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ABSTRACT

The omnipresence of environmental contaminants represents a health danger with
ramifications for adverse neurological trajectories. Here, we tested the dual-hit hypothesis that
continuous exposure to non-observable adverse effect level (NOAEL) glyphosate from pre-
natal to adulthood represents a risk factor for neurological-associated adaptations when in the
presence of the heterozygote or homozygote mutation of the Shank3 synaptic gene.

Ultrasound analysis of pregnant dams revealed patterns of pre-natal mortality with effects
dependent on wild-type, Shank32“/*, or Shank3““/*° genotypes exposed to NOAEL
glyphosate (GLY) compared to unexposed conditions. The postnatal survival rate was
negatively impacted, specifically in Shank3AC/+ exposed to GLY. Next, the resulting six
groups of pups were tracked into adulthood and analyzed for signs of neuroinflammation and
neurological adaptions. Sholl’s analysis revealed cortical microgliosis across groups exposed
to GLY, with Shank3““"* mice presenting the most significant modifications. Brain tissues
were devoid of astrocytosis, except for the perivascular compartment in the cortex in response
to GLY. Distinct behavioral adaptations accompanied these cellular modifications, as
locomotion and social preference were decreased in Shank3““* mice exposed to GLY.
Notably, GLY exposure from weaning did not elicit glial or neurological adaptations across
groups, indicating the importance of pre-natal contaminant exposure.

These results unveil the intersection between continuous pre-natal to adulthood environmental
input and a pre-existing synaptic mutation. In an animal model, NOAEL GLY predominantly
impacted Shank3““" mice, compounding an otherwise mild phenotype compared to
Shank3““"2€, The possible relevance of these findings to neurodevelopmental risk is critically
discussed, along with avenues for future research.



1. Introduction

Neurodevelopmental disorders are characterized by behavioral and learning maladaptations,
with increased incidence in past years. These disorders include autism spectrum disorder
(ASD), attention deficit hyperactivity disorder (ADHD), and intellectual disability. As
documented by the Centers for Disease Control and Prevention, the steady increase in the
incidence of neurodevelopmental disorders these last decades (Baio et al., 2018; de la Paz &
Canal-Bedia, 2021; Seretopoulos et al., 2020; Zeidan et al., 2022), cannot be explained only
by changes in diagnostic criteria. Genetic and environmental factors can contribute to the
development of neurodevelopmental disorders (Martin et al., 2018; Taylor et al., 2019). In
this clinical framework, emerging evidence raises the possibility of potentially dangerous
intersections between pre-existing neuronal mutations and continuous exposure to
environmental contaminants (He et al., 2022; Shelton et al., 2012). However, studies
examining this possibility are limited at the pre-clinical level.

Here, we tested the hypothesis that continuous dietary exposure to low-level glyphosate
(GLY) introduces adverse phenotypes in the presence of a heterozygote SHANKS3 gene
mutation, the latter recognized in neurodevelopmental disorders. A set of genes at the synaptic
level have been identified, whose monogenic mutation would generate ASD (B.M. et al.,
2012; Bourgeron, 2015; Krumm et al., 2014; O ’ Roak et al.,, 2012). SHANKS, a gene
encoding a synaptic scaffolding protein involved in the formation, maturation, and plasticity
of excitatory synapses (Boeckers et al., 2002; Sheng & Kim, 2000), displays mutations that
trigger ASD in humans (Bonaglia et al., 2001; Durand et al., 2007; Phelan & McDermid,
2012; Sandin et al., 2017), and certain specific phenotypes in rodents (Delling & Boeckers,
2021; Kouser et al., 2013; Moutin et al., 2021; Sala et al., 2015). The fundamental premise
that ASD is triggered by the interplay between genetic and environmental factors is reinforced
by findings from pre-clinical studies. Contrary to humans, mice with heterozygous mutation
of ASD-associated genes do not typically exhibit (or only minimally) ASD-like behavioral
impairments in the aseptic and controlled environment of the laboratory (Jaramillo et al.,
2017; Mei et al., 2016; Peca et al., 2011; Wang et al., 2016). By opposition, a homozygous
mutation in mice does lead to such deficits. Thus, it is possible that introducing environmental
stressors could expose phenotypes that are typically unrecognized in heterozygous animals.

This study focuses on GLY exposure as an environmental risk factor for adverse behavioral
phenotypes (Cresto et al., 2023; Roberts et al., 2019; Von Ehrenstein et al., 2019). Acute
toxicity of GLY appears to be very low on mammals with median lethal dose (DL50) ranging
from 2000 mg/kg to 8000 mg/kg depending on species and studies and the official DL50 from
US EPA (US environemental protection agency) is 5037 mg/kg. However, it has been shown
that GLY exposure to lower dose can be toxic for the nervous, immune and reproductive



systems (Gandhi et al., 2021). Moreover, studies have demonstrated that diet is likely to be
the major route of GLY exposure for the general population, especially in children (Fagan et
al., 2020). Very few studies have examined the impact of dietary GLY exposure delivered
chronically, fueling debates on its tangible effects on brain health (De Araujo et al., 2016; He
et al., 2022; Lacroix & Kurrasch, 2023; Von Ehrenstein et al., 2019). From this background,
we studied whether exposure to NOAEL GLY impacts phenotypes due to a mutation in the
SHANKS3 gene. We used wild-type, heterozygous or homozygous mice for SHANK3 gene
deleted after exon 21 (Shank3**, Shank3““"* and Shank3““"*® (Kouser et al., 2013; Moutin et
al., 2020)) and compared functional consequences of GLY daily administration, with two
distinct protocols including pre-natal period or not, of Non Observable Adverse Effect Level
(NOAEL; 50 mg/kg bw/day). We tested pregnancy and birth rates, biomarkers of brain
inflammation, and behaviors. Our results illustrate how pre-natal to adulthood exposure to
NOAEL GLY tilts the Shank3““”* mice phenotype, introducing extra-physiological
adjustments. These results support the detrimental synergy between environmental and
genetic predispositions or factors.

