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Highlights



Glyphosate can diffuse across the blood-brain barrier.
Low glyphosate levels (<1µM) has no detrimental acute or chronic effect on iPSC-

A



Glyphosate and AMPA can affect the blood-brain barrier integrity.

CC



derived neurons.



High doses of GPH and AMPA (100µM) can affect BMECs glucose uptake and
neurons metabolic activity.

Abstract
Glyphosate is a pesticide used for occupational and non-occupational purposes.
Because glyphosate targets a metabolic pathway absent in animals, it is considered

SC
RI
PT

safe for humans. Yet, case reports of accidental exposure to concentrated solutions
following self-inflicted poisoning documented neurological lesions suggesting a

neurotoxicity. In this study, we investigated the effect of acute exposure to glyphosate
(GPH) on the blood-brain barrier in vitro based on induced pluripotent stem cells

(iPSCs) and compared to two chemical analogs: aminomethylphosphonic acid (AMPA)

U

and glycine (GLY), for concentrations ranging from 0.1µM to 1000µM. GPH treatment

N

(1 and 10µM) for 24 hours showed an increase BBB permeability to fluorescein, with

A

similar outcomes for AMPA. In addition to its ability to disrupt the barrier function, GPH

M

show evidence of permeability across the BBB. Although no detrimental effects were

D

observed on neuron differentiation at high doses, we noted changes in neuronal cell

TE

metabolic activity and glucose uptake in brain microvascular endothelial cells (BMECs)
following treatment with 100µM GPH or AMPA. Taken together, our data indicates that

EP

accidental exposure to high level of GPH may result in neurological damage via an

CC

opening of the blood-brain barrier and an alteration of glucose metabolism.

A
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Introduction

Glyphosate (N-phosophonomethylglycine, GPH) (Henderson et al., 2010; Scholl-Burgi
et al., 2008) is a glycine derivative used as an occupational and non-occupational
herbicide. GPH mechanism of action occurs via targeting of the shikimic acid pathway,
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a biosynthetic pathway absents from animals. Specifically, its biological activity occurs
via the inhibition of the 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase. Coupled
with its very low oral toxicity in rats (LD50 oral>4320 mg/kg) (Birch, 1993), GPH is

considered as a safe herbicide. Although GPH present in commercial and concentrated
solutions is commonly present as a mixture containing surfactants as a saline form (e.g.

U

glyphosate isoproprylamine salt), the ability of such surfactants to cross the GI tract

N

concomitantly with GPH remains undocumented. However, it is estimated that only 35-

A

40% of GPH given per oral route is absorbed (Brewster et al., 1991). Upon absorption,

M

glyphosate fate in humans is considered mostly occurring as its non-metabolized
fraction, with only a small fraction (<0.6%) is being metabolized into

D

aminomethylphosphonic acid (AMPA) as reported by Hori and colleagues (Hori et al.,

TE

2003). GPH apparent half-life is estimated to be 3.1 hours (Roberts et al., 2010) and

EP

considered to be eliminated mostly via renal route (Brewster et al., 1991). Despite its
relative safety, there are several case reports in the literature of self-inflicted poisoning

CC

by ingestion of commercial formulation of glyphosate (e.g. Roundup®) (Hori et al., 2003;
Kamijo et al., 2016; Picetti et al., 2018; Potrebic et al., 2009; Roberts et al., 2010; Talbot

A

et al., 1991; Yu et al., 2017; Zouaoui et al., 2013). Aside from gastrointestinal effects
associated with the ingestion of such preparations, several studies highlighted
neurological effects associated with GPH poisoning including altered consciousness
(Lee et al., 2017; Zouaoui et al., 2013) or presence of neurological lesions (Nishiyori et

al., 2014). In addition to neurological effects observed in patients, several studies
highlighted the presence of a neurotoxicity associated with GPH in vitro (Alloisio et al.,
2015; Coullery et al., 2016; Culbreth et al., 2012) and in vivo (Roy et al., 2016).
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However, the presence of similar neurotoxicity due to AMPA, the main metabolite of
GPH remains undocumented. Interestingly, a study by Lee and colleagues (Lee et al.,
2017) reported an increase of S100 serum levels in patients within 24 hours after

ingestion, such elevation maybe indicative of a possible opening of the blood-brain

barrier (BBB) (Foerch et al., 2007; Kanner et al., 2003; Kapural et al., 2002). Yet, the

U

effect of GPH at the BBB remains undocumented. In this study, we investigated the

N

effect of GPH on the barrier function using an isogeneic model based on patient-derived

A

induced pluripotent stem cells (iPSCs) (Lippmann et al., 2014; Lippmann et al., 2012;

M

Patel et al., 2017). In this study, we investigated the biological activity of GPH and

TE

similarity with GPH.

