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ARTICLE INFO ABSTRACT

Keywords: Health risks related to 900 MHz 2 G frequency exposure remain inconclusive under current regulatory standards.
Radiofrequency fields Research into potential long-term effects is ongoing, particularly as the use of mobile networks and wireless
Proliferation ) devices increases. This study investigates the effects of non-thermal exposure levels of mobile phone 900 MHz
IS\I};I;iE;i::rs:xsics radiofrequency electromagnetic field (RF-EMF) on rodent neurodevelopment. In vivo, the effects of pre- and post-
Neurodevelopment natal 0.08 and 0.4 W/kg specific absorption rate (SAR) exposure were assessed for their impact on the proteomic
Neurotoxicology profile at postnatal day 0 (PND 0). Brain-derived neurotrophic factor (BDNF), BrdU+ proliferative cells, syn-
Stem cells aptogenesis, and oxidative stress in the hippocampus and cortex of rat pups were studied at PND 8 and PND 17.

Effects of the lowest SAR (0.08 W/kg) were assessed in vitro to afford mechanistic data regarding neural stem
cells (NSCs) differentiation. In vivo results showed a decrease in BDNF level and BrdU+ proliferative cells with a
decrease in synapse balance (excitatory synapses/inhibitory synapses). In vitro, at 0.08 W/kg there was an in-
crease in Ki-67 + proliferative cells, apoptosis, and double-strand DNA breaks in NSCs. A lower ratio of B1 cells
(primary progenitors of NSCs) among total cerebral cells and a higher ratio of oligodendrocyte progenitor cells
and astrocytes were observed in the exposed NSCs. Our findings suggest that key cellular events for brain
ontogenesis are likely to undergo changes with RF-EMF 900 MHz exposure during early development. These
support the hypothesis that the developing central nervous system is vulnerable to RF-EMF exposures in rodents
at regulatory thresholds.

1. Introduction

Radiofrequency electromagnetic field (RF-EMF) exposure is present
in the environment in both urban and rural areas. To protect populations
and to limit exposures, thresholds of 51.96 V/m for occupational envi-
ronments and 35.17 V/m for general public environments were set by
the International Commission on Non-Ionizing Radiation Protection
(ICNIRP) for 900 MHz. The specific absorption rate (SAR) defines the
tissue-absorbed energy per unit of mass. The ICNIRP recommends a SAR
of 0.08 W/kg for the public and 0.4 W/kg for occupational limits.
Occupational environments may involve higher levels (Valic et al.,
2012, 2017; Gallucci et al., 2022), but mean levels in public
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environments are about 15-60 times lower than these limits. For
example measurements in Australia indicated 4.33 V/m in the city
centers and 0.75 V/m in outdoor and residential areas or parks (Bhatt
et al., 2016). Yet, studies on non-thermal RF-EMF exposure during the
gestational and early postnatal period (until weaning) suggested
oxidative damage in the brain (Sharma et al., 2021). In our previous
study we reported accelerated physical developments and reduced body
weight in pre- and post-natal exposed rat pups at 900 MHz (Bodin et al.,
2024). In the context of the Developmental Origins of Health and Dis-
ease (DOHaD) hypothesis, early-life exposure to neurotoxicants may
have enduring implications for neurodevelopmental trajectories
(Grandjean and Landrigan, 2014; Albores-Garcia et al., 2021).
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Around gestational day (GD) 10-12 in mice, the neuroepithelial stem
cells (NSC) evolve into radial glial progenitor cells (RGPs). In the em-
bryonic brain of vertebrates, RGPs will proliferate, giving rise to pro-
genitor cells and can undergo asymmetric differentiation into neuronal
and glial cells (Haubensak et al., 2004; Noctor et al., 2004; Rowitch and
Kriegstein, 2010). Brain-derived neurotrophic factor (BDNF) expression,
is involved in neuron growth, survival and differentiation in the devel-
oping central nervous system (Briones and Woods, 2013; Taschetto Vey
et al., 2020). BDNF expression starts around GD 10.5 in rodents and in
the 8th post coital week in human embryos (Esvald et al., 2023). Its
disruption may impact neurodevelopment of offspring (Fatima et al.,
2019; Okano et al., 2023). Between GD 10.5 and 17.5 in the neocortex of
mice, RGPs differentiate into neocortical neurons. In humans, this
transition occurs between gestational weeks 7 and 27 (Zahr et al., 2019).
At GD 13.5, the average cell cycle time for proliferative cells in the
ventricular zone is approximately 12 h, with the S-phase (DNA synthesis
phase) lasting around 6 h in mice (Hoshino et al., 1973; Schmahl, 1983;
Takahashi et al., 1995). This cell cycle length is comparable in adult
mouse models (Hayes and Nowakowski, 2002). However, it may differ
in vitro depending on the cell culture micro-environment. For example,
the balance between oxidation and reduction is crucial for neurogenesis,
neuronal migration, synaptogenesis and pruning (Londono Tobon et al.,
2016). Silencing the glutathione peroxidase (whose function is to reduce
hydrogen peroxide and lipid hyperoxide in physiological context) dur-
ing embryogenesis leads to impaired hindbrain development and cere-
bral apoptosis (Borchert et al., 2006).

