial organization, and dynamic signaling present in tharbravo.
In particular, the absence tiie microglia and vasculature omits potentially important
modulators of both Gly toxicity and ADEV signaling. Therefore, whilwitno exposure
provides valuable mechanistic insights into the direct cellular and synaptic effects of Gly
as a native compound represents a simplified scenario that isolates neuronal and glial
responsefrom sysemic metabolic regulation.

Third, although we demonstrated functional and structural effects eABBNVs
on neurons, we did not directly identify the vesicular cargo responsible for these changes.
Without proteomic or transcriptomic profiling of ADEVS, theterpretation of the
molecular mechanisms underlying the obseoadhtlilar and synaptic modificationsmain

highly speculative.
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Lastly, a key limitation of this study is the lack aflPSC recordingsn neurons
treated with GIyADEVsS, which prevented thedirect assessment dheir effect on
inhibitory neurdransmission. Considering thae show thaGly-ADEVs do alter both
excitatory and inhibitory synapse®lecular organizatigrnit is plausibleo speculatéhat
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 botmEPSGC which we obtained in this studyand mIPSC
recordings will be crucial to delineate how GWEVs affect excitatory/inhibitory
balance and to define wheth®@ABAergic neurotransmission is@imary or secondary
target of astrocyteerived vesicular signaling.

Despite these limitations, our study provides compelling evidence that Gly, even at

regul atory ndAsafeo |l evel s, can reprogram

compromises neuronal structure and synaptic intedritys our findings highlight the
potential sensitivity of astrocyleneuron 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 studigisouldaim to further elucidate the
mechanisms underlying tihele of ADEVs in Glyinduced neurotoxicitandwhethersuch

may also occur in intact organisnisirst, 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 obseewednal modifications

This wouldin turnallow thefunctional validation of candidate molecutesough gain or
lossof-function experiments in recipient neurons. Second, uptake mechanisntiseand
intracellular traffickingof ADEVs in neuronsshall be assessed understand howheir
cargocontent reaches its subcellular targets and modulaaynaptic machinery.

Importantly, b establish theranslational relevancef our findings it will be
critical to extendhese studie® in-vivo systemaising approaches allowigDEVs to be
anatomicallytraced ananolecularlyanalyzed in the context of intact neural circuach
approach willallow usto explorethefunctionalcorrelates of the synaptic changleat we
observedn primary hippocampal neuronscluding but not limited toalterationsof the
synaptic plasticity underlyinearningand memory orspatial eploration Additionally,
given the complex interplay between astrocytes, neurons, and microglia, it will be crucial
to investigate whether microglial responses to-&BEVs contribute to either enhancing
or mitigating the observed neuronal phenotypes.

Given the widespread environmental exposure to Gly and growing concern over its
neurodevelopmental impadhese perspective studie®uld opennew opportunities for
investigating ADEVs as earyarning indicators of neurotoxicity. Moreover, therapeutic
strategies that target EV biogenesis, release pathways, or cargo composition could emerge

as promising tools to restore synaptic resilience irfabe of environmental stressors.
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ABSTRACT

Glyphosate (Gly) is a broad-spectrum herbicide responsible for the inhibition of the enzyme 5-enolpyruvylshiki-
mate-3-phosphate synthase known to be expressed exclusively in plants and not in animals. For decades Gly has
been thought to be ineffective in mammals, including humans, until it was demonstrated that rodents treated
with the Gly-based herbicide Roundup showed reduced content of neurot i (e.g., dop 3
norepinephrine, and acctylcholine), increased oxidative stress in the brain associated with anxicty and
depression-like behaviors and Iearning and memory deficits. Despite compelling evidence pointing to a neuro-
toxic cffeet of Gly, an in-depth functional description of its cffeets on synaptic transmission is still lacking. To
investigate the synaptic alterations dependent on Gly inistration we performed whole-cell patch-clamp re-
cordings and immunocytochemistry on mouse primary cultured hippocampal neurons. Our findings reveal that
30 min incubation of Gly at the acceptable daily intake dose severely impaired inhibitory GABAergic synapses.
Further analysis pointed out that Gly decreased the number of postsynaptic GABA, receptors and reduced the
amplitude of evoked inhibitory postsynaptic currents, the readily releasable pool size available for synchronous
release and the quantal size. Finally, a decreased number of release sites has been observed. Consistently,
morphological analyses showed that the density of both pre- and post-synaptic inhibitory compartments deco-
rating pyramidal cell dendrites was reduced by Gly. In conclusion, our experiments define for the first time the
cffcets induced by Gly on GABAergic synapscs, and reveal that Gly significantly impairs both pre- and post-
synaptic mechanisms.