D

compared it to AMPA, its metabolite and to glycine, an amino acid sharing structural

EP

Materials and Methods
Cell culture:

CC

IMR90-c4 iPSC (RRID: CVCL_C437) line was purchased from WiCell cell repository
(WiCell, Madison, WI) (Yu et al., 2007). Undifferentiated iPSC colonies were maintained

A

on hPSC-grade growth factor reduced Matrigel (C-Matrigel, Corning, Corning, MA) in
presence of Essential 8 medium (E8, ThermoFisher, Waltham, MA).

iPSC differentiation into BMECs and neurons:

iPSCs were differentiated into BMECs following the protocol established by Lippmann
and colleagues (Lippmann et al., 2014; Lippmann et al., 2012) iPSCs were seeded as
single cells on T-Matrigel (Trevigen, Gaithersburg, MD) at a cell density of 20’000
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cells/cm2 in E8 supplemented with 10M Y-27632 (Tocris, Minneapolis, MN). 24 hours
after seeding, cells were maintained in E8 for 5 days prior to differentiation. Cells were
maintained for 6 days in unconditioned medium (UM: DMEM/F12 with 15mM HEPES
(ThermoFisher), 20% knockout serum replacement (KOSR, Thermofisher), 1% nonessential amino acids (Thermofisher), 0.5% Glutamax (Thermofisher) and 0.1mM -

U

mercaptoethanol (Sigma-Aldrich). After 6 days, cells were incubated for 2 days in

N

presence of EC+/+ (EC medium (Thermofisher) supplemented with 1% platelet-poor

A

derived serum (PDS, Alfa-Aesar, Thermofisher), 20ng/mL human recombinant basic

M

fibroblast growth factor (bFGF, Tocris, Abingdon, United Kingdom) and 10M retinoic

D

acid (Sigma-Aldrich)). After such maturation process, cells were dissociated by

TE

Accutase® (Corning) treatment and seeded as single cells on tissue-culture plastic
surface (TCPS) coated with a solution of collagen from human placenta (Sigma-Aldrich)

EP

and bovine plasma fibronectin (Sigma-Aldrich) (80µg/cm2 and 20µg/cm2 respectively).
Twenty-four hours after seeding, cells were incubated in presence of EC-/- (EC medium

CC

supplemented with 1% PDS). Barrier phenotype experiments were performed 48 hours
after seeding. The differentiation of iPSCs into neurons using an adherent three-step

A

differentiation method. Undifferentiated iPSCs were allowed to grow on C-Matrigel for 4
days prior to differentiation. Differentiation of these iPSCs into neural stem cells (NSCs)
was induced using neural induction medium (NIM, Thermofisher) for 11 days (Yan et al.,
2013). After such induction period, NSCs were enzymatically dissociated by Accutase

and seeded as single cells at a cell density of 100’000 cells/cm 2 in presence of 10M Y27632 on C-Matrigel coated plates. Twenty-four hours after seeding, NSCs were further
differentiated into neural precursor cells (NPCs) by incubating them in presence of
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neural differentiation medium (NDM: human pluripotent stem cell serum-free medium
(Thermofisher), supplemented with 2% bovine serum albumin (BSA, Thermofisher), 1%
Glutamax I (Thermofisher), 10µg/mL human recombinant brain-derived neurotrophic
growth factor (BDNF, Thermofisher) and 10µg/mL human recombinant glial-derived
neurotrophic factor (GDNF, Thermofisher)) for 5 days (Efthymiou et al., 2014).

U

Differentiation of these NPCs into neurons was achieved by seeding 50’000 cells/cm2

N

on TCPS-coated plates. Neurons were seeded on poly-D-lysine (2g/cm2,

A

Sigma)/laminin (1g/cm2, Sigma) coated plates and maintained in neuron maturation

M

medium (NMM: Neurobasal-A medium, 2% B27 supplement, 1% CultureOne

D

supplement (Thermofisher) and 1% fetal bovine serum (Thermofisher)). In both cases,

TE

medium was replaced every 2 days for 14 to 16 days. Co-culture experiments were
performed by seeding iPSC-derived BMECs at day 8 of differentiation on inserts

EP

juxtaposed over 16-days iPSC-derived neurons. BMECs were maintained in EC

CC

medium, whereas neurons were maintained in NMM medium.

Glyphosate, AMPA and glycine treatment:

A

Glyphosate (GPH, EPA 547 1000g/mL solution), aminomethylphosphonic acid (AMPA)
and glycine (GLY) were obtained as analytical grade reagents (Sigma-Aldrich, St. Louis,
MO) and stored as recommended. Dilutions were performed immediately before
experiments and maintained in cell medium for 24 hours or 48 hours. In co-culture

experiments, compounds were added in the apical chamber at a concentration of
100M and incubated for 6 hours. iPSC-derived neurons monocultures exposed to
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similar concentrations served as controls.

Cell metabolic activity:

Following treatment, CellTiter Aqueous® MTS reagent ([3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt Promega,
Madison, WI) was added in each sample following recommendation by the

U

manufacturer. Cells were maintained for 60 minutes at 37ºC following by a

N

measurement of the absorbance at 490nm using an ELISA plate reader (SynergyMX2,

A

BioTek Instruments, Winooski, VT). Absorbance obtained from samples were

M

subtracted from background absorbance and normalized against controls (untreated

D

cells).