2. Material and methods

2.1. Animals

All animal procedures were conducted in accordance with the European Communities
Council Directive, supervised by the IGF institute’s local Animal Welfare Unit (A34-172-41)
and approved by the French Ministry of Research (agreement numbers: APAFIS#
2,020,021,914,472,552  #24578 v4, APAFIS# 2020020610158031 v2, #17133—
2018101615211943 v3). The Shank3AC mice have a deletion of exon 21 that includes the
Homer-binding domain (Jackson Laboratory, Bar Harbor, ME) and were backcrossed to
C57BL6/J mice.

2.2. Pellets production and dosage

Glyphosate (SigmaAldrich) was dissolved in a 9:1 volume/volume (v/v) mixture of
methanol:acetone. The solution was dispersed over the vitamin powder (PV 200, Scientific
Animal Food Engineering (SAFE, Augy, France)) and then homogenized in a rotavapor
(Laborota 4000™; BUCHI Switzerland) for 30 min at 45 -C to evaporate the solvents and for
50 min at room temperature. Control feed was prepared as described above, with the vitamin
powder incubated with a 9:1 mixture of methanol: acetone without GLY. The vitamin powder
with or without GLY enrichment was sent to the Animal and Food Science Unit (SAAJ, Jouy
en Josas, France) of the National Research Institute for Agriculture, Food and Environment
(INRAE), which prepared control and GLY-enriched pellets from a mixture of our control or



GLY-enriched vitamin powders (1 %) with minerals complements (7 %) and other diet
components (63 % carbohydrate, 5 % fat, 22 % protein, and 2 % cellulose). Eurofins (Nantes,
France) quantified the GLY in the pellets using gas-chromatography—tandem mass
spectrometry and liquid-chromatography—tandem mass spectrometry. The final concentrations
were confirmed, and the control feed did not contain GLY.

2.3. Maternal NOAEL GLY exposure

Eight-week-old female and male C57BL/6J strains were bred and housed in the IExplore
animal facility (Montpellier, France). Groups of Shank3**, Shank3““"* and Shank3““"*“ males
(n = 36) and females (n = 72) were randomly housed regarding genotype five or six per cage,
with a 12 h light/dark cycle, at a stable temperature of 21 + 2 -C, and were allowed ad libitum
access to food and water. For a five days mating period, the animals were divided into six
groups (exposed and unexposed to GLY and by genotype: Shank3"™*, Shank3™
Shank3“2°) and housed with one male and two females per cage (36 cages). During the
mating period, the diet was switched to either the GLY-enriched or GLY-free (Fig. 1). Food
and water consumption were monitored weekly during the mating and gestation period but not
during the lactation period to avoid cannibalism. After the mating period, males were
removed from the cages. Litters were changed at least once a week, and weaning was
performed at PN21 for each litter to minimize the offspring’s direct eating of pellet residues.
The male offspring from exposed or non-exposed dams were separated, housed in 3 or 4 per
cage according to their group, and fed accordingly. Weight, food, and water consumption
were monitored.

2.4. Post-Weaning exposure

Heterozygous mice were bred, and all mice were grouped after weaning for genotype. For
experiments, we used littermate males Shank3*"*, Shank3“"*, and Shank3“/2°. After weaning
at PN21, each genotype was randomly divided into two groups: GLY exposed or unexposed.
Weight, food, and water consumption were monitored weekly. The food pellets were weighed
each week before and after resupplying for each cage. Food consumption was evaluated by
subtracting these two measurements and dividing the result by the number of mice per cage.
The same assessment was made for water consumption.
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Fig. 1. Protocol overview. (A) To test the effects elicited from continuous exposure to GLY, from pre-natal to
adulthood, and whether GLY exposure aggravates symptoms due to specific ASD-like synaptic mutations, WT
(+/+), heterozygous Shank3 mice (AC/+) and homozygous Shank3 mice (AC/AC) were fed with a pellet
containing European Non-Observable Adverse Effect Level (NOAEL) of GLY (50 mg/kg bw/d). The treatment
was at mating, gestation, and lactation. Female weight, food, and water intake were monitored. An ultrasound
was performed on pregnant mice at embryonic day 12 (E12). Mortality was assessed from birth to weaning. At
weaning, animals were directly fed using pellets containing GLY. At 12 weeks, cognitive performances were
evaluated using behavioral tasks: stereotyped and repetitive behaviors measuring self-grooming episodes and
marble burying. Locomotion, anxiety, and memory using the open field apparatus, and social preference using
the three chambers test. Videos were recorded and analyzed through automated video tracking systems (Noldus).
At the end of the protocol (14 weeks), brains were collected and fixated to perform histology. (B) In parallel,
another cohort of Shank3+/+, Shank3AC/+, and Shank3AC/AC mice was constituted; the GLY exposure started
at the weaning until the end of the study. Weight, food, and water intake were monitored. At 12 weeks, cognitive
performances were assessed using the tests previously described. At 14 weeks, brains were collected and fixated
for histology.



2.5. Transcutaneous high-resolution ultrasound imaging during gestation

High-resolution ultrasound (Vevo 3100, Fujifilm/VisualSonics, Canada) was used to monitor
the presence of live and dead embryos or fetuses in the same mothers. An MX550D
ultrasound probe performed transcutaneous imaging of embryos and fetuses at 40 MHz. After
anesthesia with 2.5 % of isoflurane and maintained at 2 % during the application of pre-
warmed ultrasound gel, fetuses were examined, counted, and considered alive by the
identification of a heartbeat.

