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ARTICLE INFO ABSTRACT

Handling Editor: Dr M. Roberto 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 neurotransmitters (e.g., serotonin, dopamine,
norepinephrine, and acetylcholine), increased oxidative stress in the brain associated with anxiety and
depression-like behaviors and learning and memory deficits. Despite compelling evidence pointing to a neuro-
toxic effect of Gly, an in-depth functional description of its effects on synaptic transmission is still lacking. To
investigate the synaptic alterations dependent on Gly administration 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
effects induced by Gly on GABAergic synapses, and reveal that Gly significantly impairs both pre- and post-
synaptic mechanisms.
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the specific biosynthesis of aromatic amino acids (Shende et al., 2024).
Gly mimics an intermediate state of the enzyme-substrates complex in

1. Introduction

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 (Puigbo
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
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other crops (Bghn 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 (Npiy) together with
the decreased size of the readily releasable pool available for synchro-
nous release (RRPgyy). 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
CO,, 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 CO5, 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/mm? 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 pM) 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 eIPSCs 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 eIlPSC amplitude by
the size of RRPgyp.

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 (Qgy), the
release probability of a synaptic vesicle released from a release site
(Prav), and the number of independent release sites (Np) were
measured by plotting the variance (62) 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 (I,), where 62 = Alyy - BIZ, and Iy = Npin
Prav Qav (Reid and Clements, 1999; Silver et al., 1998). Considering that
Nmin = 1/B; Qav =A/1 + CViZ); Prav = Ly (B/A) (1 + Cviz)- CV;j is the
coefficient of variation of mIPSC amplitudes at an individual release site.
Release probability was varied adding different concentrations of Cd>*
(2, 4 and 6 pM) and Ca?t (2 and 5 mM) to the external solution. I,y and

62 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 CaCl,, 130 NaCl, 1 MgCl,
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 GABAg 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 GABAg receptors,
respectively. The standard internal solution was (in mM): 20 Cs-MSOs,
90 CsCl, 10 HEPES, 5 EGTA, 2 MgCl,, 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. Glyphosate 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. 1c). The time
course of eIPSCs deactivation was fitted by a double exponential func-
tion with a fast (tf.s) and a slow (Tsjow) time constant. We also observed
that Gly did not modify the kinetic of e[PSCs deactivation (Fig. 1d and
e). In particular, in control neurons Tgg was 38.95 + 5.22 ms and Tgow
was 98.26 + 15.85 ms, while after Gly administration t¢,s was 37.87 +
6.06 ms and Tgjow 97.77 + 16.58 ms. Altogether, these data indicate that



G. Chiantia et al.

600 pA

80 ms

(@)
o

** 150+

Charge (pC)
o 83 8 35
8 8 & s

1 fast (ms)

0-

- Ctrl
-Gly

Neuropharmacology 262 (2025) 110183

B Ctrl
| Gly

N

*%k*

® Peak Amplitude (nA) o

300+

200+

T slow (ms)

100+

0-

Fig. 1. Glyphosate decreases the amplitude of GABAergic eIPSCs, without affecting eEPSCs. (a) Representative traces of eIPSCs in control and after 30 min Gly
exposure. (b) Bar graphs showing the mean amplitude of eIPSCs in control and after Gly (3 pM) treatment (t (4.27) = 31.74; ***p < 0.001, Student’s t-test). (c) Bar
graph representing the charge (pC) of eIPSCs (U (63); **p < 0.01, Mann-Whitney test). (d, e) Bar graph showing the time courses of eIPSCs deactivation, fitted with a

slow and a fast time constant (Tgow and Teast). (ctrl n = 20; Gly n = 19).

the decreased area of eIPSCs induced by Gly depends on the decreased
eIPSCs amplitude and not by kinetic changes of GABA, receptors
deactivation.

