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A B S T R A C T

Trimethyltin is an organometallic compound, described to be neurotoxic and to trigger neuroinflammation and oxidative stress. Previous studies associated TMT with
the perturbation of mitochondrial function, or neurotransmission. However, the mechanisms of toxicity may differ depending on the duration of exposure and on the
stage of maturation of brain cells. This study aim at elucidating whether the toxicity pathways triggered by a known neurotoxicant (TMT) differs depending on cell
maturation stage or duration of exposure. To this end omics profiling of immature and differentiated 3D rat brain cell cultures exposed for 24 h or 10 days (10-d) to
0.5 and 1 μM of TMT was performed to better understand the underlying mechanisms of TMT associated toxicity.

Proteomics identified 55 and 17 proteins affected by acute TMT treatment in immature and differentiated cultures respectively, while 10-day treatment altered 96
proteins in immature cultures versus 353 in differentiated. The results suggest different sensitivity to TMT depending on treatment duration and cell maturation. In
accordance with known TMT mechanisms oxidative stress and neuroinflammation was observed after 10-d treatment at both maturation stages, whereas the
neuroinflammatory process was more prominent in differentiated cultures than in the immature, no development-dependent difference could be detected for
oxidative stress or synaptic neurodegeneration. Pathway analysis revealed that both vesicular trafficking and the synaptic machinery were strongly affected by 10-d
TMT treatment in both maturation stages, as was GABAergic and glutamatergic neurotransmission.

This study shows that omics approaches combined with pathway analysis constitutes an improved tool-set in elucidating toxicity mechanisms.

1. Introduction

It is generally accepted that the developing brain exhibits higher
sensitivity to toxicant-exposure than the adult brain (Aschner et al.,
2017; Bal-Price et al., 2015; Grandjean and Landrigan, 2014). There-
fore, there is a particular interest in understanding the underlying
mechanisms leading to neurotoxicity and whether these differ de-
pending on the state of brain cell maturation. The neurotoxicant tri-
methyltin (TMT) is widely used as a plastic stabilizer and as a biocide,
and has been detected in both drinking water supplies and in marine
environments (Shin et al., 2016). In vivo studies have shown that TMT is
highly neurotoxic, with a particular selectivity for hippocampus in the
limbic system (Corvino et al., 2013; Little et al., 2012), and observation
in vitro show that the brain cell maturation stage influence its sus-
ceptibility to TMT treatments (Hogberg et al., 2009; Monnet-Tschudi
et al., 1995a; Sandstrom et al., 2017). TMT-induced neurotoxic

mechanisms include excitotoxicity, calcium homeostasis disruption,
mitochondrial dysfunction, oxidative stress, disruption of glutathione
metabolism, and neuroinflammation (Grandjean and Landrigan, 2014;
Shin et al., 2016; Corvino et al., 2013; Little et al., 2012; Geloso et al.,
2011; Lee et al., 2016; McCann et al., 1996). Although glutamate ex-
citotoxicity is well described in these models, TMT effect on neuro-
transmission of GABAergic neurons (Andersson et al., 1995; Brambilla
et al., 2003; Kim et al., 2015; Wong et al., 2003) seems to be more
variable. TMT intoxication is followed by seizures, behavioural altera-
tions and cognitive deficits (Corvino et al., 2013; Geloso et al., 2011)
and acute poisoning causes similar symptoms in humans (Yoo et al.,
2007). However, the effects on human health due to exposure to tin
compounds found in the environment is not known (Agency for Toxic
Substances and Disease Registry (ATSDR), 2005).

TMT-induced neurotoxicity is also accompanied by the induction of
neuroinflammation. Microglial activation and the release of
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inflammatory cytokines (Kim et al., 2014) and mediators of in-
flammation (IL-1ß, TNF-α and IL-6) were observed upon TMT exposure
in various models (Kim et al., 2014; Bruccoleri et al., 1998; Fiedorowicz
et al., 2001; Harry et al., 2008; Harry and Lefebvre d'Hellencourt, 2003;
Harry et al., 2002; Little et al., 2002). These processes are followed by
astrocyte activation, evidenced mainly by morphological changes and
by increased expression of the specific marker glial fibrillary acidic
protein (GFAP) (McCann et al., 1996; Kim et al., 2014; Teismann and
Schulz, 2004).

Omic-profiling-strategies combined with pathway analysis have
proven to be powerful tools for revealing complex biological processes
(Nemes et al., 2013; Wilmes et al., 2013) and such approaches have
already successfully been used in several in vitro models of neurotoxi-
city (Wilmes et al., 2013; van Vliet et al., 2008; Schultz et al., 2015;
Pottiez et al., 2011). These holistic and untargeted approaches can
contribute in identifying specific molecular pathways as well as the
cellular phenotypic adaptations triggered upon toxicant exposure
(Nicholson et al., 2002; Nicholson et al., 1999).

In this study we aimed at investigating whether these approaches
can be used to detect differences in TMT-elicited toxicity pathways
depending on brain cell maturation stage and exposure duration. To
this end we used in vitro 3D cultures of rat brain cells, a culture system –
comprising different neuronal subtypes as well as oligo-, astro- and
microglial cells - that undergoes differentiation during the culture
period, including synaptogenesis and myelination, reaching a high de-
gree of differentiation with the establishment of mature synapses and
compact myelin (Zurich et al., 2003). This culture system has been
widely used for neurotoxicity studies and has allowed the detection of
development-dependent neurotoxicity of lead and mercury (Zurich
et al., 2002; Monnet-Tschudi et al., 1996), which are known develop-
mental neurotoxicants (Aschner et al., 2017; Grandjean and Landrigan,
2014). The high yield and reproducibility of the cultures enable mul-
tiparametric endpoints analysis, including “omics” approaches (Schultz
et al., 2015).