1. Introduction

the specific biosynthesis of aromatic amino acids (Shende et al., 2024).
Gly mimics an intermediate state of the enzyme-substrates complex in

Glyphosate (Gly), the active compound of the most used agriculture
pesticides worldwide, blocks the shikimate pathway by inhibiting the
enzyme 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS). This
latter is known to be expressed exclusively in plants, but not in mammals
and other vertebrates. The shikimate pathway is a key metabolic system
in plants that starts with phosphoenolpyruvate and erythrose 4-phos-
phate and proceeds to the biosynthesis of the aromatic amino acids
phenylalanine, tyrosine, and tryptophan. Phosphoenolpyruvate and
erythrose 4-phosphate undergo seven metabolic stages before synthe-
sizing shikimate and chorismate, which serves as the starting point for

the shikimate pathway, inhibiting the EPSPS, an important enzyme that
catalyzes the conversion of shikimate-3-phosphate to 5-enolpyruvylshi-
kimate-3-phosphate (Schonbrunn et al., 2001). In view of this property,
Gly was considered essentially non-toxic for animals, humans included,
until the presence of EPSPS has been found in human gut microbiota,
where it plays a pivotal role in human physiology and pathology (Puigho
et al., 2022; Rueda-Ruzafa et al., 2019). Because Gly has been widely
used over the last 40 years, residues of Gly and aminomethylphosphonic
acid, its major bioactive metabolite, are now found at significant con-
centrations in foods containing wheat, soybeans, barley, and several

* Corresponding author. Universita di Torino, Department of Neuroscience, C.so Raffaello 30, 10125, TORINO, Italy.
** Corresponding author. Universita di Torino, Department of Drug Scienee, C.so Raffacllo 30, 10125, TORINO, Italy.
I mail addresses: andrca.marcantoni@unito.it (A. Marcantoni), maurizio.giustetto@unito.it (M. Giustetto).

! These authors contributed cqually to this work.

https://doi.org/10.1016/j.neuropharm.2024.110183

Received 23 July 2024; Received in revised form 17 September 2024; Accepted 10 October 2024