TE

iPSC-derived BMECs barrier function:

EP

iPSC-derived BMECs were seeded on Transwells (polyester, 0.4m pore size, Corning)
and coated as previously described. iPSC-derived BMECs were seeded at a seeding

CC

density of 106 cells/cm2. Barrier function was assessed 48 hours after seeding for iPSCderived BMECs monolayers. Barrier tightness was measured by assessing both the

A

transendothelial electrical resistance (TEER) and paracellular diffusion. TEER was
measured using an EVOHM STX2 chopstick electrode (World Precision Instruments,
Sarasota, FL). For each experiment, three measurements were performed for each

insert and the average resistance obtained was used for the determination of the barrier
function.
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Fluorescein, glyphosate and mannitol permeability assay:
To assess changes in paracellular permeability, sodium fluorescein (Sigma-Aldrich) was
added in the apical (top) chamber at a final concentration of 10µM. 100L aliquots were
sampled from the basolateral (donor) chamber every 15 minutes for up to 60 minutes.
Each aliquot sample were replaced with 100µL of cell medium. Fluorescein content in

U

samples was assessed using a fluorimeter ELISA plate reader (SynergyMX2).

N

Glyphosate permeability assay was assessed by incubating cells in presence of 100M

A

GPH dissolved in EC-/- in the apical chamber. Sampling in the basolateral chamber

M

occurred as previously mentioned. GPH detection was performed by derivation and

D

spectrophotometric detection using a validated method (Waiman et al., 2012). Borax

TE

solution (40mmol/L) was prepared from a stock solution (40g/L, LabChem, Zelienople,
PA), whereas FMOC-Cl solution (1g/L) was prepared by dissolving FMOC-Cl in

EP

acetonitrile (Fisher Reagents, Thermofisher). Samples were alkalinized by addition of
17l of Borax followed by the addition of 17l of FMOC-Cl solution. Samples were

CC

allowed to incubate in the dark under gentle shaking for 2 hours. The derivation process

A

was terminated by adding 137L dichloromethane (Fisher Reagents), homogenized and
centrifuged at 2000 rpms for 5 minutes. The organic phase was recovered and analyzed
by spectrophotometer at 265nm using a quartz cuvette (length: 1 cm). Blank EC -/medium was used as blank, whereas GPH dissolved in EC-/- at concentrations ranging
from 10nM to 10M were used to establish a GPH standard curve.

In experiments involving mannitol permeability, [14C] D-mannitol (Perkin Elmer) (1g/L,
total activity of 1Ci/mL) was added in the apical chamber. Sampling in the basolateral
chamber occurred as previously mentioned. -emission was assessed by adding 5mL
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ScintiSafe 30% liquid scintillation cocktail (Fisher Chemicals, Thermofisher) and
counted using a Beckman-Coulter LS6500 liquid scintillation counter (Beckman-Coulter,
Pasadena, CA). For all three molecules, permeability across BMECs monolayers were
obtained by calculating the clearance slope from both samples and blank inserts and by
calculation of the Pe value following the method of Perriere and colleagues (Perriere et

N

U

al., 2005).

A

Immunocytochemistry:

M

Cells were stained on TCPS plates and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences, Hatfield, PA). Cells were blocked for 1 hour at room temperature

D

in PBS-G (PBS supplemented with 10% normal goat serum (Sigma-Aldrich)) with 0.2%

TE

Triton-X100. Cells were incubated overnight in presence of claudin-5

EP

(RRID:AB_2533200), occludin (RRID:AB_2533101), GLUT1 (RRID:AB_10979643) or
III tubulin (RRID:AB_262133). Cells were washed with PBS containing 1% bovine

CC

serum album (BSA, Sigma-Aldrich), and incubated in presence of Alexa Fluor®-488
conjugated secondary antibodies (1:200, Thermofisher) for 1 hour at room temperature.

A

Cells were counterstained with DAPI (Sigma-Aldrich) and observed on a Leica inverted
epifluorescence microscope (Leica). Micrograph pictures were acquired using Leica
Acquisition Suite X (Leica) and processed using ImageJ. Semi-quantitative analysis was
measured by measuring the average fluorescence intensity of each micrograph pictures

using the built-in measure tool in ImageJ (ImageJ software, NIH, Bethesda, MD).
Average fluorescence values from negative controls were subtracted from fluorescence
values obtained in samples.
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Flow cytometry:
iPSC-derived BMECs at Day 10 of differentiation were treated with 100µM GPH, AMPA
or GLY for 24 hours. Cells were harvested by enzymatic dissociation using Accutase®
(Corning) and fixed with 4% paraformaldehyde. Cells were blocked in PBS-G

supplemented with 0.2% Triton-X dissolved in PBS for 30 minutes, following by an

U

overnight incubation at 4ºC in primary antibody solution (GLUT-1, SPM498, 1:100;

N

dissolved in PBS-G. Cells were washed with PBS containing 1% BSA and incubated in

A

presence of Alexa Fluor® 555-conjugated antibody (1:200, Life Technology). As isotype

M

control, we exposed cells in presence of mouse IgG as primary antibody. Cells were
analyzed using a BD FACSVerse® (Becton-Dickinson, Franklin Lakes, NJ, USA), with

D

fluorescence PMT adjusted to IgG isotype control, fluorescence intensity for each

TE

sample was obtained from a count of 10’000 cellular events. Median fluorescence

EP

intensity (MFI, geometric mean) was determined for each sample and corrected against

CC

IgG isotype.