3.2. Glyphosate decreases GABAergic mIPSC amplitude and frequency

In order to assess the synaptic impairments responsible for eIPSCs
reduction produced by Gly, we first focused on mIPSCs (Fig. 2a).
Interestingly, we observed that Gly caused a significant decrease of
mIPSCs amplitude (Fig. 2b) and an increase of the interevent interval
(IEI) (Fig. 2c). In particular, the amplitude (Fig. 2b, inset) decreased on
average from 46.35 + 1.02 pA, (n = 11 cells, n = 444 events) to 39.76 +
1.29 pA, (n = 14 cells, n = 211 events) after Gly-administration and the
mean IEI (Fig. 2c¢, inset) increased from 306.30 + 16.67 ms to 495.02 +
41.77 ms. We next performed a peak-scaled variance analysis (PSVA) of
mIPSCs in order to investigate whether Gly affected the number of
postsynaptic GABA receptors (GABAARs) and their mean unitary cur-
rent (i) (Hidisoglu et al., 2022; Russo et al., 2019). We used a parabolic
fit to plot the distribution of mIPSCs variance (6?) as a function of their
amplitude and measured the number of GABARs activated by a quan-
tum of neurotransmitter (N) together with their unitary current (i).
Intriguingly, we found that Gly decreased the width (N*i) of the para-
bolic fit (Fig. 2d and e) associated with a 60% reduction of the number of
GABApRs activated by N (Ctrl: 30.59 + 9.28; Gly: 10.96 + 1.27)
(Fig. 2f). We also observed that Gly did not modify the initial steepness
of the parabolic fit, that is associated to the unitary current (i) of a single
GABAAR (Traynelis and Jaramillo, 1998) (Ctrl i: 2.77 + 0.31 pA; Gly i:
2.79 £+ 0.26 pA) (Fig. 2g). These data indicate that Gly alters GABAergic
synaptic transmission by targeting postsynaptic GABA, receptors and
reducing their number rather than affecting their unitary current.

3.3. Glyphosate does not affect the short-term synaptic plasticity of
GABAergic synapses

The increased IEI of mIPSCs induced by Gly suggests a possible
presynaptic impairment of GABAergic transmission. To test this idea, we
assessed whether Gly could affect GABA release probability (p) by
measuring the PPD that follows the stimulation of a presynaptic inhib-
itory neuron with a paired protocol with increasing inter-pulse intervals
(from 25 ms to 2 s) (Hidisoglu et al., 2022; Marcantoni et al., 2020)
(Fig. 3a). In control neurons, the percentage of PPD versus IEI decreased
following a double exponential decay with Tgg = 2.77 ms and Tg)ow =
162.34 ms (Fig. 3b) and PPD decreased from 81.38 + 4.83 % to 12.28 +
3.42 % when the IEl increased from 20 ms to 2 s (n = 8). Similar findings
were observed after Gly treatment: PPD was 91.60 + 2.44 % for IEI of 20
ms, while decreased to 15.98 + 3.88 % for IEI of 2 s, indicating that p is
not affected by Gly administration.

3.4. Glyphosate decreases the size of synchronous readily releasable pool
at inhibitory synapses and increases the contribution of asynchronous
GABA release

The presynaptic impairments induced by Gly were further investi-
gated by stimulating INs for 2 s at 40 Hz to assess the dynamics of GABA
release (Hidisoglu et al., 2022; Marcantoni et al., 2020). We observed
that the peak amplitude of the evoked currents decreased over time,
until reaching a steady-state condition both in control cultures and in
the presence of Gly (Fig. 4a). This behavior reflects the equilibrium
condition between vesicle release and vesicle replenishment reached at
the steady state. The backward linear extrapolation of eIPSC cumulative
amplitudes (Fig. 4b) furnishes an estimate of RRPgy;,, evaluated as the
intercept on the y-axis. Interestingly, our results show that RRPsy, is
significantly reduced by Gly (Fig. 4c), from 3.72 + 0.61 nA (n = 8) to
1.93 £ 0.49 nA (n = 8). Moreover, this decrease is not accompanied by a
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(2.31) = 14; *p < 0.05, Student’s t-test) as well as on neurotransmitter release probability (d). (e) Time course of normalized eIPSCs in control and treated conditions
indicates that the kinetic of release is not affected by Gly. (f) Cumulative eIPSC charge measured during 40 Hz stimulation for 2 s in ctrl and Glyphosate-treated
neurons. (g) Bar graph representing the size of RRP,,. (h) Bar graph comparing the amount of delayed asynchronous response normalized versus the synchro-
nous release in ctrl and Gly (U = 10; *p < 0.05, Mann-Whitney test) (ctrl n = 8; Gly n = 8 cells). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