2.6. Maternal behavioral experiments

After pups were weaned, two dams were kept in each cage, and nesting behavior related to
motherhood and anxiety was assessed. Nesting: 6 g of nesting material was placed in home
cages. Twenty-four hours later, the quantitative amount of nesting material that was actively
pulled into the cage and the quality of the nest are assessed, and an experienced experimenter
takes and analyzes photographs of the nests manually. Postnatal mortality evaluation: the
mortality of the pups was monitored several times per day from the day of birth until one
week, and then every day until weaning.

2.7. Behavioral tests

Behavioral experiments were performed on animals between 13 and 20 weeks old. Mice were
housed in group cages with 4-3 individuals per cage, supplemented with enrichment cotton
nests and nest boxes. Behavioral experiments were performed between 8:00 am — 4:00 pm in
a light color wall room with control light devices. Marble burying: mice were placed
individually in a clean cage with 10 cm thick bedding and 15 marbles evenly distributed on
top of the bedding. After 30 min in the cage, the mice were removed. We evaluated the level
of marble burying according to the following Score: 0 for a buried marble, 1 for a half-buried
marble, and 2 for a visible marble. Self-grooming: mice were placed in a 25 cm Plexiglas
cylinder and video monitored. Time spent self-grooming was visually measured during 10
min. Open field and Novel object recognition task (NOR): mice were tested in the open field
apparatus (50 cm x 45 cm). The locomotor activity was recorded with the EthoVision XT
video tracking system (Noldus, Wageningen, Netherlands). Animals were first habituated to
the arena for 10 min. Each mouse was placed in the open field’s periphery and allowed to
freely explore the apparatus for 10 min, with the experimenter out of the animal’s sight. The
distance traveled and time spent in the central region were recorded by video tracking over the
test session. The time spent in the center area is used as an anxiety index. One hour later, mice



were tested for object recognition in the same arena. They were submitted to a 10 min
acquisition trial and placed in the arena with sample objects (A and A’). The animal’s time to
explore the samples (sniffing) was automatically recorded. A 10 min retention trial was
performed one hour later. During this trial, one of the samples A, and another object, B were
placed in the open field, and the times tA and tB the animal took to explore the two objects
were recorded. A recognition ratio was defined as (tB / (tA + tB)). Three Chambers Social
preference test: this test evaluates a mouse’s preference for a congener compared to an object
placed in an opposite compartment. Social behavior is altered in Shank3““* mice (Kouser et
al., 2013). The apparatus is a transparent cage with a central starting compartment and two
side compartments where a circular grid cup (goal box) is placed at each extremity and where
the congener and the object can be placed during testing. First, the mouse was placed in the
central box and allowed to freely explore the apparatus for 10 min to attenuate its
emotionality. One hour later, a C57BI/6 congener from the same sex was placed in one goal
box, and an object was placed in the opposite compartment. The mouse was then placed in the
starting central compartment and allowed to explore the apparatus freely for 10 min. The
position of the congener and object boxes was counterbalanced to avoid any potential spatial
preference. The duration of exploration of each goal box (when the mouse is sniffing the grid
delimiting the goal box) was automatically measured. The percentage of time the mouse took
to explore the congener was used as an index of social preference. The social preference index
is (time Congener / (time Object + time Congener)).

2.8. Histology and quantifications

Mice were deeply anesthetized with ketamine/xylazine and perfused intracardially with saline
solution. The brains were carefully dissected and post-fixed overnight with PFA 4% at 4 -C.
The next day, brains were cryoprotected overnight in phosphate buffer saline solution (PBS)
containing 30 % sucrose. The brains were cut into 20 um sections on a cryostat (Leica,
Germany). Slices were stored in PBS with cryoprotectant at [1 20 -C until use. For
immunofluorescence, slices were blocked with PBS-Horse serum-Triton (PBS with 20% of
horse serum and 0.25% of Triton) for 1 h at room temperature, incubated overnight at 4 -C
with primary antibodies in the blocking solution, washed three times with PBS, incubated 1
h30 with secondary antibodies in the blocking solution and washed three times with PBS
before mounting with Fluoromount with DAPI (Invitrogen). Glial fibrillary acidic protein
(chicken GFAP antibody, Abcam ab4674), ionized calcium-bound adaptor molecule 1 (rabbit
IBA1 antibody, Wako 019-19741), and cluster of differentiation 31 (rat CD31 antibody,
Abcam ab56299) antibodies were used to stain astrocytes, microglia and vessels border,
respectively. Sholl analysis: Z-stack images were acquired at an epifluorescence microscope
with a 40 X magnification (Apotome, Zeiss). Astrocytes were selected based on the GFAP
staining, and microglia were selected based on the IBAL1 staining. The ImageJ plugin *Sholl
analysis® (Ferreira et al., 2014) was used to measure the number of intersections between
GFAP staining and the concentric circles spaced by 5 um and centered on the astrocyte



nucleus. Astrocytes vascular coverage: The quantification of GFAP optical density around the
microcapillary serves as a biomarker for assessing local astrocyte reactivity, which in turn is
an indicator of inflammation in the vascular compartment (Kozberg et al., 2022). This
measurement holds particular significance because glyphosate in the bloodstream due to
continuous dietary ingestion may adversely affect microvessels at the blood-brain barrier,
potentially leading to vascular wall damage and localized inflammation. Vessels were stained
using CD31 antibody, and astrocytes were stained using GFAP antibody. Analysis was done
on the parietal cortex. Using ImageJ, the mask of the CD31 staining was transferred to the
GFAP channel, and the raw integrated density was measured around the mask.