Glucose and doxorubicin uptake assay:

A

Glucose uptake assays were performed by incubating cells grown on TCPS in presence
of cell medium supplemented with [14C] D-glucose (Perkin Elmer; total
activity=1Ci/mL). Cells were incubated for 60 minutes at 37ºC. Following such
incubation period, cells were briefly washed three times with ice-cold PBS and

homogenized with PBS+0.2% Triton-X 100 (Sigma-Aldrich) for 10 minutes. Samples
radioactivity was assessed by adding 100µL samples with 5mL ScintiSafe 30% liquid
scintillation cocktail (Fisher Chemicals, Thermofisher) and counted using a Beckman-
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Coulter LS6500 liquid scintillation counter (Beckman-Coulter, Pasadena, CA).
Doxorubicin uptake assay was performed by pre-incubating iPSC-derived BMECs in
presence of GPH, AMPA or GLY at 100µM concentrations for 2 hours. Doxorubicin
(Sigma-Aldrich) was added a 5µM final concentration and allowed to incubate for 1

hour. Cells were homogenized as previously described and total fluorescence assessed

U

by fluorimetry (SynergyMX2). Total protein content obtained from cell homogenates

A

N

were determined using a BCA protein assay (Pierce, Thermofisher).

M

Statistics:

Cells were randomly assigned treatment conditions prior each experiment. Data are

D

represented as mean  S.D. from three or more independent experiments. One-way

TE

analysis of the variance (ANOVA) coupled with Dunnett (or Kruskal-Wallis) tests

EP

analysis were performed using Prism 7.0 built-in package (GraphPad Software, La
Jolla, CA). A P<0.05 p-value was considered as indicative of a statistic difference

CC

between one or more groups.

A

Results

Effects of glyphosate and AMPA on BMECs cell viability
We firstly assessed the impact of glyphosate (GPH) on BMECs cell monolayers viability
using a range of concentrations partially overlapping levels found in patients reported as

asymptomatic (17µM), minor and moderate (241µM and 428µM respectively) by
Roberts and colleagues (Roberts et al., 2010). Treatment with GPH for 24 hours at
concentrations ranging from 10µM to 1000µM resulted in no changes in cell metabolic

SC
RI
PT

activity (Fig.1A). Similar outcomes were observed using AMPA or glycine (GLY). Taken
together, our data indicates that glyphosate or AMPA unlikely have toxicity towards the
blood-brain barrier.

Glyphosate and AMPA affect fluorescein permeability in BMECs monolayers

U

Next, we investigated changes in the barrier function in such BMECs monolayers using

N

TEER and fluorescein permeability (Fig.1B&C). In addition to the previous

A

concentrations, we included two concentrations (0.1 and 1µM) ranges aimed to reflect

M

average plasma concentrations reported in occupational exposure (Pan et al., 2016).
No changes in TEER were noted for any of the concentrations tested. Neither AMPA or

D

GLY showed effects on TEER. However, we noticed a biphasic response in our model.

TE

At 0.1µM, we noted a slight decrease in fluorescein permeability for all three groups

EP

(GPH, AMPA and GLY), followed by a significant increase for both GPH and AMPA at 1
and 10µM. Notably, higher concentrations resulted in permeability values similar to

CC

controls. To confirm the increase in paracellular profile observed with GPH, we
investigated changes in paracellular permeability using [14C]-mannitol, an alternative

A

paracellular flux marker (Fig.1D). We observed a modest but significant increase in
mannitol permeability following treatment with 10µM GPH. In contrast, no significant
increase was noted following AMPA or GLY treatment. In summary, our data suggest

that GPH and AMPA treatment may increase the barrier permeability in BMECs
monolayers.

SC
RI
PT

High levels of glyphosate, AMPA and glycine impair tight junction complexes integrity
To better understand the effect of GPH and AMPA on the barrier function, we

investigated changes in in tight junction complexes, in particular changes in claudin-5
and occludin, by immunocytochemistry (Figure 2). We did not observe changes in

claudin-5 immunolocalization following GPH or AMPA treatment (Fig.2A), however we

U

noted a dose-dependent decrease in claudin-5 relative expression (as quantified by

N

fluorescence intensity) in all groups (Fig.2B). Treatment with GPH resulted in decreased

A

claudin-5 fluorescence intensity at 100 and 1000µM concentrations, whereas treatment

M

with AMPA marked a significant decrease already by 10µM concentration. GLY
treatment showed a significant decrease at 100 and 1000µM concentrations.

D

To confirm such observation, we investigated changes in occludin levels (Fig.2C&D). As

TE

expected, no changes in occludin localization occurred following treatment (Fig.2C).

EP

However, we noted a significant decrease in occludin protein levels (as marked by
reduced fluorescence intensity) in all groups with the exception of the 10µM GLY

CC

treatment group. Unlike claudin-5, such effect appeared dose-independent as we have
noted no changes between 10µM treatment and higher concentrations. Taken together,

A

our data suggest that GPH may increase paracellular permeability in BMECs
monolayers to fluorescein via partial disruption of tight junction complexes integrity.