reduction of the mean release probability (pyes), defined as the proba-
bility that any given vesicle in the RRPsy, will be released (0.58 & 0.10
in the control condition and 0.63 + 0.20 in the presence of Gly treat-
ment) (Fig. 4d). Finally, our results show that Gly did not alter the ki-
netic of deactivation of e[PSC amplitude during time (Fig. 4e). This latter
was fitted by a double exponential curve with a fast t,g and a slow Tgow
time constant that were respectively 0.36 ms and 16.11 ms in control
neurons and 0.57 ms and 13.33 ms in the presence of Gly.

We next assessed the cumulative curve of eIPSCs charge during 40 Hz
stimulation, in order to study the size of the total readily release pool
(RRPyy) of vesicles available for synchronous and asynchronous release
(Hidisoglu et al., 2022; Otsu et al., 2004) (Fig. 4f), without observing
any significant effect induced by Gly administration. Indeed, RRP;,; was
respectively 304.33 £ 40.99 pC (n = 8) in control condition and 239.40
+ 73.07 pC (n = 8) in Gly-treated neurons (Fig. 4g). Finally, by quan-
tifying the charge of GABAergic current for 1 s following 40 Hz stimu-
lation (Fig. 4a, insight), we compared the delayed asynchronous release
versus the synchronous release (Hidisoglu et al., 2022; Medrihan et al.,
2013). We found that while the delayed asynchronous release in control
condition was 8.52 + 2.58 times greater (n = 8) than the synchronous,
this ratio increased to 22.43 + 6.97 (n = 7) in the presence of Gly
(Fig. 4h). Overall, these observations show that Gly interferes with
GABA release without altering vesicle release probability, and that this
effect is associated with the decreased size of the RRPgy,. Moreover,

these data indicate that Gly produces a significant potentiation of the
delayed asynchronous release from GABAergic synapses.

3.5. Glyphosate decreases the number of GABAergic release sites without
altering release probability

We next performed the multiprobability fluctation analysis (MPFA)
(Clements and Silver, 2000; Hidisoglu et al., 2022; Marcantoni et al.,
2020) to assess the effect of Gly on GABAergic synaptic responses
focusing on the average quantal size (Qay), the number of independent
release sites (Np,in), and the average probability of a synaptic vesicle to
be released from a release site (pray) (Clements and Silver, 2000).
Different eIPSCs amplitudes were obtained by changing extracellular
calcium or cadmium concentrations both in control condition (Fig. 5a)
and in the presence of Gly (Fig. 5d). By plotting the variance 6% of
eIPSCs amplitudes (Fig. 5b—e) as a function of the average peak eIPSCs
amplitude (Iyean), we obtained a parabolic distribution characterized by
an initial steepness, a curvature and a size. These parameters were used
for measuring Qay, Prav, and N, respectively (Fig. 5¢c—f). We observed
that Gly decreased Np;, (Ctrl: 165.90 + 34.66; n = 12; Gly: 61.54 +
8.37;n =10) (Fig. 5g) and Qg (Ctrl: 48.70 + 7.57; n = 10; Gly: 19.24 +
4.740; n = 10) (Fig. 5h), in agreement with the decreased number of
GABAergic receptors (Fig. 2f). In contrast, pyay remained unaltered (Ctrl:
0.57 £ 0.11; n = 12; Gly: 0.62 £ 0.12; n = 10) (Fig. 5i), in agreement
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Fig. 5. Glyphosate decreases the number of release sites and quantal size. (a, d) Representative eIPSCs recorded in ctrl (a) and Gly-treated neurons (d) in different
release probability conditions. (b, e) eIPSC amplitudes versus different extracellular Ca?" and Cd?*" concentrations in ctrl and Gly-treated neurons. (c, f) Parabolic fit
of the variance of eIPSC amplitude plotted versus the average amplitudes of eIPSCs. (g) Bar graph summarizing the estimated number of release sites of GABAergic
synapses (t (2.93) = 12.26; *p < 0.05, Student’s t-test); (h) the average quantal size (t (3.14) = 20; **p < 0.01, Student’s t-test) and (I) the mean probability that a