Available online 12 October 2024

0028-3908/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

127



G. Chiantia et al.

other crops (Bohn et al., 2014). It has long been demonstrated that, after
oral intake, Gly is rapidly absorbed, poorly metabolized, widely
distributed in the body and does not reach the enterohepatic circulation
(Bradberry et al., 2004). In addition, Gly oral bioavailability is generally
low, ranging between 20 and 40% in humans and animal models, while
dermal absorption remains even lower at less than 2% (Anadon et al.,
2009; EFSA, 2015). However, Gly has been shown to accumulate in
certain tissues, potentially leading to chronic toxic effects over time
(Mesnage et al., 2015). Absorbed Gly has been shown to induce a low
and acute toxicity while the non-absorbed portion is mostly eliminated
through feces and urinary excretion (Faniband et al., 2021). Consis-
tently, since 2015, Gly has been classified as a potentially carcinogenic
substance (Guyton et al., 2015), while in 2017, the European Commis-
sion deliberated for an extension of the current maximum limit of
exposure, setting as acceptable daily intake (ADI) the concentration of
0.5 mg/kg body weight (BW) per day (EFSA, 2017). Nevertheless,
several association studies correlated Gly intoxication with neurological
signs in humans, like parkinsonism, autism and Alzheimer’s disease
(Eriguchi et al., 2019; Pu et al, 2020). Furthermore, it has been
observed that Gly exposure leads to cognitive dysfunction in rodents
such as deficits in learning and memory (Ait Bali et al., 2019, 2022;
Ait-Bali et al., 2020; Coullery et al., 2016), suggesting that the hippo-
campus, a region crucial for memory formation, is particularly vulner-
able to the effect of Gly. In this regard, learning and memory
consolidation depend on activity-dependent changes of both excitatory
and inhibitory synapses (Kullmann and Lamsa, 2007), however the
impact of Gly on the GABAergic system remains unexplored. So far, only
one study conducted in C. elegans pointed out the possibility that Gly
may have important effects on inhibitory transmission (Naraine et al.,
2022). This lack of studies suggests that further investigations to fully
understand the potential impact of Gly on inhibitory connectivity sys-
tem are needed. Indeed, GABAergic neurotransmission plays a crucial
role in governing cognitive functions (Tang et al., 2021). In this regard,
15-20% of central neurons are GABAergic interneurons (INs), while the
majority (75-80%) are excitatory neurons (den Boon et al., 2015; Pelkey
et al., 2017). Although the population of INs providing inhibitory input
onto pyramidal neurons is relatively small, the delicate balance between
excitation and inhibition (E/I) is consistently maintained at approxi-
mately 20% excitation and 80% inhibition (den Boon et al., 2015)
reinforcing the idea that GABAergic INs play a pivotal role in mediating
neuronal homeostasis by inducing hyperpolarization of the cell mem-
brane. In this regard, INs serve as key regulators of cell excitability,
effectively establishing the temporal pattern of synaptic excitation by
orchestrating the precise timing of both input and output transmission
(Pelkey et al., 2017) through mechanisms of spontaneous, synchronous
and asynchronous neurotransmitter release (Kaeser and Regehr, 2014).
Moreover, GABAergic inhibitory neurotransmission is essential in
regulating brain rhythms and spontaneous neuronal activities
throughout the developmental process (Zhao et al., 2021). Notably, E/I
imbalance has been implicated in the underlying neurophysiological
mechanisms of several neuropsychiatric disorders, such as schizo-
phrenia, depression, anxiety and autism spectrum disorders (ASDs)
(Amin et al., 2006; Mohler, 2012; Morello et al., 2018; Pizzo et al., 2016;
Zhao et al., 2021). Because it has been shown that in rodents Gly can
produce severe behavioural changes that stem from E/I imbalance, we
explored whether the function of inhibitory synapses may be impaired
by Gly (Costas-Ferreira et al.,, 2022). To this end, we examined inhibi-
tory neurotransmission in primary cultured hippocampal neurons by
using patch clamp recordings. Our results show that Gly impairs both
pre- and postsynaptic GABAergic responses. Patch clamp experiments
demonstrated that while Gly exposure increases the amount of asyn-
chronous release, it decreases the spontaneous release by reducing both
amplitude and frequency of miniature inhibitory postsynaptic currents
(mIPSCs). Moreover, Gly altered the synchronous release by decreasing
the average amplitude of evoked inhibitory postsynaptic currents
(eIPSCs), an effect induced by the decreased number of postsynaptic
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GABAergic receptors of presynaptic release sites (Npjp) together with
the decreased size of the readily releasable pool available for synchro-
nous release (RRPsyy). Finally, by using confocal microscopy analysis we
show that the density of both pre- and post-synaptic inhibitory struc-
tures was reduced after Gly exposure. Taken together, our results indi-
cate that GABAergic synapses of primary cultured hippocampal neurons
are severely impaired by Gly administration.

2. Materials and methods
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 from the shelter 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. For
removal of embryos, animals were exposed to a rising concentration of
COy, leading to loss of consciousness and were then rapidly sacrificed by
cervical dislocation.

2.1. Cell preparation

Hippocampal neurons were obtained from 18-day-old embryo of
C57BL/6 mice. The mice were sacrificed by inhalation of CO,, and
embryos were removed immediately by cesarean section. After dissec-
tion under sterile conditions, the hippocampi were kept in cold HBSS
(4 °C) with high glucose, and then digested with papain (0.5 mg/mL),
dissolved in HBSS plus DNAse (0.1 mg/mL) as previously described
(Gavello et al., 2012). The isolated cells were then plated on round cover
glasses (12 mm) for the immunofluorescence and on dishes (35 x 10
mm) with four inner rings for electrophysiological recordings, at the
final density of 100 cells/l'm'n2 , and were maintained in a culture me-
dium consisting of Neurobasal, B-27 (1:50 v/v), glutamine (1% w/v),
penicillin-streptomycin 1% (all from purchased by Sigma-Aldrich).
Every 7 days for 2-3 weeks, a half-volume of the medium was
replaced. To examine the effects of Gly on cultured neurons, after 18
days in vitro (DIV), cultures were treated with 0.5 pg/mL (3 uM) of Gly
(Sigma-Aldrich, cat. 45521), in distilled water for 30 min. In control
cultures, the same volume of distilled water was added for 30 min.