Glyphosate diffuses across the blood-brain barrier via a transcellular route, modulates
glucose uptake in BMECs
In addition to its effect on paracellular permeability, we investigated the ability of GPH to
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cross the BBB. Thus we investigated the diffusion profile of GPH following an acute
exposure at 100µM in the apical chamber and measured its diffusion for 2 hours

(Fig.3A&B) and quantified the amount of GPH present in the basolateral chamber using
the analytical method developed by Waiman and colleagues (Waiman et al., 2012). At 2
hours of diffusion, the amount of GPH capable to cross BMECs monolayers was about

U

1.670.31% of the injected dose (100µM). In addition, the permeability value of GPH

or mannitol (13.102.03 x 10-6 cm/min) in cells treated with the same amount

A

6cm/min)

N

was significantly higher than fluorescein (18.673.55 x 10-6cm/min versus 10.59 x 10-

M

of GPH (Fig.3B). In conclusion, our data suggests that GPH may cross the BBB via a

D

transcellular mechanism. Next, we investigated the effect of GPH and AMPA on drug

TE

efflux transporters using doxorubicin as a drug efflux substrate (Fig.3C). With the
exception of AMPA that showed a two-fold increase over control, treatment with 100µM

EP

GPH or GLY for 24 hours showed no differences compared to controls. Finally, we
investigated changes in GLUT1 localization and expression (the main glucose

CC

transporter at the blood-brain barrier) in BMECs following treatment by
immunocytochemistry (Fig.3D), as previous studies reported changes in glucose levels

A

in certain vertebrates following exposure to GPH and AMPA. (Becker et al., 2009;
Kondera et al., 2018). We noted changes in GLUT1 immunoreactivity following
treatment with GPH, with an apparent increase following treatment with 100µM. Similar
behavior was observed with AMPA albeit subtler. Notably, we noted a notable increase

in GLUT1 immunoreactivity following treatment with 100 and 1000µM GLY. Such
observation was confirmed by assessing GLUT1 fluorescence intensity in our
monolayers (Fig.3E). To ensure such differences was not inherent to the technique, we
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performed a flow cytometry analysis (Fig.3F&G) and compared changes in mean
fluorescence indexes following treatment with 100µM for 24 hours. Notably, GPH

treatment yielded an increase in GLUT1 expression levels compared to control (Fig.3G).
Although AMPA showed no differences in GLUT1 expression, treatment with GLY

resulted in a significant decrease compared to control. Finally, we measured changes in

U

glucose uptake in BMECs monolayers, using [14C]-D-glucose (Fig.3H). We noted a

N

progressive increase in glucose uptake with a maximum uptake at 100µM

A

concentration. AMPA showed a similar pattern than GPH, resulting in a 3-fold increase

M

compared to control in the 100µM. GLY treatment resulted in the highest increase in
glucose uptake as noted at 100 and 1000 µM concentrations. Taken together, our data

D

suggest that exposure to high levels of GLY or AMPA may impair glucose uptake and

TE

metabolism in BMECs monolayers via an alteration in GLUT1 expression and/or

EP

activity.

CC

Neurons co-cultured with brain microvascular endothelial cells display an impaired cell
metabolic activity

A

As GPH showed ability to cross the BBB and yielded to changes in GLUT1 expression
and glucose uptake in BMECs monolayers, we investigated the effects of GPH on
neurovascular coupling using a BMEC/neurons co-culture model (Fig.4) based on our
previous publication (Patel et al., 2017). We firstly, assessed the ability of such co-

cultures to yield to tighter barrier function by measuring differences in TEER between
BMECs monocultures and BMECs co-cultured with iPSC-derived neurons (Fig.4A). As
expected, co-cultures significantly up-regulated the barrier tightness, as we noted a 3-

SC
RI
PT

fold increase in TEER in BMECs co-cultured with neurons compared to BMECs
maintained in monocultures. Next, these co-cultures to 100M GPH, AMPA or GLY by
adding these compounds on the apical (top) chamber for 24 hours. Addition of these

compounds on the apical chamber did not significantly alter the barrier tightness as we
noted no differences in TEER (Fig.4B). As expected, we noted a mild increase in

U

fluorescein permeability (Fig.4C) in GPH-treated group compared to control, but not in

N

the AMPA or GLY groups. Finally, we investigated the effect GPH incubation in the

A

apical chamber (100M) on the neurovascular coupling, by investigating changes in

M

neuronal cell metabolic activity by MTS (Fig.4D) following 6 hours exposure. Notably,

D

we noticed a significant decrease in cell metabolic activity in neurons co-cultured

TE

compared to monocultures. Following incubation with GPH in the apical chamber, we
noticed an increase in cell metabolic activity compared to control. By contrast, neurons

EP

directly exposed to monocultures showed no sign of activity. Interestingly, we observed
a similar increase in cell metabolic activity compared control. Such changes observed in

CC

GPH was also observed in AMPA co-cultures but not in GLY co-cultures. Following
such incubation, we investigated changes in gross morphology of iPSC-derived neurons

A

colonies by immunocytochemistry against III-tubulin (Tuj1, Fig.4E). We did not observe
macroscopic changes in iPSC-derived neurons following incubation with GPH, AMPA or
GLY both in monocultures and co-cultures, suggesting that changes in cell metabolic

activity is unlikely due to cell death. In conclusion, our data suggest that exposure to
high amount of GPH (100µM) may impair neurovascular coupling.
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GPH and AMPA effect on neuron progenitor cells
As we have demonstrated the ability of GPH to cross the BBB and to alter the
neurovascular unit, we investigated the effect of GPH on differentiating and

differentiated neurons (Fig.5) by exposing cells to a concentration considered

representative of the amount crossing the BBB (0.1-1M). We firstly investigated the

U

effect of acute exposure (24 hours) on the cellular metabolic activity of undifferentiated

N

NPCs by MTS assay (Fig.5A). Although we did not observe any differences in cell

A

metabolic activity at 0.1M, we noted a significant decrease in MTS activity at 1M in

M

both GPH and GLY groups, suggesting a possible deleterious effect on NPC cell

D

viability. Nevertheless, immunofluorescence analysis of these NPCs (Fig.5B) showed

TE

no major alterations in the relative cell density and nestin (a cellular marker of neural
stem cells/progenitor cells) immunoreactivity. To further confirm the innocuity of GPH

EP

and AMPA on neurogenesis, we treated differentiating NPCs continuously for 16 days
(by replacing cell medium every 48 hours) in presence of 0.1M GPH, AMPA or GLY.