Based on the assumptions that not only the maturation state of the
brain cells but also the duration of the exposure may trigger different
effects and/or different toxicity pathways, 3D rat brain cell cultures
were exposed to TMT at two different maturation stages, either acutely
(for 24 h) or repeatedly (for 10 days). Using proteomics and pathway
enrichment analysis, we aimed to define specific signatures of acute
versus repeated exposure to TMT, as well as investigating toxicity re-
sponse, pathway differences and similarities in relation to the brain
cells' maturation stages.

2. Experimental procedures

2.1. 3D rat brain cell culture

Serum-free 3D brain cell cultures were prepared from the whole
brain of 16-day embryonic rats (Sprague Dawley, Janvier, France) as
previously described (Honegger et al., 2011). In short, a culture batch,
considered as an independent experiment, was prepared with the whole
brain of approximately 70 pups obtained from 6 different pregnant rat
dams. Each culture flask received 10 million living cells at culture in-
itiation. Cultures were maintained in a chemically defined medium
under constant gyratory agitation (80 rpm) at 37 °C in an atmosphere of
10% CO2 and 90% humidified air, allowing the rapid formation of
about 1200 3D structures (free-floating spheres) per original flask.
Media were freshly replenished every third day until day in vitro (DIV)
14, and every second day thereafter. During the culturing period, post-
mitotic neurons undergo progressive differentiation, while glial cells
precursors still proliferate during the first two weeks in culture and
differentiate thereafter, reaching a high degree of differentiation with
the presence of compact myelin. Replicate cultures, containing an
average of 150–200 free-floating spheres, were prepared by pooling and
redistributing the free-floating spheres of several original culture flasks

(Honegger et al., 2011; Honegger et al., 1979). Two to three replicate
cultures per treatment were used in each independent experiment.

2.2. Trimethyltin chloride treatments

Trimethyltin chloride (TMT) (Sigma-Aldrich, CAS Number: 1066-
45-1, PubChem Substance ID: 24848783) was diluted in ultrapure
water to prepare 100-fold stock solutions of 50 and 100 μM con-
centrations. For exposure of the cell cultures, aliquots of the stock so-
lutions were added directly to the culture medium to reach nominal
culture media concentrations of 0.5 and 1.0 μM TMT. At each culture
media change (2.5 mL out of 4mL), TMT was added to maintain a
constant nominal concentration in the culture media. Cultures were
exposed at an immature stage, beginning at day in vitro (DIV) 5, and at a
highly differentiated (mature) stage beginning at DIV 25. Cultures were
harvested either 24 h after the first exposure (acute treatment) or at the
end of the 10-day repeated exposure, hence at DIV15 or at DIV35, re-
spectively.

2.3. Protein content and Lactate Dehydrogenase (LDH) activity
measurements

3D cultures were washed in PBS and homogenized by sonication in
400 μL of 2mM potassium phosphate buffer containing 1mM EDTA,
pH 6.8. Homogenates were divided in aliquots for determination of
total protein content by the Lowry method (Honegger et al., 1979).
Intracellular lactate dehydrogenase activity (LDH, EC 1.1.1.27) was
measured in the cell homogenates by conventional photometric assay as
described by Koh and Choi (Lowry et al., 1951; Koh and Choi, 1987).
LDH catalyses the transformation of pyruvate into lactacte in presence
of NADH, which is oxidized. The velocity of NADH decrease measured
by photometry (absorbance measured at 340 nm) is directly propor-
tional to intracellular LDH activity measured in homogenates. The va-
lues of LDH activity found in the cell homogenates of the untreated
controls represent 100% of living cells, and are set at 1.

2.4. Western blots

Three-dimensional cultures were washed twice with PBS at 4 °C and
homogenized in RIPA (Millipore) with protease inhibitors (Complete,
Roche). The protein content of the homogenates was measured with
BCA assay. NuPage LDS Sample Buffer (Invitrogen) and NuPage Sample
Reducing agent (Invitrogen) were added to the samples and the mix-
tures heated at 99 °C for 5min.20 μg of protein was loaded per well.
Proteins were separated using NuPage 12% Bis-Tris gels (Invitrogen)
and MOPS running buffer (Invitrogen) at a constant voltage (100 V,
1 h30). Proteins were transferred to nitrocellulose membranes (BioRad)
for 7min at a constant voltage (25 V) under semi-dry condition
(Transblot SD semi-dry transfer cell, BioRad) using Towbin transfer
buffer (25mM Tris base, 192mM glycine, and 20% methanol).
Membranes were blocked with 5% non-fat dry milk in TBS-Tween
(20mM Trizma base, 137mM NaCl, 0.05% Tween, pH 7.6). After
blocking, membranes were incubated overnight at 4 °C with anti-sy-
naptotagmin-1 antibody (Abcam, 2 μg/mL) diluted in 5% non-fat dry
milk and TBS. The membranes were then washed with TBS and labeled
with horseradish peroxidase conjugated rabbit anti-goat IgG (1:10000,
Biorad). A second wash was performed and blots were visualized by
chemiluminescence (ECL, Amersham). The resulting bands were
scanned and band intensity was quantified with image analysis (Image
J). Data were acquired in arbitrary densitometric units and transformed
to percentages of densitometric levels obtained from scans of control
samples visualized on the same blot.