2.9. Statistics

In utero and postnatal mortality rate data were analyzed using a Generalized Linear Model
(GLM, SPSS software, IBM) to test the main effect of GLY exposure or genotype and the
GLY exposure by genotype interaction effect. All other data are expressed as the mean +
SEM. Before statistical comparison, normality tests and variance analysis (Shapiro—Wilk test)
were performed, and the appropriate two-sided parametric or nonparametric statistical test
was used. For the parametric data set, statistical significance for within-group comparisons
was determined by 2-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc
test, while for the nonparametric data set, statistical significance was determined using
Kruskal-Wallis followed by Dunn’s post hoc test. For behavioral experiments (Novel object
recognition and social preference test), red asterisks indicate differences related to the
hypothetical value set at 0.5 using a one-sample t-test. Statistical analysis was performed
using Prism 9.3.1 (Graphpad Software, CA, USA). Asterisk represents the difference between
genotypes, while the hashtag symbol represents the GLY effect for each genotype. Statistics
of pre-natal to adulthood exposure are reported in Table 1.



Table 1
Statistics table of pre-natal to adulthood exposure. For each groups and each measurment data mean, SEM, number of animals, normality test and ANOVA p-value were represented. Data highlighted in orange
reprecent statstical significant results.
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Fig. 2. Perinatal GLY exposure induces in utero death and increases postnatal mortality in
Shank3*“?. (A-D) An ultrasound was performed on anesthetized pregnant mice at embryonic day 12
(E12) (+/- 1 day) for all genotypes. The number of fetuses was counted for each pregnant mouse, and
based on the heartbeat coupled with Doppler imaging, the number of dead fetuses was obtained. +/+
CTR, N =10; +/+ GLY, N =10; AC/+ CTR, N = 7; AC/+ GLY, N = 8; AC/AC CTR, N= 11; AC/AC
GLY, N = 14. Generalized Linear Model (p interaction genotype X GLY < 0.01) (E) After birth,
mortality of the pups was monitored several times per day from the day of birth until one week and
then every day until weaning. +/+ CTR, N = 14; +/+ GLY, N = 12; AC/+ CTR, N=17; AC/+ GLY, N
=16; AC/AC CTR, N =12; AC/AC GLY, N = 15.Generalized Linear Model (p interaction genotype X
GLY = 0.043). (F-H) Dams’ weight gain (in percentage), food, and water intake (g/kg bw/d) were
monitored during the three weeks of pregnancy to ensure good nutrition and global health. +/+ CTR, N
=12; +/+ GLY, N =8; AC/+ CTR, N=9; AC/+ GLY, N =8; AC/AC CTR, N =12; AC/AC GLY, N =
14. E, 2-way ANOVA (p = 0.1356), F, 2-way ANOVA (p < 0.001), G, 2-way ANOVA (p = 0.2371).
(1) GLY exposure was assessed by quantifying it in the feed pellets and monitoring the daily food
consumption of mice. (J-K) Dams’ nesting capabilities were assessed. +/+ CTR, N=7; +/+ GLY, N =
5; AC/+ CTR, N = 6; AC/+ GLY, N =7; AC/AC CTR, N = 7; AC/AC GLY, N = 7. Kruskal-Wallis test
(p = 0.1469). Asterisks indicate statistical significance (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p
< 0.0001), ns: non-significant.
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Fig. 3. F1 weight gain, food, and water intakes monitoring. (A) F1 weight gain (grams (g)), food (B), and
water intakes (C) expressed as g or ml/g of body weight (gBW) / day(d) were monitored from weaning to 7
weeks. (D) Theoretical GLY exposure of F1 was evaluated based on food consumption and Eurofin’s GLY
concentration measurment. Body weight:: +/+ CTR, N = 19; +/+ GLY, N = 16; AC/+ CTR, N = 16; AC/+ GLY,
N =8; AC/AC CTR, N =5; AC/AC GLY, N = 6. Food and water intakes (N = cages): +/+ CTR, N = 4; +/+ GLY,
N =4; AC/+ CTR, N = 5; AC/+ GLY, N =2; AC/AC CTR, N =2; AC/AC GLY, N = 2 s. Glyphosat theoretical
exposure (N = cages): +/+ GLY, N =4; AC/+ GLY, N =2; AC/AC GLY, N =2. A, 2-way ANOVA (p < 0.001),
B, 2-way ANOVA (p = 0.1598), C, 2-way ANOVA (p = 0.6438). D, 2-way ANOVA (p = 0.0240).
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3. Results

3.1. Pre- and postnatal viability and weight gain trajectories: Interaction between genotype
and GLY exposure

Fig. 1 illustrates the experimental design. We first examined whether exposure to dietary
NOAEL GLY starting prenatally impacts pregnancies in Shank3AC/AC, Shank3AC/+, and
wild-type, Shank3+/+ dams (Fig. 1A). Using ultrasound monitoring at embryonic day 12
(E12), we found a statistically significant interaction effect of GLY exposure and genotype on
the mortality rate of fetuses in utero and those alive. GLY exposure was associated with an
increase in the number of not viable fetuses in the womb in Shank3““* and Shank3*"* mice
(Fig. 2A - D). In Shank3““"* mice, the number of dead fetuses in the womb and the postnatal
mortality rate are higher than in Shank3““"* and Shank3*"* mice, with no additional effect of
GLY exposure. Postnatal mortality specifically increased in GLY-exposed Shank3““™* (Fig.
2E), unveiling a possible composite impact in these experimental conditions. Interestingly, we
did not find any differences in weight gain (Fig. 2, F), food and water intakes (Fig. 2, G, H),
and maternal behavior (Fig. 2, J-K) across genotypes and GLY groups, all factors that could
have influenced pups’ survival. Using measured concentration of GLY in pellets and the
mother’s food intake, we calculated the theoretical GLY exposure during pregnancy (L. Smith
et al., 2020). All mice were similarly exposed to GLY (Fig. 2, 1). Next, we tracked the
offspring from weaning into adulthood. All animals across groups showed similar weight gain
trajectories, with similar food and water intakes (Fig. 3A-C). Mice across genotypes were
exposed to GLY similarly (Fig. 3D).