vesicle is released from the RRPgyy,. (ctrl n = 12; Gly n = 10 cells).

with that observed previously on p and pyes values. Taken together,
these findings suggest that the decreased Npj, induced by Gly contrib-
utes to a reduction in the amplitude of eIPSCs.

3.6. Both density and organization of GABAergic connections become
atypical after glyphosate treatment

Finally, we assessed the structural organization of GABAergic syn-
apses decorating the dendrites of hippocampal neurons after 30 min of
either Gly or vehicle treatment. To this aim, we used double immuno-
fluorescence with antibodies against the vesicular GABA transporter
(vGAT), a presynaptic marker, and against gephyrin, the postsynaptic
scaffolding protein of GABA, receptors (Pizzo et al., 2016) (Fig. 6a).
Intriguingly, the quantitative analysis revealed that the exposure to Gly
produced a 41% reduction of VGAT" puncta density (Ctrl: 3.17 + 0.23,
n = 29; Gly: 1.86 + 0.17; n = 23; Fig. 6b), that was accompanied by a
28% decrease of gephyrin® puncta compared to vehicle (Ctrl: 3.88 +
0.24, n = 31; Gly: 2.79 + 0.18; n = 25; Fig. 6¢). Moreover, while the size
VGAT" puncta did not show any reduction after Gly treatment (Ctrl: 0.42
+ 0.03 pmz, n = 25; Gly 0.41 + 0.45 pmz; n = 23; Fig. 6d), the size of
gephyrin™ puncta was significantly smaller after Gly (Ctrl: 0.26 + 0.02
pm?, n = 27; Gly: 0.20 + 0.02 pm% n = 24; Fig. 1e). Finally, Gly
treatment significantly decreased the density of vGAT-gephyrin synaptic
appositions, as indicated by the Person’s correlation coefficient (PCC)
analysis (Ctrl: 0.53 £+ 0.02, n = 33; Gly 0.4 £+ 0.04; n = 29; Fig. 6f).
These findings indicate that Gly is able to significantly alter GABAergic
synaptic organization in hippocampal neurons by triggering the

structural remodeling of inhibitory connections.
4. Discussion

The majority of risk assessment studies aiming at evaluating the
safety of Gly-based herbicides were conducted more than 30 years ago
and largely ignored the potential effects of Gly on the central nervous
system. To address the safety of Gly, in this study we investigated the
effects of this compound on both functional and structural organization
of inhibitory synapses. Our findings provide insight into the precise
mechanisms of action of Gly and demonstrate that an acute exposure
(30 min) to 3 pM Gly, corresponding to the ADI concentration, reduces
the number of GABAergic synaptic contacts, the rate of GABA release
following neuronal excitation and the number of postsynaptic
GABAergic receptors. In particular, we observed a robust decrease in the
number of GABAergic synapses accompanied by their decreased func-
tionality attributable to a presynaptic decrease of the number of release
sites (Nin) and the size of RRPgyy, together with a postsynaptic decrease
of the number of GABA, receptors. Moreover, we demonstrated that
while the mechanisms governing spontaneous and synchronous release
of GABA are inhibited by Gly, the asynchronous GABA release is
potentiated, leaving open the question of the functional significance of
this effect.