2.2. Electrophysiology

Patch-clamp electrodes, fabricated from thick borosilicate glasses
(Hilgenberg, Mansifield, Germany), were pulled to a final resistance of
6-8 mQ. Patch clamp recordings were performed in whole cell config-
uration using a Multiclamp 700-B amplifier connected to a Digidata
1440 and governed by the pClamp 10 software (Axon Instruments,
Molecular Devices, Sunnyvale, CA, USA). Experiments were performed
at room temperature (22-24 °C) in whole cell configuration and data
were acquired with sample frequency of 10 kHz (Baldelli et al., 2007).
Currents were filtered at half the acquisition rate with an eight-pole
low-pass Bessel filter (1 kHz). Recordings with leak current > 100 pA
or series resistance >20MQ were discarded. Both mIPSCs and eIPSCs
were recorded by holding neurons at —70 mV (V,) (Gurgone et al.,
2023). The amplitude and frequency of mIPSCs were calculated using a
peak detector function with threshold amplitude set at 10 pA. Noise
analysis of mIPSCs was performed with MiniAnalysis software (Syn-
aptosoft, Decatur, GA, USA). Analysis of mIPSCs and eIPSCs amplitudes
were performed with Clampfit software (Axon Instruments).

Paired-pulse depression (PPD). The elPSCs associated with two
consecutive pulses separated by interpulse intervals of increased dura-
tion (from 20 ms to 2 s), repeated every 10 s, were recorded in order to
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study GABAergic PPD. The %PPD was calculated as: PPD = [(P1-P2)*
100]/P1, where P1 and P2 are respectively the amplitude of the first and
second eIPSC.

Cumulative amplitude analysis. The readily releasable pool (RRP) size
was measured considering the cumulative amplitude analysis
(Schneggenburger et al., 1999). Briefly, a train stimulus protocol, with a
frequency of 40 Hz and a duration of 2 s, was applied to the presynaptic
neuron (Gonzalez et al., 2014). The evoked currents are characterized by
an early depression during the first stage of the protocol, before reaching
a steady-state phase that is characterized by an equilibrium between
released and recycled vesicles. The linear regression to t = 0 of the
steady-state phase was assessed as the best linear fit with the greatest
number of data points starting from the last data point (Fig. 4b—f). The
RRP size was determined by considering the intercept of the linear fit on
the y-axis; pyes Was determined by dividing the first eIPSC amplitude by
the size of RRPyy.

Delayed asynchronous release. The delayed asynchronous release was
measured by comparing the charge of 1 s duration following the high
frequency (40 Hz) stimulation with the first 25 ms of eIPSC charge
recorded 10 s before stimulating presynaptic neurons at high frequency
(40 Hz) (Forte et al., 2020). The charge of spontaneous release measured
1 s before the train was subtracted from values of asynchronous.

Multiple probability fluctuation analysis. The quantal size (Quy), the
release probability of a synaptic vesicle released from a release site
(Prav), and the number of independent release sites (Npi,) were
measured by plotting the variance (6?) of eEPSCs amplitude in function
of their amplitudes recorded in different release probability conditions
(Clements and Silver, 2000). Qay, Prav and Npin are extrapolated by
considering the parabolic relationship between 6? and mean post-
synaptic current amplitude (1), where o= Alyy - Blﬁ\, and Iy = Npin
Prav Qav (Reid and Clements, 1999; Silver et al., 1998). Considering that
Nuin = 1/B; Quy = A/(1 + CV3); pruy = Ly (B/A) (1 + CV). CV is the
coefficient of variation of mIPSC amplitudes at an individual release site.
Release probability was varied adding different concentrations of cd?t
(2, 4 and 6 pM) and Ca?* (2 and 5 mM) to the external solution. I, and
o2 were calculated over a stable epoch of 20 events.

2.3. Solutions and drugs

For the recordings of mIPSCs, Tyrode’s Standard solution was used as
extracellular solution containing (in mM): 2 CaCly, 130 NaCl, 1 MgCly,
10 HEPES, 4 KCl, 10 glucose, pH 7.4. D-(-)-2 amino-5-
phosphonopentanoic acid (D-AP5; 50 pM), 6,7 Dinitroquinoxalone-
2,3-Dione (DNQX, 20 pM, Sigma Aldrich), and CGP58845 (5 pM)
(Tocris) were added to the external solution to block NMDA, non-
NMDA, and GABAjg receptors, respectively. Tetrodotoxin (TTX, 0.3
uM, Tocris) was added to block spontaneous action potentials genera-
tion. eIPSCs were recorded by perfusing postsynaptic neurons with
Tyrode’s Standart solution supplemented with 6,7-Dinitroquinoxalone-
2,3-Dione (DNQX, 20 pM, Sigma-Aldrich), D-(-)-2- amino-5-
phosphonopentanoic acid (D-AP5; 50 pM) and CGP58845 (5 pM)
(Tocris) were used for blocking AMPA dependent synaptic currents,
NMDA dependent activated currents and presynaptic GABAp receptors,
respectively. The standard internal solution was (in mM): 20 Cs-MSOs3,
90 CsCl, 10 HEPES, 5 EGTA, 2 MgCly, 4 ATP (disodium salt), and 15
Phosphocreatine (pH 7.4). eIPSCs were recorded by adding QX-314 (N-
(2,6-dimethylphenyl carbamoylmethyl) triethylammonium bromide,
10 mM, Tocris) into the internal solution to block postsynaptic Na*
currents activated during eIPSCs. Neurons were constantly superfused
through a gravity system constituted by a multibarreld pipette with a
single outlet and five inlets.