3.2. Cellular signs of neuroinflammation in adults depend on GLY exposure schedule and
genotype

From this set of results, we explored the neuroinflammatory and neurological-associated
adaptations emerging in adulthood from NOAEL GLY exposure and Shank3AC mutations.
Glial cells are critical in brain disease conditions (Vargas et al., 2005). Importantly, in mice,
GLY ingestion triggers pro-inflammatory cytokines production in the brain (Winstone et al.,
2022), although evidence refers to exposure levels higher than the NOAEL dose. Here, we
measured morphological alterations of microglia and astrocytes associated with continuous
GLY exposure from pre-natal stages and compared it to post-weaning exposure only, in
adulthood. First, we examined microglia in the parietal cortex and hippocampus using Sholl
analysis to characterize changes in the process arbor based on the IBAL staining (Fig. 4, A).



NOAEL GLY exposure elicited microglial modifications in the parietal cortex in all three
genotypes: Shank3**, Shank3““"*, and Shank3“““ mice (Fig. 4, B1 - B3), while the
hippocampus was spared (Fig. 4, C1 - C3, F, I). In the cortex, we report a morphological
indication of microglia activation, in particular shorter cellular processes extending from the
soma in all genotypes exposed to GLY, with an activation pattern quantifiable at 5-30 um and
35-60 um distance from the soma (Fig. 4, D, E, G, H). Notably, the effect of GLY exposure
on microglial cells was more pronounced in Shank3““"* than in WT groups (Fig. 4, G),
suggesting a possible genetic susceptibility. In the parietal cortex of Shank3“¢, the
microglial process arbor shows fewer ramifications than the two other genotypes in the
control non-exposed condition, highlighting a genetic susceptibility given by the Shank3“¢
mutation for microglial activation. Next, we tested whether microglial modifications exist if
NOAEL GLY dietary exposure starts from PN21, avoiding perinatal stages. Supplemental
Fig. 1 only shows marginal changes in IBA1 immunoreactivity in GLY-exposed conditions
compared to control (CTR). These data suggest that GLY presence during perinatal
development could be critical to trigger a microglial pathological imprint. To further elucidate
this phenomenon, additional investigations could examine the complex alterations in
molecular pathways associated with inflammatory responses. Next, we evaluated astrocytes’
immunoreactivity (Fig. 5). Astrocytes switch in response to central nervous system
pathologies from a resting to a reactive state by changing their morphology. This process is
characterized by the upregulation of glial GFAP with hypertrophy. In the parietal cortex (Fig.
5, A), NOAEL GLY exposure induced accumulation of GFAP around vessels in Shank3*“’*
and Shank3““2 mice compared to their non-exposed control (Fig. 5, D-G), indicating
perivascular activations (Fig. 5, B, E, H). In the hippocampus, astrocytes in Shank3** mice
exposed to GLY displayed minimal or no adjustments (Fig. 5, C, F1 - F3). Next, we tested the
effects of post-weaning exposure to GLY from PN21. We found no differences in astrocyte
morphology in Shank3** and Shank3““"* genotypes for both brain structures (Supplemental
Fig. 2).

3AC

3.3. Behavioral adaptations depend on Shank3“~ mutation and GLY exposure

Evidence links glial cell activations with specific behavioral adaptations and adverse
neurological trajectories (Allen & Eroglu, 2017; Liddelow et al., 2017; Vargas et al., 2005).
Here we performed behavioral phenotyping using translational relevant tests to
neurodevelopmental conditions, focusing on autism—like phenotype considering the role of
Shank3AC mutation in this disease (Kouser et al., 2013; Moutin et al., 2020). In the marble-
burying test, unexposed Shank3““* and Shank3“““¢ mice buried significantly fewer objects
than the Shank3"* (Fig. 6, A - C). This result was expected as mice carrying Shank3
mutations show an aversion to novelty (Kouser et al., 2013; Peca et al., 2011). Next, we
evaluated the time mice spent self-grooming. Excessive self-grooming is considered both a
manifestation of anxiety and obsessive—compulsive-like behavior. Shank3““A mice spend
increased time self-grooming (Fig. 6, D) (Kouser et al., 2013; Moutin et al., 2021). However,



we found no difference between Shank3** and Shank3““"* genotypes and no additional effect
of GLY exposure. We performed the open field test to measure the natural locomotion and
explorative behavior in an enclosed arena (Fig. 6, E). We first evaluated locomotion and
found that GLY exposure significantly reduced the distance traveled in the Shank3““"* group
(Fig. 6, G, H). Shank3““"* and Shank3"* mice spent comparable time in the center zone,
excluding anxiety-like traits. NOAEL GLY exposure did not impact this behavior (Fig. 6, 1).
To assess working memory, mice were tested for novel object recognition (NOR; Fig. 6, F). If
the discrimination ratio is under 0.5, the mice explore the familiar object preferentially (Fig.
6, J, K). We found no difference between Shank3““* and Shank3** genotypes and their
respective GLY exposure conditions, all these mice explore more the new object (Fig. 6, J,
K). Conversely, Shank3AC/AC mice have a discrimination ratio no different than 0.5 and
GLY exposure does not affect this outcome.