2.5. Gene expression analysis by quantitative real-time PCR

Total mRNA was prepared with the RNeasy kit (Qiagen,
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Switzerland) according to manufacturer's guidance and yield was de-
termined by spectrophotometry (NanoDrop, ND-1000). Reverse tran-
scription was performed on 1 microgram total RNA with the High
Capacity cDNA Reverse Transcription kit (Life Technologies, US). Real-
time PCR analyses were performed using Power SYBR Green (Life
Technologies, USA) and 3.2 ng of cDNA per reaction for detection of
Nefh (fw 5′-caggacctgctcaacgtcaa-3′, rev 5′-cttcgccttccaggagttttct-3′),
Gfap (fw 5′-ccttgacctgcgaccttgag-3′, rev 5′-gcgcatttgcctctcacacaga-3′),
Mbp (fw 5′-gcacgctttccaaaatctttaag-3′, rev 5′ agggaggctctcagcgtctt-3′),
Hsp32 (fw 5′-agg tgt cca ggg aag gct tt-3′, rev 5′- tcc agg gcc gta tag ata
tgg t-3′). All primers were examined for potential off-targets, validation
of amplification of amplicon of correct size also at high cycle numbers
(> 40), as well as passing validation for efficacy (for ΔΔCt method)
prior to usage. Beta-actin (Actb) was used as internal control genes. The
ΔΔCt method (Livak and Schmittgen, 2001) was used to calculate the
relative mRNA expression. Data was accepted at< 40 cycles of ampli-
fication. Results are expressed as fold change to untreated control
cultures maintained under normal medium conditions, set at 1 as
baseline.

2.6. Sample preparation for proteomic analysis

Duplicate samples of control and 1 μM trimethyltin-treated cell
pellets (immature and mature cultures, exposed to toxicant either 24 h
or 10d) were solubilized in 6M urea, 1 mM DTE, and 0.1M TEAB. After
homogenization steps, solubilized proteins were recovered by cen-
trifugation in the supernatants.

Reduction of 10 μg of protein per sample was done with TCEP (tris
(2-carboxyethyl)phosphine), final concentration of 10mM, and samples
reacted for 30min at 30 °C. Alkylation was performed with iodoaceta-
mide, added to a final concentration of 40mM, and samples incubated
60min in the dark at room temperature. Trypsin was added (ratio of
1:25, w/w), and the digestion was performed overnight at 37 °C. Then,
a 10-plex Tandem mass tags (Thermo Scientific, Rockford, USA) la-
beling was performed according to manufacturer's instructions. Tandem
mass tag reagents were dissolved in ACN, and each sample was in-
cubated 60min at room temperature with a specific tag. For tag
quenching, 8 μL of hydroxylamin 5% (V/V) was added, and incubated
with the samples for 15min. Labeled samples were pooled and dried
under vacuum. The sample was dissolved in 5% ACN/0.1% FA and
desalted with C18 micro-spin columns (Thermo Scientific). Peptides
were separated by off-gel electrophoresis (Geiser et al., 2011), desalted
and solubilized in an appropriate amount of 5% ACN/0.1% FA for mass
spectrometry (MS) analysis.

2.7. MS-data acquisition for proteomics analyses

For LC-MS/MS, peptides were dissolved in 5% ACN/0.1% FA to a
concentration of 0.25 μg/μL. Mass spectrometry experiments were
performed on a Q Exactive Plus instrument (Thermo Scientific, San
Jose, CA, USA) equipped with an Easy-nanoLC (Thermo Scientific).
Peptides were trapped on 2 cm×75 μm ID, 3 μm pre-column and se-
parated on an Easy-spray column, 50 cm×75 μm ID, PepMap C18,
2 μm (Thermo Scientific). The analytical separation was run for 60min
using a gradient of 99.9% H2O/0.1% (solvent A) and 99.9% ACN/0.1%
FA (solvent B) at a flow rate of 300 nLmin−1. For MS survey scans, the
OT resolution was set to 140,000 and the ion population was set to

3×106 with an m/z window from 350 to 2000. Twenty precursor ions
were selected for higher-energy collisional dissociation (HCD) with a
resolution of 35,000, an ion population set to 1× 105 (isolation
window of 0.5m/z) and a normalized collision energy set to 30%.

2.8. Protein identification and quantification

Raw data were loaded on Proteome Discoverer 2.2 software for
identification and/or quantification of peptides and proteins.
Identification was performed in the UniProt/SwissProt (SwissProt rat
database, containing 8039 entries) database using Mascot (Version
2.5.1, Matrix Sciences, London). Carbamidomethylation of cysteines,
tandem mass tag - sixplex amino terminus and tandem mass tag - six-
plex lysine (for labeled samples) were set as fixed modifications and
methionine oxidation as variable modification. Trypsin was selected as
the enzyme, with two potential miss-cleavages. Peptide and fragment
ion tolerances were respectively 10 ppm and 0.02 Da. Threshold of the
average reporter signal-to-noise ratio (S/N) was set to 2. False discovery
ratio (FDR) was set to 1% at peptide-spectrum match (PSM), peptide
and protein levels. Only high-confident master proteins with at least
two distinct peptide sequences were required for identifications.