CC

Such concentration was chosen to be representative of plasma concentration reported
in occupational workers and 20 times higher than values reported in non-occupational

A

population (Conrad et al., 2017; Pan et al., 2016). Chronic exposure (16 days) to low
GPH levels (0.1µM) We did not observe significant changes in the cell metabolic activity
between the different groups compared to controls (Fig.5C). In addition to changes in
cell metabolic activity, we investigated changes in gross morphology in iPSC-derived

neurons colonies (Fig.5D). After 16 days, we observed the presence of a dense neurite
network. Treatment with GPH or AMPA did not display major changes in gross
morphology of iPSC-derived neuron colonies, as we still observed presence of dense
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neurite network. In conclusion, chronic exposure to low-levels of GPH or AMPA failed to
show any signs of neurotoxicity.

Glyphosate and AMPA affects neurons cell metabolism without showing detrimental
effects on neurites density.

U

Finally, we investigated the effect of acute exposure by treating iPSC-derived neurons

N

seeded at low density (50’000 cells/cm2) in presence of GPH or AMPA for 24 hours at

A

concentrations ranging from 1M to 1000M (Fig.4E-H). Treatment with GPH and

M

AMPA showed a decrease in cell metabolic activity upon exposure to GPH to 10µM and
higher concentrations (Fig.5E). AMPA showed similar outcomes than GPH, albeit not

D

statistically significant. Treatment with GLY showed little effects on cell metabolic

TE

activity. To better such changes in cell metabolic activity with cellular distress, we

EP

investigated changes in cell density and neurites formation by immunocytochemistry
(Fig.5F). With the exception of GLY group, no depletion in neurites was observed in

CC

both GPH and AMPA groups. Upon quantification of cell nuclei and neurites per surface
area (Fig.5G&H), we noted a progressive decrease in neuron density for both GPH and

A

AMPA (Fig.5G), with a significant decrease noted at 1000M. However, no differences
in terms of neurites density were noted in GPH and AMPA groups, with the exception of
very high amount of GLY (100 and 1000M treatment). Taken together, our data

suggest that low concentrations (<10M) of GPH and AMPA may not have detrimental
effects on iPSC-derived neurons.
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Discussion
In this study, we investigated the toxicity of acute glyphosate poisoning on the bloodbrain barrier integrity by investigating its activity on the different cell types of the

neurovascular unit. To reflect the situation of a self-inflicted poisoning exposure, we

treated cells with glyphosate and AMPA concentration ranges from 10M to 1000M.

U

Such concentration ranges are within GPH plasma values reported by Roberts and

N

colleagues from patients with self-inflicted poisoning exposure and scored from

A

asymptomatic (17M) to fatal (8.12mM) at the time of admission in clinic (Roberts et al.,

M

2010). We consider it important that the meaning of such concentration such values are

D

put into context. According to the literature, the average GPH and AMPA levels

TE

measured in urine following non-occupational exposure (residual pesticide exposure) in
North America were 0.28g/L and 0.30g/L (1.6nM and 2.7nM respectively)

EP

respectively (McGuire et al., 2016); while a study by Conrad and colleagues (Conrad et
al., 2017) showed an average GPH and AMPA amount of GPH and AMPA of 0.78g/L

CC

and 0.64g/L (4.6nM and 5.7nM respectively) in urine samples from a non-occupational

A

German cohort. By contrast, occupational workers showed higher values of GPH and
AMPA, with average plasma levels of 11.73g/L and 5.29g/L (69nM and 117nM) for
GPH and AMPA respectively (Pan et al., 2016). As a reference, normal plasma GLY
concentrations range from 125 to 450M, with values below 20M for CSF (Applegarth
et al., 1979; Van Hove et al., 1993). We noted an increase in fluorescein permeability

for both GPH and AMPA at 1M and 10M. We noted similar outcome for mannitol in
cells exposed to 1M GPH. Such observation is suggesting a possible detrimental effect
of GPH and AMPA on the barrier function. Although we did not observe major changes
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in tight junction complexes localization, we noted a decrease in both claudin-5 and
occludin protein levels by immunoreactivity for all three groups. Such observations

suggest that GPH and AMPA may interfere with tight junction complexes integrity. Yet,
the interference of such compounds on tight junction proteins remains unclear. We

speculate that a possible mechanism explaining such down-regulation maybe occurring

U

via shedding of such proteins by matrix metalloproteinases (MMPs). MMPs are

N

proteases well documented to cleave claudin-5 and occludin during neurological

A

diseases (e.g. ischemic stroke)(Feng et al., 2011; Liu et al., 2012; Yang et al., 2007).