To complete this behavioral phenotyping, we assessed social preference in a three-chamber
test (Fig. 6, L). Exposure to GLY induces a deficit in social preference in Shank3"* and
Shank3““"* mice, as the mean ratio of exposed mice is not different from 0.5 (Fig. 6, M, N).
Finally, we tested the effects of post-weaning NOAEL GLY exposure on behavior. We found
no impact of GLY exposure in the self-grooming time (Figure supp 3, D), in the time spent in
the center of the open field (Figure supp 3, E, 1), in locomotion (Figure supp 3, G, H), in the
NOR test (Figure supp 3, J, K), and in the three-chamber social preference test (Figure supp 3,
L-N). The only difference found was an increase in the marble score of the Shank3** GLY
group, reaching approximately the Shank3AC/+ level (Figure supp 3, C). Maternal exposure
to GLY appears influential in shaping long-term behavioral adaptations.

4. Discussion

Understanding the impact of environmental contaminant exposure on brain health and
function is a fundamental public health concern, particularly if genetic risk factors pre-exist.
While studies have reported adverse effects of GLY on health, it is essential to consider that
the levels of GLY used in varying studies are often higher than what is found in food and
water (Costas-Ferreira et al., 2022). In this pre-clinical work, we designed a protocol to
understand the impact of continuous dietary NOAEL GLY intake on brain function in the
presence of SHANK3 mutations, the latter predisposing to neurodevelopmental disorders in
humans. Our data outline a double-hit setting where an environmental input and a pre-existing
synaptic Shank3AC/+ mutation can synergistically and negatively impact specific birth and
neurological-associated trajectories. Overall, a significant impact of a GLY -containing diet is
reported on pups’ viability, the emergence of glial morphological adaptations, and atypical
adult social behaviors, with a specific impact on mice carrying a heterozygous mutation of the
SHANK3 gene. A predominant effect of homozygous mutation triggers phenotypic



adaptations, which are not worsened by the selected protocol. The presented work is
consistent with previous studies showing how genetic variations can influence the brain’s
response to environmental poisoning and increase susceptibility to specific neurological
conditions (Boyd et al., 2022; Miguel et al., 2023). NOAEL GLY exposure during pregnancy
significantly increased the mortality rate per liter of Shank3AC/+ dams. Consistently, some
studies have examined the association between ASD and fetal abnormalities (Ploeger et al.,
2010; Regev et al., 2022). Maternal autism is also associated with preterm birth, but likely due
to an increased frequency of medically indicated preterm births (Sundelin et al., 2018). Hence,
embryos from mothers with ASD or siblings of individuals with ASD may have lower
viability rates than embryos from healthy groups. While these studies suggest potential
associations between ASD and the viability of embryos or pups at birth, the observed
differences are generally small and do not imply causation. 4.1. Genetic predisposition and
environmental input: The emergence of neurological-associated adaptations Our results show
that pre-natal NOAEL GLY exposure leads explicitly to the disappearance of social
preference in Shank3** and Shank3““"* mice. This is one major characteristic of the ASD
mice model as it mimics social impairments in patients with ASD. Shank3““"“C exposed and
non-exposed have a ratio above 0.5, which could surprisingly suggest a typical social
preference. However, we must remember their natural avoidance of objects that complexify
the interpretation and could mask their social phenotype. The hippocampal neuronal circuits
are responsible for feeling and consolidating emotions, learning, and memory. The impact of
GLY on the synaptic plasticity in hippocampal circuits has been widely studied (see canonical
studies, referring primarily to Roundup (Cattani et al., 2014, 2021)). Likewise, subchronic and
chronic exposures of mice to oral glyphosate-based herbicides (GBH) administration
decreased exploratory activity. It increased anxiety and depression-like behaviors in rodents,
which was associated with alterations in the substantia nigra pars compacta, dorsal raphe
nucleus, basolateral amygdala, and ventral medial prefrontal cortex (Ait Bali et al., 2017). In
contrast, the neurogenetic effects of ASD and GLY exposure on the parietal cortex have been
less studied. The parietal cortex plays a crucial role in processing varying information,
including touch, spatial awareness, and the integration of sensory inputs, consistent with its
potential involvement in ASD. First, altered sensory processing is a ubiquitous feature of
individuals with autism, including hypersensitivity or hyposensitivity to stimuli (Marco et al.,
2011). Second, the parietal cortex is involved in visuospatial processing and skills. Some
individuals with autism may have difficulties with spatial tasks and navigation (A. D. Smith,
2015), which could be related to atypical functioning in this brain region. Another aspect to
consider is the theory of mind, which pertains to the capacity to comprehend the cognitive
aspects of others, encompassing their thoughts, convictions, and motivations. Research has
suggested that the parietal cortex may play a role (Mason & Just, 2009); deficits in the theory
of mind are commonly observed in individuals with ASD, and disruptions in the parietal
cortex could contribute to these difficulties. Last, neuroimaging studies have shown that
individuals with ASD often exhibit altered connectivity patterns, including at the parietal
cortex level (Xiao et al., 2023). These connectivity abnormalities may underlie some of the
cognitive and behavioral characteristics of autism.
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Fig. 5. Perinatal GLY exposure does not induce astrocytes except for cortical perivascular glial reactivity
in AC/p mice. Representative images showing GFAP immunofluorescence around vessels stained by CD31 in
the parietal cortex (A) and hippocampus (B). (C) The morphology of astrocytes (GFAP staining and ImageJ
threshold) was assessed using Sholl analysis in the hippocampus of Shank3+/+, Shank3AC/+, Shank3AC/AC
treated or not with GLY. (D, G) Raw integrated density was measured using ImageJ software around vessels in
the parietal cortex (N = 4, ordinary one-way ANOVA, p = 0.0018). It was normalized for each genotype by their



control diet (N = 4, unpaired t-test, p = 0.0182). (E, H) Raw integrated density was measured using ImageJ
software around vessels in the hippocampus (N = 4, ordinary one-way ANOVA, p = 0.7769). It was normalized
for each genotype by their control diet (N = 4, ordinary one-way ANOVA, p = 0.8765). (F1- F3) Quantification
of the Sholl analysis in the hippocampus of Shank3+/+ (F1), Shank3AC/+ (F2), Shank3AC/AC (F3) treated or
not with GLY (F, +/+: Two-way ANOVA, p < 0.0001; AC/+: Two-way ANOVA, p =0.4471, AC/AC: Two-way
ANOVA, p = 0.0266). Asterisks indicate statistical significance between genotypes, and hashtags indicate GLY
effect (*, #p < 0.05; **, ## p < 0.01; ***, ### p < 0.001; ****, ##H# p < 0.0001), ns: non-significant.