2.9. Pathway enrichment

Metacore v6.26 (Thomson Reuters) was used to analyze the sig-
nificantly regulated proteins in the 4 groups compared resulting from
the mass spectrometry analyses. Venny 2.1.0 was used to compare data
sets (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

2.10. Sample preparation and LC-MS analysis for metabolomics

Metabolomic analyses were performed on two different LC modes
(reversed-phase LC –RPLC– and hydrophilic interaction LC –HILIC) in
both positive and negative electrospray ionization polarities. Triplicate
samples were used from every combination of the studied experimental
factors: two maturation states (immature/mature), two exposure
lengths (24 h or 10 days), and three trimethyltin doses (0.0, 0.5 and
1.0 μM). In order to stop the enzymatic activity and extract intracellular
metabolites, 100 μL of ice-cold MeOH/H2O (90:10, v/v) were added to
each sample of neurospheres. Mechanical disruption was achieved by
ultrasound treatment on ice (2×5 s) pulses, 30% amplitude, 2mm-
diameter probe operated on a VibraCell VCX 500 sonicator (Sonics &
Materials Inc., Newtown, CT, USA). Samples were then centrifuged
(12,000×g, 15mins, 4 °C) and supernatants collected. Aliquots of all
cell extracts were pooled to generate a post-extraction quality control
(QC) sample used for analytical performance evaluation and data
treatment. Extracts were diluted 10 times prior to LC-MS analyses using
either H2O/MeCN (95:5, v/v) (for RPLC) or MeCN/H2O (95, 5, v/v) (for
HILIC).

Chromatography was performed on a Waters H-Class Acquity
UHPLC system composed of a quaternary pump, a column manager,
and a FTN auto sampler (Waters Corporation, Milford, MA, USA). For
RPLC analyses, samples were separated on a Kinetex C18 column
(150× 2.1mm, 1.7 μm) and the corresponding SecurityGuard Ultra
precolumn and holder (Phenomenex, Torrance, USA). Solvent A was
H2O and solvent B was MeCN, both containing 0.1% FA. The column
temperature and flow rate were set at 30 °C and 300 μL/min,

Fig. 1. Neurotoxicity assessment for immature and mature rat brain cell cultures submitted to acute (24 h) and prolonged (10d) TMT treatments. A/TMT effect on
lactate dehydrogenase (LDH) activity. B/TMT effects on the mRNA expression of Hsp32, a marker of oxidative stress. C/TMT effects on the mRNA expression of Nfh, a
marker of neurons. D/TMT effects on the mRNA expression of Gfap, a marker of astrocytes E/TMT effects on the mRNA expression of Mbp, a marker of oligo-
dendrocytes.
Data represents the mean of 5–6 replicates obtained in 2–3 independent experiments. Bars correspond to the standard error of the mean (SEM). Statistical significance
of each measure from treated cells toward the control culture is evaluated with a 2-ways ANOVA test in conjunction with Tukey's multiple comparison test.
Significant p-values: *< 0.05; ** < 0.01; *** < 0.005; **** < 0.001.
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respectively. The gradient elution was as follows: 2% to 100% B in
14min, hold for 3min, then back to 2% B in 0.1 min and re-equili-
bration of the column for 7.9min. HILIC separations were conducted on
a Waters Acquity BEH Amide column (150×2.1mm, 1.7 μm) bearing a
VanGuard pre-column. Solvent A was H2O/MeCN (5:95, v/v) and sol-
vent B was H2O/MeCN (70:30, v/v) containing 10mM ammonium
formate (pH 6.5 in the aqueous part). The following gradient was ap-
plied: 0% B for 2min, increased to 70% B over 18min, held for 3min,
and then returned to 0% B to re-equilibrate the column for 7min (total
run time was 31min). The flow rate was 500 μL/min, and the column
temperature was kept at 40 °C. A sample volume of 5 μL was injected.
Samples were randomized for injection, and QC pools were analyzed
every 6 samples to monitor the performance of the analytical platform.

The UHPLC system was coupled to a maXis 3G Q-TOF high-re-
solution mass spectrometer (Bruker Daltonics GmbH, Bremen,
Germany) through an electrospray interface (Gonzalez-Ruiz et al.,
2018). The instrument was operated in TOF mode (no fragmentation).
The capillary voltage was set at −4.7 kV for ESI+, drying gas tem-
perature was 225 °C, drying gas flow rate was set at 5.50 (RPLC) or 8.00
(HILIC) L/min and nebulizing gas pressure was 1.8 (RPLC) or 2.0 bar
(HILIC). Transfer time was set at 40 (RPLC) or 60 (HILIC) μs and pre-
pulse storage time at 7.0 (Stenz et al., 2018) or 5.0 μs (HILIC). For ESI-
operation, the capillary voltage was set at 2.8 kV. All the remaining ion
source and ion optics parameters remained as in ESI+. Data between
50 and 1000m/z were acquired in profile mode at a rate of 2 Hz. ESI
and MS parameters were optimized using a mix of representative
standards fed by a syringe pump and mixed with the LC eluent (mid-
gradient conditions) within a tee-junction. Formate adducts in the m/z
90–1247 range were employed for in-run automatic calibration using
the implemented quadratic plus high-precision calibration algorithm
(Bruker). MS and UPLC control and data acquisition were performed
through the HyStar v3.2 SR2 software (Bruker) running the Waters
Acquity UPLC v.1.5 plug-in.

Run alignment, peak picking and sample normalization were per-
formed on Progenesis QI v2.3 (Nonlinear Dynamics, Waters, Newcastle
upon Tyne, UK) and peaks were identified by matching their retention
times, accurate masses, and isotopic patterns to those of a library of
chemical standards (MSMLS, Sigma-Aldrich, Buchs, Switzerland) ana-
lyzed under the same experimental conditions. Peaks were evaluated on
the basis of the repeatability of their areas on the QC samples and
discarded when the coefficient of variation was above 35% within the
sequence.

2.11. Statistics

All obtained data were tested to be significantly different using 2-
ways ANOVA test in conjunction with Tukey's multiple comparison test.
P-values below 0.05 were considered as significant.