M

Thus, we will further investigate the effect of GPH and AMPA on tight junction proteins

D

expression and MMPs activity in BMECs.

TE

An interesting observation done in our study was an increase in permeability following
GLY treatment. Although we did not observe a statistical significance, we sill noted a

EP

50% increase in paracellular permeability following GLY treatment at 100 and 1000M.
Interestingly, a study recently reported the case report of an increased BBB permeability

CC

in a patient suffering from glycine encephalopathy (also known as nonketotic
hyperglycinemia (NKH)) and presenting a meningitis (Scholl-Burgi et al., 2008). Our

A

data suggest that high levels of GLY may increase the permeability of the BBB and
disrupt tight junction complexes in such range. Therefore, assessing the barrier function
in BMECs derived from iPSCs obtained from these patients would provide important
insights on the effect of hyperglycinemia on the blood-brain barrier integrity. In addition

to changes in barrier function, we assessed GPH permeability in our BMECs
monolayers. We estimate that about 1% of the injected dose (100M) diffused across
BMECs monolayers (data not shown). However, the permeability for GPH was
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significantly higher than fluorescein despite its high hydrophilicity (xLogP=-4.63).
Although its permeability value was higher than mannitol, we did not observe a

statistical difference. Thus, we speculate that GPH cross the BBB via a carrier-mediated
diffusion. A recent study suggested the possible involvement of system L-type amino
acid transporters 1 and 2 (LAT1/LAT2 encoded by SLC7A5 and SLC7A8 genes

U

respectively) in the uptake of GPH in mammalian cells (Xu et al., 2016), two receptors

N

expressed at the BBB (Kido et al., 2001). A major limitation of our study is the limited

A

access to LC-MS chromatography, limiting our scope to provide a further understanding

M

of the diffusion of GPH and AMPA. Therefore, a long-term goal will focus on detailing
the permeability of GPH and AMPA and the contribution of LAT1 and LAT2 in such

D

diffusion. Amongst the different cell types, neurons displayed the most important

TE

changes in metabolic activity following exposure to GPH and AMPA. We noticed

EP

significant changes in neuronal cell metabolic activity following treatment with GPH,
AMPA or GLY whereas we did not observe significant changes in BMECs. Yet, such

CC

decrease in cell metabolic was unlikely reflective of a neurotoxicity, as we noted no
changes in neuronal cell density and neurites formation. Assessing the effects of GPH

A

and AMPA on iPSC-derived glycinergic neurons coupled with electrophysiological
methods would provide important insights on the ability of GPH and AMPA to act as
glycine mimetic molecules. A change in cell metabolic activity observed in our cells may
be due to changes in glucose metabolism, as we noted changes in glucose uptake in

BMECs, as well as some changes in GLUT1 expression levels. Glyphosate has been
associated with changes in glucose serum levels in various fish species (Becker et al.,
2009; Kondera et al., 2018), yet there are no reports in the presence of such effects in
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mammalian species. Therefore, further studies investigating the effect of glyphosate
and AMPA on brain glucose uptake and changes in glucose and lactate CSF levels in
vivo is needed to confirm our observation. Taken together, our data demonstrate the
relative safety of glyphosate and AMPA on the blood-brain barrier during acute

accidental exposure. Yet, the presence of an active uptake and diffusion of glyphosate

U

across the blood-brain barrier suggests the need of an extensive brain-centered

N

pharmacokinetic studies to evaluate the pharmacokinetics and pharmacodynamics of

A

glyphosate on the central nervous system during acute exposure and in individuals

M

exposed to high amount of such pesticides. In conclusion, our study further supports the
relative safety of GPH with minimal effects observed at concentrations significantly

TE

D

higher than baseline exposure levels, occupational and non-occupational alike.

EP
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Figure Legends

Figure 1: Effects of glyphosate and AMPA on the blood-brain barrier integrity
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Effect of prolonged exposure to glyphosate (GPH), AMPA and glycine (GLY) on the
barrier integrity in IMR90-derived BMECs monolayers. Cells were exposed for various
concentrations for 24 hours, followed by measurement of changes in cell metabolic

activity by MTS (A) and in the barrier function by TEER (B) and permeability to sodium
fluorescein (C) and mannitol (D). Note the quasi-absence of effect on cell metabolism

U

(A), whereas we noted an increased fluorescein permeability at 1M and 10µM for both

N

GPH and AMPA, whereas we noted an increase in mannitol permeability in 10µM GPH

A

treatment only. Scale bar = 50m. N=3 per group, * and ** denotes P<0.05 and P<0.01

A

CC

EP

TE

D

M

versus control respectively.
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Figure 2: Glyphosate and AMPA reduce tight junction protein levels
(A) Representative micrograph pictures of claudin-5 immunocytochemistry in BMECs
monolayers treated for 24 hours. Note the relative absence of protein delocalization
from the cell borders. (B) Semi-quantitative analysis of claudin-5 fluorescence intensity.
Note the dose-dependent effect of GPH, AMPA and GLY on claudin-5 fluorescence

intensity compared to control. (C) Representative micrograph immunofluorescence and
(D) semi-quantitative analysis of occludin localization and expression level. Scale bar =
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50m. N=3 per group, * and ** denotes P<0.05 and P<0.01 versus control respectively.