Fig. 6. Perinatal GLY exposure impairs locomotion and social preference behaviors depending on the
presence of Shank3 mutation. (A-C), stereotyped and repetitive behaviors measured by the self-grooming
episodes (D), locomotion (E-G-H), anxiety (1), memory (F-J-K) using the open field apparatus, and social
preference using the three chambers test (L-N). Videos were recorded and analyzed through automated video
tracking systems (Ethovision, Noldus). (A-C) The marble score was evaluated according to the following Score:
0 for a completely buried marble; 1 for a half-buried marble, and 2 for a whole visible marble. +/+ CTR, N = 14;
+/+ GLY, N = 12; AC/+ CTR, N = 10; AC/+ GLY, N = 10; AC/AC CTR, N = 17; AC/AC GLY, N = 11.
Ordinary one-way ANOVA, p < 0.0001. For each genotype, the marble score was normalized by their control
diet. Ordinary one-way ANOVA (p = 0.0300). (D) Time spent self-grooming was visually measured during 10
min. +/+ CTR, N =12; +/+ GLY, N = 11; AC/+ CTR, N = 11; AC/+ GLY, N =9; AC/AC CTR, N = 16; AC/AC
GLY, N = 11. Ordinary one-way ANOVA, p < 0.0001. (E, G-I) Total distance traveled and time spent in the
center zone were measured over 10 min. +/+ CTR, N = 22; +/+ GLY, N =10; AC/+ CTR, N =11; AC/+ GLY, N
=7; AC/AC CTR, N = 17; AC/AC GLY, N = 10. Kruskal- Wallis test (Distance: p = 0.219; time spent in the
center zone: p = 0.6140). For each genotype, the distance traveled was normalized by their control diet. Kruskal-
Wallis test (p = 0.0030). (F, J, K) One hour after the open field, mice were exposed to two similar objects in the
open field arena, and one hour later, one familiar object was replaced by a new one. The discrimination ratio was
calculated. +/+ CTR, N = 22; +/+ GLY, N = 10; AC/+ CTR, N = 11; AC/+ GLY, N =7; AC/AC CTR, N = 17,
AC/AC GLY, N = 10. Red asterisks: one sample t-test (hypothetical mean: 0.5), black asterisks: ordinary one-
way ANOVA (p = 0.0011). For each genotype, the discrimination ratio was normalized by their control diet.
Ordinary one-way ANOVA (p = 0.0201). (L-N) One hour after the habituation period in the empty three-
chamber test, an unfamiliar mouse was introduced into one of the empty wire cups and an object into the other.
The test mouse was reintroduced, and the time spent sniffing each wire cup was analyzed for 10 min. The social
preference ratio was calculated +/+ CTR, N = 10; +/+ GLY, N = 10; AC/+ CTR, N = 10; AC/+ GLY, N = §;
ACIAC CTR, N = 8; AC/AC GLY, N = 10. Red asterisks: one sample t-test (hypothetical mean: 0.5), black
asterisks: ordinary one-way ANOVA (p < 0.001). The social preference ratio was normalized for each genotype
by their control diet. Kruskal-Wallis test (p = 0.0123). Asterisks indicate statistical significance between
genotypes, and hashtags indicate GLY effect (*, #p < 0.05; **, ## p < 0.01; ***, ### p < 0.001; ****, ###H p <
0.0001), ns: non-significant. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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4.2. Morphological biomarkers of neuroinflammatory adaptations

In this experimental setting, we examined the emergence of morphological biomarkers of
neuroinflammation in the hippocampus and parietal cortex. The analyses indicate cell
adaptations to extra-physiological stimuli, especially in microglial cells. We report an effect



of GLY exposure in cortical microglial cells and perivascular astrocytes. We speculate that,
due to spatial heterogeneity (Tan et al., 2020), microglial cells in the somatosensory cortex
could be more susceptible to pathological signals. This heterogeneity is particularly relevant
to our prenatal-to-post-natal exposure framework because of the differences in developmental
glial cell origin, patterns of brain colonization, and gene expression profiles. Delving into the
expression patterns of specific pro-and anti-inflammatory cytokines could constitute an
independent research topic, primarily due to i) the multifaceted nature of inflammatory
equilibriums, ii) the spatiotemporal variability involved, iii) the cellular specificity, iv) the
distinction between mRNA and protein levels, which is pivotal given that key cytokines
undergo functional activation through post-transcriptional processing. Importantly, GBH was
demonstrated to induce brain TNFa expression and to modify the redox balance element
experimentally (Ait-Bali et al., 2020; Astiz et al., 2012; EI- Shenawy, 2009; Gallegos et al.,
2020). A reduced microglial cell ramification and perivascular astrocyte accumulation hint at
ongoing cellular reactivity, although these changes are small compared to other brain
diseases, such as Alzheimer’s disease or multiple sclerosis, where neuroinflammation plays a
key role (Hansen et al., 2018; Healy et al., 2022; Klement et al., 2019). Whether glial cells
negatively react to NOAEL GLY exposure remains to be confirmed, for instance with in-
depth transcriptomic examinations. The latter could reveal whether abnormal neuro-glial
interactions exist, a mechanism for the reported behavioral adaptations. Notably, the link
between inflammation and ASD is being explored, and studies have provided evidence for a
potential causal association (Careaga et al., 2017; Goines & Van De Water, 2010). Immune
system abnormalities in individuals with autism might contribute to behavioral impairments
(Onore et al., 2012), shaping neural circuits during critical periods of brain development
(Bilbo & Schwarz, 2012).