3. Results

3.1. TMT-exposed 3D rat brain model setting

Before performing proteomics and metabolomics analyses, TMT-
induced neurotoxicity was evaluated in immature and differentiated 3D
rat brain cell cultures treated either acutely, for 24 h, or repeatedly for
10 days with 0 (control), 0.5 or 1 μM of TMT from day in vitro (DIV) 5 to
15, or from DIV 25 to 35. TMT-induced cell death was assessed by
measuring intracellular LDH activity and total protein content. The

mRNA expression of Hsp32 was analyzed as a marker of cellular stress
associated to oxidative stress. Cell type-specific effects were evaluated
by mRNA expression of Nfh (neurons), Gfap (astrocytes) and Mbp (oli-
godendrocytes).

No cytotoxicity was observed after the acute TMT treatment. In
contrast, repeated exposure had a cytotoxic effect at the highest TMT
concentration (1 μM), as shown by the significant decrease in both
maturation stages of intracellular LDH activity (Fig. 1A).

Acute exposure did not affect the mRNA expression of Hsp32, while
a concentration-dependent increase was found in immature and in
differentiated cultures after the repeated treatment, pointing to cel-
lular−/oxidative stress. No significant difference was found between
immature and mature cultures (Fig. 1B).

All treatments caused neuronal cytoskeletal instability, as shown by
the decrease of Nfh mRNA expression, indicating neurotoxic effects.
The decrease was more pronounced in both immature and mature
cultures after the repeated treatment than after acute exposure
(Fig. 1C). Both in immature and mature cultures, repeated TMT treat-
ment induced an upregulation of the astrocyte marker Gfap (Fig. 1D), a
hallmark of astrocyte reactivity. However, no difference was found
upon acute exposure at either maturation stage. Oligodendrocytes were
not affected by the acute treatment, while repeated exposure caused a
significant concentration-dependent decrease of Mbp expression speci-
fically in immature cultures (Fig. 1E).

3.2. Protein changes associated to TMT exposure

To further elucidate TMT-induced neurotoxic mechanisms, and to
decipher maturation-stage specific pathways involved in acute or re-
peated treatments, we used tandem mass tag technology to perform
quantitative proteomics. Two independent experiments were con-
ducted, comparing immature and mature cultures after 24 h and 10-day
TMT exposure, respectively. A total of 2541 and 2422 proteins were
identified (2 unique peptides, 1% FDR at the protein, peptide and PSM
level) (supplementary Tables 1 and 2). Acute exposure caused a sig-
nificant modification (up/down-regulation) of 55 proteins in immature
cultures and of 17 in differentiated ones. While after 10-day repeated
TMT exposure, 96 were modified in immature versus 353 in differ-
entiated cultures. Among them, 69 proteins were affected in both dif-
ferentiation stages, whereas 27 and 284 were exclusively modified in
immature and in mature cultures, respectively (supplementary Tables 1
and 2).

3.3. Biological pathway modulation associated to TMT exposure

MetaCore curated databases allowed to perform a pathway enrich-
ment analysis, based on the list of proteins showing modified expres-
sion, defined by the selected thresholds for the comparison of interest,
i.e. fold change> 1.2 and p-value< 0.05.

In acutely exposed immature cultures, MetaCore identified the
pathway linked to neural cell development called “Development –
Neural stem cell lineage commitment”, (−log10(p-value)= 4.90), as
the most relevant pathway with four specific proteins (GFAP, S100B,
ATP1A2 and MCT1) (Fig. 2A, bold). No pathway was significantly
highlighted after the single TMT treatment in mature cultures (Fig. 2B).
Interestingly, in both immature and mature cultures exposed repeatedly
to TMT, the most enriched pathway was “Synaptic vesicle fusion and
recycling in nerve terminal” (Fig. 2C and D, bold), with 17 proteins
among the 52 present in the pathways, showing altered regulation in

Fig. 2. Pathway analysis with MetaCore™. Proteins significantly up- or down-regulated (FC > 1.2, p-value< 0.05, N=2 independent experiments each one re-
sulting from a pool of 3 replicates) in immature cultures treated with TMT for 24 h (A), mature cultures treated with TMT for 24 h (B), immature cultures treated with
TMT for 10 days (C) or mature cultures treated with TMT for 10 days (D), were selected to performed an enrichment of the biological pathways. The top 10 pathways
for each condition are represented in the graph. X axis corresponds to (−log10) p-values, and a grey dash line represents the p-value cut-off at 0.001. Bold pathways
are cited in the text, symbols represent identical pathways detected in immature and in mature cultures after the 10-d treatment.
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Fig. 3. Top biological pathway enriched in mature cell cultures exposed to TMT for 10 days. This neurophysiological process –“Synaptic vesicle fusion and recycling
in nerve terminals”– has an enrichment p-value of 1.13× 10−27. A total of 27 proteins over the 52 represented in the pathways are modified by TMT treatment.
Encircled green arrows indicate that protein was decreased in mature cell cultures exposed to TMT for 10 days in comparison to control. Grey stars represent
secondary path start. Black dots on proteins means that it is a complex or a group of proteins. Long arrows connecting two proteins indicate a link between them,
green is an activation, red an inhibition and grey means no effect or unspecified. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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immature cultures (−log10(p-value)= 21.2), and 27 in mature cul-
tures, reaching a highly significant enrichment p-value (−log10(p-
value)= 29.9). Additional pathways related to neurophysiological
processes, neurotransmission mechanisms, synaptic communication,
AMPA and NMDA physiology were also detected (Fig. 2D). As seen in
details in Fig. 3, all proteins linked to the top enriched pathway were
downregulated, indicating that sub-chronic TMT exposure perturbs
vesicle transport and fusion. Calmodulin, which has a central role in
this pathway, is downregulated together with Calcineurin. Both pro-
teins represent the cornerstone in trafficking of synaptic vesicles pools.
The observed decrease of Calmodulin impacts both Synapsin I and II
levels, which are essential proteins for docking, priming and fusion of
synaptic vesicles. Many proteins associated with these processes, such
as Synapsin 1 and 2, Synaptotagmin-1, Vamp 2, SNAP-25 and nine
others, are also down-regulated. Calmodulin is essential for the un-
coating of clathrin-coated synaptic vesicles, a critical process for neu-
rotransmitter release. As consequence of Calmodulin decrease is also
the decrease of Calcineurin A, and directly of Endophilin A1, AP com-
plex 2 and SYNJ1, which are involved in the filling of vesicles with
neurotransmitters (Di Paolo et al., 2002; Sudhof, 2004; Sudhof and
Rizo, 2011; Wu et al., 2009). A third group of affected proteins – Sy-
naptophysin, Endophilin, SLC17A, Beta-adaptin and ten others – are
related to clathrin-coated vesicle formation in synapses. The modula-
tion of this group of proteins through Calmodulin, Calcineurin and
Dynamin-1 down-regulation leads to perturbation of vesicle en-
docytosis.