4.1. Methodological considerations

3 pM concentration used in this study corresponds to the ADI of Gly,
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Fig. 6. Glyphosate alters both density and size of GABAergic synaptic contacts.
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(a) Confocal microscopy images showing inhibitory synapses in control and Gly-exposed neurons. Scale bar: 20 um. Inhibitory synapses were detected by using the
presynaptic marker vGAT (cyan) and the postsynaptic marker gephyrin (red). The soma and dendrites were labelled with anti-MAP2 antibody. Boxed dendritic
segments are shown as higher magnification images (below). Scale bar: 5 pm. (b, ¢) Bar graphs showing the average density of both VGAT (t (4.33) = 50; ****p <
0.0001, Student’s t-test) and gephyrin (t (3.39) = 54; ***p < 0.001, Student’s t-test) puncta. (d, e) Quantification of the averaged size of vGAT (t (0.22) = 46; p >
0.05, Student’s t-test) and gephyrin puncta (U = 211.5; *p < 0.05, Mann-Whitney test). (f) Quantification of the colocalization between vGAT with gephyrin
immunosignals. PCC was calculated in dendrite-containing regions of interest (U = 276; **p < 0.01, Mann-Whitney test). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

which has been established through toxicological assessments and
considered by European Food Safety Authority (EFSA) safe for chronic
human exposure (EFSA, 2015). Our study aimed to investigate the
physiological effects of Gly on GABAergic synapses, in order to generate
data that are valuable for human risk assessments and relevant to reg-
ulatory evaluations for realistic exposure conditions. To this aim, we

also considered that the NOEL (non-observed effect level) indicated by
EFSA is two orders of magnitude higher than ADI (~200 pM). We
compared these concentrations with the bioavailability of Gly (20%)
and with the results obtained by Cattani et al. (2014) showing that 200
uM of Roundup, corresponding to 80 pM concentration of Gly, did not
affect cell viability of hippocampal slices (Cattani et al., 2014). Finally,
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we considered the manuscript of Arrigo et al. (2023) showing that pM
concentrations of Gly are able to produce slight but significant modifi-
cations of cell viability and ROS production in H9¢2 cell (Arrigo et al.,
2023). As a result, we concluded that the concentration of 3 pM was
suitable for studying whether in primary cultured hippocampal neurons
Gly could be responsible for synaptic impairment without affecting cell
survival. Moreover, we incubated neurons for 30 min with Gly before
assessing its effect on inhibitory synapses following the previous study of
Cattani et al. (2014) where a similar incubation time on rat hippocampal
slices showed that Gly-based herbicide induces glutamatergic excito-
toxicity and oxidative damage in neuronal cells (Cattani et al., 2014).
Moreover, it has been shown that at low doses (1 pM-1 mM) Gly was
able to significantly affect cell viability and increase oxidative stress in
HO9c2 cells after an incubation time of at least 1-2 h (Arrigo et al., 2023).

4.2. Gly inhibits the spontaneous release of GABA

Chemical synapses release neurotransmitters by alternative mecha-
nisms (Kaeser and Regehr, 2014) each of those are considered important
for specific neuronal functions. We first focused on spontaneous GABA
release from hippocampal INs known to be involved in neuro-
development and synapse maturation (Andreae et al., 2012; Ganguly
et al., 2001). We noticed (Fig. 2) that Gly reduces both the amplitude
and the frequency of mIPSCs and suggested that both pre- and post-
synaptic sites of GABAergic synapses are affected by Gly. Importantly,
these results are in agreement with our anatomical data (Fig. 6) showing
that both the density and the organization of GABAergic contacts are
severely altered by Gly exposure, strongly arguing that the decreased
spontaneous release of GABA reflects a reduction of the total number of
inhibitory synaptic contacts. In line with these conclusions, we suggest
that the reduced mIPSCs amplitude induced by Gly is a direct conse-
quence of the decreased number of GABA, receptors, whereas the
reduced mIPSCs frequency is determined by the decreased RRPgy, size
and Npi, rather than by changes of vesicles release probability
(Figs. 2-4). As a result, the effects of Gly on hippocampal GABAergic
synapses could contribute to impair long-term synaptic plasticity and
memory formation (Ait Bali et al., 2019) by altering neuronal network
excitability. Moreover, Gly-induced alterations of GABA-mediated syn-
aptic signaling could also contribute to the onset of different neurolog-
ical disorders, including ASDs and neurodegenerative diseases (Forte
et al., 2020). The hippocampus contains a variety of GABAergic INs,
with a predominance of cholecystokinin™ and parvalbumin™ INs, which
are distinguished for different GABA release mechanisms and involve-
ment in a range of neuronal functions (Liu et al., 2006). In this
perspective, future research should aim to determine whether Gly is
accountable for distinct effects based on the different INs subtypes.
Finally, it should be taken into account that here the effect of Gly has
been investigated after 30 min since its application, therefore we cannot
exclude that longer incubation time could be responsible for additional
or different impairments.