Figure 3: Glyphosate permeability across BMECs monolayers and impact on
glucose uptake
(A) Percentage of injected dose (%ID) recovered in the donor (basolateral) chamber
after incubation with 100µM GPH in the apical chamber. (B) Permeability profiles of

GPH compared to fluorescein and mannitol. Note the relative higher Pe value observed
for GPH compared to two paracellular tracers, suggesting a possible transcellular
diffusion.

SC
RI
PT

(C) Effect of 100µM GPH, AMPA and GLY on doxorubicin uptake. Cells were incubated
in presence of 100µM for 2 hours before incubation in presence of 10µM doxorubicin.

(D) GLUT1 expression profile in iPSC-derived BMECs following 24 hours treatment with
GPH, AMPA or GLY. Scale bar=50m. (E) Semi-quantitative analysis of GLUT1

fluorescence intensity from micrograph pictures. (F) Representative flow cytometry

U

histogram of GLUT1 expression by flow cytometry. Cells treated with mouse IgG isotype

N

served as negative control. (G) Quantitative analysis of GLUT1 mean fluorescence

A

index (MFI, geometric mean) in BMECs following treatment with 100µM GPH, AMPA or

M

GLY. Intrinsic fluorescence index from IgG control were removed from samples.
Cells were treated with 100µM for 24 hours, followed by cell detachment and

D

immunolabeling. Note the significant increase in GLUT1 expression (MFI) following

TE

treatment with GPH compared to control, whereas GLY has significantly decreased

EP

GLUT1 expression. (H) Glucose uptake following 24 hours treatment with GPH, AMPA
or GLY. Cells were incubated in presence of 0.4µCi [14C]-D-glucose for 1 hour. Cells

CC

were homogenated, intracellular glucose amount was normalized to total protein content
by BCA. Note the increased uptake at high levels of AMPA and GLY.N=3, * and **

A

denote P<0.05 and P<0.01 versus controls.
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Figure 4: Glyphosate and AMPA induce neurovascular uncoupling in

A

BMECs/neurons co-cultures.
(A) Representative TEER values of iPSC-derived BMECs monocultures or co-cultured
with iPSC-derived neurons for 48 hours. Note the 3-fold increase in TEER compared to
control. (B) TEER values of co-cultures following 24 hours incubation in presence of
GPH, AMPA or GLY in the apical chamber. Both apical and basolateral medium were

replaced prior experiment. (C) Fluorescein permeability of co-cultures after 24 hours
incubation. Note the slight increase in GPH compared to control. (D) iPSC-derived
neurons cell metabolic activity following co-cultures with BMECs and compared to
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monocultures. Untreated neurons monocultures served as control for calculation of the
cell metabolic activity. Note the increase cell metabolic activity in co-cultures following
treatment with 100µM GPH and AMPA treatment, but not observed in the GLY group.

N=3 per group, * and ** denote P<0.05 and P<0.01 versus control. (E) Representative
iPSC-derived neurons colonies monocultures and co-cultured with BMECs. Neurites

U

were stained against III-tubulin (TUJ1, green), cell nuclei were stained with DAPI

N

(blue). Note the dense neurites processes in both monocultures and co-cultures. GPH
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or AMPA have no effect on gross morphology. Scale bar = 200µm.
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Figure 5: Effect pf glyphosate and AMPA on neuron progenitor cells,
differentiating neurons and differentiated neurons.
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(A) MTS assay in undifferentiated iPSC-derived neuron progenitor cells (NPCs). Cells

A

were exposed for 24 hours to 0.1 or 1M concentrations of GPH, AMPA or GLY. Note
the significant decrease in cell metabolic activity at 1M concentration. (B)
Representative micrograph pictures of NPCs exposed to 1M GPH, AMPA or GLY for
24 hours, following staining with nestin. Cell nuclei were counterstained with DAPI
(blue). Scale bar = 100µm. (C) Cell metabolic following chronic exposure (16 days).

NPCs were differentiated for 16 days in presence of 0.1M GPH, AMPA or GLY. Cell
medium were replaced every 48 hours. MTS activity was assessed at day 16. (D)
Representative micrograph pictures of iPSC-derived neurons at day 16. Note the III-
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tubulin (TUJ1, green) dense neurites network in all groups. Cell nuclei (DAPI, blue)
served as counterstain. Scale bar = 200µm.

(E) Effect of acute treatment on differentiated neurons. iPSC-derived NPCs were

seeded at low density (50’000 cells/cm2) to ensure single cells distribution and were
matured for 16 days prior experiments. Cells were treated for 24 hours with GPH,

U

AMPA or GLY at various concentrations. Cell metabolic activity on iPSC-derived

N

neurons following 16 days of differentiation. (F) Representative micrograph picture of

A

iPSC-derived neurons exposed for 24 hours. Note the depletion of neurite processes

M

(III-tubulin, green) at high GLY concentrations (100 and 1000M). Cell nuclei were

D

counterstained with DAPI. Scale bar = 50m. (G) Neuron cell density (as number of cell

TE

nuclei per cm2), note the decrease at 1000M GPH treatment. (H) Neurites density
(neurites per cm2, normalized to number of nuclei per field). Note the neurite pruning

EP

occurring at high concentrations of GLY. N=3, * and ** denotes P<0.05 and P<0.01
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versus control.
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