TMT therefore impacts various synaptic vesicles processes, from
vesicle formation, vesicles filling with neurotransmitters, to vesicle
trafficking and exocytosis.

Raw data of each pathway enrichment analysis are presented in
supplemental Table 3.

3.4. Proteins of interest related to cell type-specific effects and to
mechanisms of toxicity

Proteins of interest related to cell-type specific effects and to already
known TMT mechanisms of toxicity, as well as results previously ob-
tained in 3D rat brain cell cultures, were extracted from the lists. All
detailed information on protein ratios are found in supplemental Tables
1 and 2.

3.4.1. Cell type specific effects
Effects on neurons were analyzed by considering changes of pro-

teins of the cytoskeleton and of proteins related to specific neuro-
transmitters. Regarding neuronal processes and specific neuronal sub-
types, no significant change was found after acute TMT treatment. In
contrast, the repeated exposure caused a significant decrease of two of
the three neurofilament proteins (medium and low) molecular weight
(NF-M and NF-L), which were both significantly decreased in mature
cultures. Other cytoskeletal elements, such as MAP2, tau, as well as the
enzyme neuron specific enolase (NSE) were similarly decreased fol-
lowing the repeated TMT treatment (see supplementary material, pro-
tein list). The glutamic acid decarboxylase (GAD), an enzyme specific of
GABAergic neurons was significantly decreased in immature cultures
after repeated TMT treatment. A marker of glutamatergic neuro-
transmission, VGlut1, was affected in mature cultures after repeated
TMT exposure. Regarding the vesicular and synaptic machinery, as
highlighted by the pathway enrichment analysis, a great number of

Fig. 4. Individual abundancies of 5 selected metabolites of interest. GABA (A), glutamate (B), acetylcholine (C), aspartic acid (D) and glutathione (E) normalized
abundancies were plotted for each tested condition: immature and mature cultures, with 24 h and 10 days of TMT treatment (N=3). Each dot is the result of the
median of the three measures. Statistical significance of each measure from treated cells toward the control culture was assessed with a 2-ways ANOVA test in
conjunction with Tukey's multiple comparison test. Significant p-values: *< 0.05; **< 0.01; ***< 0.005; ****<0.001.
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involved proteins were modified. No significant change was observed
following acute exposure at either maturation stages, whereas the re-
peated treatment caused a decreased expression of these proteins,
which tended to be more pronounced in differentiated cultures than in
the immature.

Two specific astrocytic proteins, protein S100eB and aquaporin 4,
were significantly decreased in immature cultures after acute TMT
treatment, while no significant change was observed in differentiated
cultures. The repeated treatment caused an upregulation of GFAP in
mature cultures. In addition, in mature cultures, proteins localized in
astrocytes or linked to neuroinflammatory processes – such as Galectin
3 or Annexin A1 – were significantly upregulated.

3.4.2. Effects related to oxidative stress
In analogy to the observations made on mRNA level (Fig. 1), HSP 32

also called heme oxygenase-1 (HO-1) was upregulated in both im-
mature and differentiated cultures exclusively after the repeated
treatment. Interestingly, glutathione peroxidase (GPx), involved in de-
toxification of reactive oxygen radicals (ROS), showed a similar pattern
of modification as HO-1. Other proteins involved in protection against
oxidative stress, such as the metallothioneins-1 and -2, (MT1, MT2),
were upregulated in both maturation stages, but exclusively after re-
peated TMT treatment.

3.5. Metabolomic analysis and immunoblotting for validation of proteomic
analysis

A metabolomic approach was applied to reveal metabolites, in
particular neurotransmitter levels, which may be altered as a con-
sequence of vesicle trafficking impairment observed in the proteomics
pathway analysis. While GABA levels were decreased in both matura-
tion stages only after the 10-day treatment (Fig. 4A), glutamate content
showed a different pattern; significantly decreasing after the acute
treatment in mature cultures, and in immature cultures after the 10-day

treatment (Fig. 4B). Acetylcholine levels were not significantly mod-
ified in any situation (Fig. 4C). Aspartic acid content was significantly
affected in all situations, except in the immature cultures exposed
acutely to TMT (Fig. 4D). Finally, no significant change was found in
any condition for glutathione levels (Fig. 4E), the main molecule in-
volved in oxidative stress protection. Raw data for these 5 metabolites
are presented in supplemental Table 4.