A reduced microglial cell ramification and perivascular astrocyte accumulation hint at
ongoing cellular reactivity, although these changes are small compared to other brain
diseases, such as Alzheimer’s disease or multiple sclerosis, where neuroinflammation plays a
key role (Hansen et al., 2018; Healy et al., 2022; Klement et al., 2019). Whether glial cells
negatively react to NOAEL GLY exposure remains to be confirmed, for instance with in-
depth transcriptomic examinations. The latter could reveal whether abnormal neuro-glial
interactions exist, a mechanism for the reported behavioral adaptations. Notably, the link
between inflammation and ASD is being explored, and studies have provided evidence for a
potential causal association (Careaga et al., 2017; Goines & Van De Water, 2010). Immune
system abnormalities in individuals with autism might contribute to behavioral impairments
(Onore et al., 2012), shaping neural circuits during critical periods of brain development
(Bilbo & Schwarz, 2012).

4.3. Time-dependent effect of GLY exposure: Continuous vs. Postnatal only

We found no substantial impact of GLY exposure when started after weaning, suggesting the
deleterious critical importance of the perinatal period. GLY accessibility to the developing



brain and its negative influence on early developmental stages could explain this outcome,
although research is needed to explore these possibilities. For instance, during embryonic
development, the blood—brain barrier is not fully developed, and the brain is more permeable
to various substances. Therefore, the direct action of GLY on the brain would be favored at a
developmental age, impacting neuronal wiring and glial activities. Other studies using GLY -
based herbicides (GHB) have consistently shown that fetal exposure in rats can cause
behavioral alteration in adult offspring, such as depressive-like and anhedonic-like behaviors
(Cattani et al., 2017). As discussed in a recent review (Cresto et al., 2023), GLY targets in the
brain are still poorly understood. GLY’s structural similarity to glutamate and glycine
suggests it may directly affect NMDA receptors involved in development, learning, and
memory processes. GLY is also a weak inhibitor of acetylcholinesterase; as such, it could
cause paralysis (Bridi et al., 2017; Cattani et al., 2017; Gallegos et al., 2020; Larsen et al.,
2016), affect dopaminergic neurotransmission (Hernandez-Plata et al., 2015), induce calcium-
dependent NMDA-excitotoxicity (Dechartres et al., 2019), cause oxidative stress in the brain
(Bali et al., 2019; Cattani et al., 2017), inhibit axonal differentiation (Coullery et al., 2016),
lead to motoneuronal damage (Zhang et al., 2017), and affects hippocampal neurogenesis.
Alternatively, GLY can indirectly impact brain function by altering the microbiota
composition, owing to its inhibitory activity of 5-enolpyruvylshikimate-3-phosphate synthase
in plants and bacteria. GLY-induced dysbiosis may affect the central nervous system and
contribute to neurological disorders (Del Castilo et al., 2022). At the same time, GLY has
been identified to act as an endocrine disruptor, thereby modifying the normal function of the
endocrine system during pregnancy, which can lead to sex-different trajectories and disturb
embryonic development (Vardakas et al., 2022). Regardless of the mechanisms causing
neurological disorders, our study highlights a critical period of vulnerability to GLY
exposure.

5. Limitations and conclusions

Our study presents limitations. For instance, we did not directly evaluate the impact of pre-
natal NOAEL GLY exposure only. However, our results strongly suggest pregnancy is the
critical period for pathological genetic and environmental synergisms. Second, we used
NOAEL levels (50 mg/kg bw/day), which could be excessive compared to a realistic scenario.
National regulatory agencies indeed report current mean dietary exposure around 0.05 mg/kg
bwi/day (1% of the European glyphosate-anses-reviews-monitoring-data) or between 0.07 and
0.3 mg/kg bw/day in the US (document EPA-HQ-OPP-2009-0361-0071 EPA). Therefore,
our findings should be validated at lower doses, especially regarding the potential impact of
prenatal exposure on the developing brain. In contrast, our toxicity study is limited to the
effects of GLY, the active agent in commercial GBHs (such as Roundup or RangerPro).
However, GBHSs contain other ingredients such as polyethylene tallow amine (POEA)-based
surfactants, heavy metals, etc., whose acute toxicity is incomparably higher than that of GLY



alone (De Liz Oliveira Cavalli et al., 2013; Mesnage et al., 2013; Nerozzi et al., 2020). From a
technical standpoint, we aimed to identify alterations in neuronal activity that have functional
significance in vivo, as demonstrated in our behavioral study. While pertinent, investigating
post and pre-synaptic termination through histological methods and probably employing high-
resolution microscopy exceeds the current capabilities of our research project.
Electrophysiological assessments are also needed to identify synaptic-level defects or pinpoint
in vivo electrographic rhythm or sleep modifications. Finally, the impact of NOAEL GLY
exposure during pregnancy on embryonic survival and development requires further
investigation to understand the mechanisms involved, the potential link with postnatal
mortality, and the neuroglial phenotypes observed in survivors.

In summary, our results expose the compound effect of environmental contaminants and
genetic predispositions on adulthood risk trajectories and frailty. We highlight that if
introduced daily and long-term, even NOAEL levels of a specific pollutant could constitute a
risk factor for brain adaptations when a synaptic mutation pre-exists.
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