4.3. Gly inhibits synchronous release of GABA

We have shown that Gly administration significantly decreases the
amplitude of eIPSCs (Fig. 1) without affecting their kinetic decay
(Fig. 1d and e). These findings, together with the absence of significant
effects of Gly on GABA, receptors unitary current (Fig. 2g), strongly
support the idea that the postsynaptic effect we observed depends on the
reduction of the number of GABA, receptors rather than on changes of
their subunit composition. Synchronous release of GABA is driven by
action potential propagation at the presynaptic membrane that is
responsible for the fast influx of Ca®" through presynaptic voltage gated
Ca?* channels (Medrihan et al., 2013). Interestingly, at presynaptic sites
the inhibitory effects of eIPSC amplitude induced by Gly nicely correlate
with decreased RRPgy, size (Fig. 4c) and number of release sites (Npin)
(Fig. 5g), while the decreased Q,y (Fig. 5h) is in agreement with the
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decreased number of GABA, receptors (Fig. 2f). Finally, because no
changes of GABA release probability (p, pray) (Figs. 4 and 5) have been
observed, our data suggest that the Ca?*~dependent mechanisms
responsible for synchronous release of GABA are likely not impaired by
Gly.

4.4. Gly potentiates asynchronous release of GABA

Asynchronous GABA release increases during prolonged high-
frequency synaptic stimulation and is important for preventing
network hyperexcitability (Kaeser and Regehr, 2014). Recent reports
revealed that asynchronous release is impaired in brain diseases such as
epilepsy (Forte et al., 2020) and neurodegeneration (Chiantia et al.,
2023). Compared to synchronous release, vesicles released asynchro-
nously have higher sensitivity to calcium that accumulates at presyn-
aptic site during prolonged stimulation and their release is impaired
when intracellular calcium concentration is dysregulated, a process that
occurs for example during the onset of Alzheimer’s disease (Chiantia
et al., 2023; Hidisoglu et al., 2022). Interestingly, our data reveal that
while RRPgy, size is decreased by Gly, the size of RRPyy remains un-
changed (Fig. 4g), a result in agreement with our analysis on the size of
VGAT™ presynaptic terminals showing that Gly does not produce sig-
nificant differences. These results indicate that Gly may increase the size
of the pool of vesicles responsible for asynchronous release while it can
decrease the pool of vesicles available for synchronous release.

In summary, in the present manuscript we investigated the effects of
Gly on hippocampal neurons and observed an overall impairment of
GABAergic synaptic structure and function. In particular, we demon-
strated a decreased number of GABAergic synaptic contacts accompa-
nied by a functional inhibition of GABAergic synapse attributable to a
presynaptic decrease of the number of release sites (N,i) and the size of
RRPgy, together with a postsynaptic decrease of the number of GABAA
receptors. In addition, our findings show that while Gly selectively in-
hibits spontaneous and synchronous GABA release it enhances asyn-
chronous GABA release, an interesting effect that will need further
investigation to understand its functional relevance. Finally, the current
dataset was collected using hippocampal neurons at 18 DIV develop-
mental stage, when the reconstituted neuronal network is thought to be
fully mature in terms of synaptic properties (Allio et al., 2015; Gavello
et al., 2018). Because the effects of Gly during neurodevelopment are
mostly unknown, it will be important in the future to assess synaptic
connectivity by treating neurons with Gly at earlier in-vitro develop-
mental stages.
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