Western blot analysis was used to assess Synaptotagmin-1 expres-
sion, associated to the enriched pathways “Synaptic vesicle fusion and
recycling in nerve terminals” and “Role of CDK5 in presynaptic sig-
nalling” both enriched in immature and mature cultures with repeated
TMT treatment. No effect was detected after acute exposure in both
maturation stages, but a significant decrease of Synaptotagmin ex-
pression was observed in 3D cultures submitted to repeated TMT
treatment. This effect was more pronounced in immature cultures,
where it was visible also at the lower TMT concentration (0.5 μM)
(Fig. 5).

4. Discussion

The mechanisms of TMT-induced toxicity involving oxidative stress,
excitotoxicity and neuroinflammation have mainly been studied in vivo,
in adult animals, where TMT injection is reported to induce neurode-
generation in the hippocampus (Corvino et al., 2013; Little et al., 2012;
Geloso et al., 2011; Fiedorowicz et al., 2001; Chang, 1990; Shintani
et al., 2007; Tang et al., 2013). The present study was performed in vitro
using 3D rat brain cell cultures, where decrease of intracellular LDH
activity and protein content indicated neural cell death after repeated
treatment to 1 μM TMT. However, 24 h after a single TMT treatment, no
significant cell death was detected, but proteomic profiling allowed to
detect alterations of biological pathways, which may give information
about the early events of TMT's mode of action in neural tissues, or
about potential adaptive mechanisms.

Brain development is a vulnerable window for xenobiotic exposure
(Grandjean and Landrigan, 2014), with specific neurodevelopmental
events exhibiting particular susceptibility (Aschner et al., 2017; Bal-
Price et al., 2015). Previous studies using 3D cultures of rat tele-
ncephalon showed a higher sensitivity of the immature brain cells to
TMT treatment (Monnet-Tschudi et al., 1995a). By considering a broad
number of proteins associated with different neural cell types and cel-
lular compartments, proteomic pathway analysis allowed a more pre-
cise analysis of TMT-induced effects in immature and differentiated
brain cells, shedding light on development-dependent effects. Interest-
ingly, acute TMT treatment induced alterations in a greater number of
pathways in immature cultures compared to the mature. However, the
reverse scenario was observed following the repeated treatment, in-
dicating that immature cultures have a stronger response to an acute
exposure, whereas differentiated cultures respond stronger to a pro-
longed exposure. Since the differentiation process leads to an increased
expression and abundance of proteins possibly affecting the detection
level, this potential bias has been corrected for by normalization of total
protein content.

In immature brain cell cultures the main pathway affected by TMT
acute exposure, according to the pathway analysis performed in this
study, was “Development_Neural stem cell lineage commitment”.
Interestingly, three of the four modified proteins are specific of astro-
cytes, suggesting that astrocyte maturation may be an important target
of TMT-induced adverse effects. However, gene expression suggests
that neurons are also very sensitive to TMT treatment as seen by a
strong decrease in Nfh mRNA expression already after 24 h exposure in
both stages. Metacore pathway analysis also revealed that the ATPase
subunit 1A2 (ATP1A2) was also affected by acute exposure of immature
cultures. ATP1A2 is predominantly expressed in neurons in neonates
and in astrocytes in adult, where it modulates the reuptake of potassium
and glutamate from the synaptic cleft (Kinoshita et al., 2016). De-
termination of the primary target of TMT exposure turned out to be

Fig. 5. Western blot analyses of synaptotagmin-1 (SYT), as verification of
proteomic data, were conducted on immature and mature 3D rat brain cell
cultures exposed to 0.5 μM and 1 μM of TMT for 24 h or 10 days. Quantification
of actin (ACT) level was used for normalization. The bars correspond to the
standard error of the mean (SEM) of band volumes with the standard deviation
(N=3). Statistical significance of each measure from treated cells toward the
control culture was assessed with a 2-ways ANOVA test in conjunction with
Tukey's multiple comparison test. Significant p-values: *< 0.05; **<0.01;
***< 0.005; ****<0.001.
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difficult, as it may be concealed by the progressive differentiation-de-
pendent changes as well as by the various cell populations and their
interactions.

The main pathway highly affected after the repeated TMT treatment
in both maturation stages was “Synaptic vesicle fusion and recycling in
nerve terminals”, with 17 proteins and 27 proteins in immature and in
mature cultures, respectively out of the 52 described in the biological
pathway. Proteins involved in synaptic vesicle formation, as well as in
synaptic vesicle docking, priming and fusion were downregulated,
suggesting that TMT strongly affects neurotransmitter release. Although
this pathway was altered in both immature and differentiated cultures,
the consequences may be different. During development, neuro-
transmitter release has trophic effects on the maturation of target
neurons and such disturbances may directly affect network formation
(Mirmiran and Swaab, 1986). Studies have shown that GABA, which is
a predominant inhibitory neurotransmitter that regulates glutamatergic
activity and is involved in synaptic plasticity (Kim et al., 2015) in adult
brain, is an excitatory neurotransmitter in the immature brain. Fur-
thermore, during development it acts as a trophic factor and is involved
in the establishment of higher brain functions, such as memory and
learning (Takayama and Inoue, 2004). This is of particular relevance
for this study, since the main neurotransmitter system affected by TMT
treatment is GABA, as evidenced by the significant decrease of GAD in
both developmental stages. A developmental comparison of TMT effects
on GABA neurotransmission between juvenile (postnatal day 24) and
adult rats (postnatal day 56) showed complex and dynamic regulation
of GABA receptor subunits mRNA level and GABA-related protein ex-
pression during postnatal development and following TMT exposure,
with a more pronounced neurodegeneration in juvenile animals (Kim
et al., 2015). In adult brain, Nishimura and colleagues observed, in
contrast to the present results, an increase in GAD-65 mRNA level in
hippocampus of adult rats five days after TMT dosage (Nishimura et al.,
2001). Baciak and colleagues, on the other hand, did not evidence any
change in GABA content as a consequence of TMT-induced neurode-
generation, whereas fish exposed to TMT showed an increase of GABA
content (Baciak et al., 2017; Zuo et al., 2009). Brodie and colleagues
observed an increase of GABA level in hippocampus of rats 48 h post
TMT exposure, followed by a decrease at 72 h post-exposure, when
necrotic changes were well established (Brodie et al., 1990). Taken
together these observations suggest dynamic changes in GABA neuro-
transmission following TMT exposure, with initial upregulation as
adaptive response, followed by a decrease at a later stage of TMT ex-
posure.