2.4. Immunocytochemistry

Cultured hippocampal neurons were fixed with paraformaldehyde
(4% in 0.1M phosphate buffer, PB, pH 7.4) for 10 min at room
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temperature (RT), washed three times for 5 min 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 h. Subsequently, the cells were
incubated overnight at RT with the primary antibody in a solution
containing 3% NDS and 0.5% Triton X-100 as follows: mouse anti-
gephyrin, 1:500 (Synaptic Systems, Gottingen, Germany, cat. 147 011),
rabbit anti-vGAT 1:500 (Synaptic Systems, Gottingen, Germany, cat.
131-002) and chicken anti-MAP2A/B 1:1000 (Immunological Sciences,
Rome, Italy, cat. AB-10417). Neurons were then rinsed in 0.01M PBS
and incubated with a solution containing an appropriate fluorescence
secondary antibody (1:1000, Jackson ImmunoResearch, West Grove,
PA, USA) with 3% NDS, and 0.5% Triton X-100. After several rinses in
PBS, the glass coverslips were mounted on microscope slides using an
anti-fade aqueous mounting medium (Dako, Italy).

2.5. Image acquisition and analysis

Five Z-stack (0.5 pm steps) images (1024 x 1024 pixel resolution, 8-
bit) were acquired with a confocal microscope (LSM 900; Zeiss) at 2x
digital zoom using a 40x oil immersion objective (N.A. 1.30) and
pinhole set at 1 Airy unit. The same values of laser intensity, digital gain
and offset background were used for each image acquisition session.
Images of secondary dendrites were acquired from at least 30 excitatory
neurons, showing a pyramidal-shaped soma, randomly selected for each
experimental condition and from two independent experiments.
Average intensity projection images were reconstructed and exported in
TIFF format for analysis using dedicated software (Fiji, version 1.34S;
National Institutes of Health, public domain). Synaptic puncta area and
density were automatically detected using a specific tool (i.e., analyze
particles) available in the Fiji software. The colocalization of vGAT and
gephyrin immunosignals was evaluated based on the determination of
the Pearson’s correlation coefficient (PCC) using the Fiji plug-in JaCoP
(Angelini et al., 2022; Bolte and Cordelieres, 2006). Fiji was used to
modify the brightness and contrast display for image visualization
purposes only.

2.6. Statistical analysis

The data are presented as mean + SEM. The normality test was
assessed through the D’Agostino Pearson’s normality test. For datasets
that passed the normality test, statistical analysis was conducted using
GraphPad Prism software (La Jolla, CA, USA) with a Student’s t-test.
When two sample groups were not normally distributed, we used the
non-parametric Mann-Whitney’s U test or, when specified, the
Kolmogorov-Smirnov test. The level of statistical significance is indi-
cated by the p-value: p < 0.05 = *, p < 0.01 = **, p < 0.001 = *** p <
0.0001 = **** Degrees of freedom values (U and t) are included in the
figure legends. Finally, all the datasets were analyzed by an operator
blinded to treatment conditions.

3. Results

3.1. Glyph lowers the amplitude of GABAergic eIPSCs

The measure of evoked inhibitory postsynaptic currents (eIPSCs)
(Fig. 1a) showed that Gly administration reduces the amplitude of
inhibitory GABAergic neurotransmission. In particular, Gly decreased
eIPSCs amplitude (Fig. 1b) from 1.54 + 0.16 nA (n = 20 cells) to 0.68 +
0.11 nA (n — 19 cells). The mean area underlying eIPSC was reduced as
well from 134.79 + 21.48 pC to 49.35 + 9.12 pC (Fig. 1¢c). The time
course of e[PSCs deactivation was fitted by a double exponential func-
tion with a fast (tr.s) and a slow (Ts0w) time constant. We also observed
that Gly did not modify the kinetic of eIPSCs deactivation (Fig. 1d and
e). In particular, in control neurons T, was 38.95 + 5.22 ms and Tyow
was 98.26 + 15.85 ms, while after Gly administration Ty, was 37.87 £
6.06 ms and Ty 97.77 + 16.58 ms. Altogether, these data indicate that
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