In addition to perturbations of GABAergic neurotransmission, me-
tabolomic analysis revealed a decrease of glutamate content in im-
mature cultures after acute exposure and in mature cultures after the
10-d TMT treatment, as well as concomitant decreased VGlut1 ex-
pression in mature cultures (data not shown), firmly points to an altered
glutamatergic neurotransmission. This corroborates previous observa-
tions in vivo showing a decrease of glutamate in hippocampus, while
glutamine level was increased (Baciak et al., 2017). Interestingly, Ba-
ciak et al., also described a decrease of N-acetylaspartate. In ac-
cordance, metabolomic investigations revealed a decrease of aspartic
acid at both maturation stages after the repeated TMT treatment, as
well as in acutely treated mature cultures. A previous report by
Mailman and co-workers (Mailman et al., 1983) on the effects of TMT
on several neurotransmitters systems in different brain areas showed
that, in contrast to GABA and glutamate, acetylcholine level was not
affected in any brain area, while dopamine concentration was de-
creased in striatum, but neither in brainstem, nor in cerebellum. The
present results obtained in 3D cultures prepared from whole brain of rat
embryos and containing the different neuronal subtypes revealed no
significant alterations in acetylcholine (Fig. 4C) and dopamine and its
precursor L-tyrosine levels (data not shown).

TMT treatment also triggers other cellular responses. The upregu-
lation of Hsp32 mRNA and protein expression, as well as an

upregulation of GPx, detected after the 10-day treatment in both im-
mature and mature cultures suggest that the neurotoxic insult is cou-
pled with a prominent oxidative stress. No development-dependent
differences were observed regarding oxidative stress, in contrast with a
previous report showing that immature cultures are more sensitive to
repeated paraquat exposure than mature ones, due to development-
dependent perturbation of glutathione-mediated defence mechanism
(Sandstrom et al., 2017). As TMT-induced oxidative stress seems to be
associated to the neurodegenerative process, it could be secondary to
glial cell reactivity, underlying the neuroinflammatory process (Hsieh
and Yang, 2013).

The association of neuroinflammation with TMT-induced neurode-
generation has widely been described (Bruccoleri et al., 1998; Harry
et al., 2008; Harry and Lefebvre d'Hellencourt, 2003; Harry et al., 2002;
Little et al., 2002; Monnet-Tschudi et al., 1995b). Indeed, repeated TMT
treatment resulted in the upregulation of GFAP, a marker of astrocyte
reactivity, in both immature and differentiated cultures. In differ-
entiated cultures also other markers of astrocyte reactivity, such as
vimentin, S-100, as well of other more general markers of neuroin-
flammation, such as the galectins and annexins (McArthur et al., 2010;
Sirko et al., 2015) showed increased expression. The neuroin-
flammatory process seems to be more pronounced in differentiated
cultures than in the immature. Similar effects have previously been
reported in 3D rat brain cell aggregates exposed to the herbicide
paraquat, where immature cultures showed a limited neuroin-
flammatory response of a less protective phenotype (Sandstrom et al.,
2017). Interestingly, the astrocytic specific protein aquaporin 4 was
upregulated at both stages after repeated TMT treatment, as well as in
differentiated cultures after acute exposure. A recent study suggests
that aquaporin 4 may be involved in synaptic plasticity (Szu and
Binder, 2016). Metacore pathway analysis indicated strong effects on
the synaptic machinery in immature cultures – hence during synapse
formation – and in differentiated cultures - during synaptic stabilization
– suggesting that the upregulation of aquaporin 4 may be part of an
adaptive mechanism.

In conclusion, proteomic profiling, metabolomics approaches and
pathway analysis suggested that the vesicular and synaptic machinery
of GABA and glutamate neurotransmission were the most affected by
TMT exposure, with strong alterations upon repeated exposure when
the neurodegenerative process is ongoing. Comparison of effects in
immature and differentiated neural cells revealed the difficulty of evi-
dencing development-dependent differences, due to the duration of the
insult or due to the progressive differentiation process itself.
Considering the mechanisms of TMT neurotoxicity – oxidative stress
and synaptic neurodegeneration – no significant differentiation-de-
pendent differences could be observed, while neuroinflammation ap-
peared to be more pronounced in differentiated cultures. However,
pathway analysis revealed that specific developmental events, such as
neural stem cells lineage commitment, were perturbed in immature
cultures following acute TMT treatment. Acute TMT treatment also
perturbed astrocyte and oligodendrocyte markers, which are still dif-
ferentiating in immature cultures, as previously described (Zurich et al.,
2004). A previous study by Schultz and coworkers (Schultz et al., 2015)
has shown that the 3D brain cell culture system in a differentiated stage
is well suited for OMIC's analysis after both acute and prolonged
treatments. The present study extends this application for potential
comparison of developmental neurotoxicity testing (DNT) and aspects
of neurotoxicity testing (NT). Furthermore, the association of proteomic
and metabolomic techniques using pathway analysis provides a toolset
for a more holistic comparison of perturbed pathways at different stages
of exposure and duration of xenobiotic insult.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tiv.2019.05.020.
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