In the rat brain most synapses are formed between birth (postnatal
day, PND, 0) and PND 21. Synaptogenesis peaks around PND 14. The
precise timeline depends on the specific brain regions (Semple et al.,
2013). In children, synaptogenesis peaks around one to two years (Zeiss,
2021). In the presynaptic bouton, synaptic vesicles store excitatory
(glutamate) or inhibitory (gamma-aminobutyric acid), GABA) neuro-
transmitters or modulators. Key proteins like Bassoon, an active zone
matrix proteins, contributes to neurotransmitters release in the synaptic
cleft and synaptic transmission (Ackermann et al., 2015). In inhibitory
synapses, the postsynaptic bouton will express GABA or glycinergic re-
ceptors on their membrane surface, stabilized by the protein gephyrin
(Groeneweg et al., 2018; Dos Reis et al., 2022). In excitatory synapses,
the post-synaptic bouton will express glutamatergic, N-Methyl--
D-aspartic acid (NMDA), Aminomethylphosphonic acid (AMPA) and
potassium receptors on their membrane surface, stabilized by the
post-synaptic density protein 95 (PSD-95) (Kim and Sheng, 2004). The
balance between excitatory and inhibitory synapses at the protein level
with Gephyrin and PSD-95 in developing synapses (Keith and
El-Husseini, 2008) is crucial for the stabilization of neuronal circuits
(Monday et al., 2018). The inhibitory activity of synapses is required to
refine the optimal neural representation from many competing inputs
that increasingly stimulate the developing brain (Peerboom and Wier-
enga, 2021). Interestingly, cell loss in the hippocampus following sei-
zures has been associated with an increase in GABAergic synapses
(Knuesel et al., 2001). Disruptions in this equilibrium can result in
neurodevelopmental disorders such as autism spectrum disorders (Bozzi
et al., 2018; Antoine et al., 2019; Sohal and Rubenstein, 2019). Indeed,
these distinct stages of neurodevelopment have been shown to be altered
after low level RF-EMF exposure.

In adult rodent brain, NSCs are involved in the neurogenesis that
occurs in two neurogenic zones: the subgranular zone of the hippo-
campal dentate gyrus and the subventricular zone (SVZ) of the lateral
ventricles (Abrous et al., 2005). The SVZ NSCs are multipotent B1 cells
produced during embryonic phase. Bl cells can give rise to
transit-amplifying neural progenitor cells (C cells) that in turn generate
migrating neuroblasts (A cells) (Alvarez-Buylla and Lim, 2004). B1 cells
can differentiate into astrocytes, oligodendrocytes, ependymal cells (E
cells) and neurons (Menn et al., 2006; Ortega et al., 2013)

The study of the alteration of the oxidative stress balance has been a
major focus after RF-EMF exposure (Schuermann and Mevissen, 2021)

Neurotoxicology 111 (2025) 103312

as a potential key event in the neurotoxicity pathway (Nishimura et al.,
2021). Following chronic 2450 MHz exposure from pregnancy to PND
21, 1 h per day at 0.1 W/kg, lipid peroxidation was higher and gluta-
thione peroxidase was lower in rats (Celik et al., 2016). A reduction in
pyramidal neurons in the Ammon’s horn (CA) in PND 56 rats was
observed following 900 MHz at 0.024 W/kg exposure for 1 h each day
(Sahin et al., 2015), or chronic exposure to 835 MHz at 1.6 W/kg daily in
adult mice (Maskey et al., 2010) with 30 days of exposure for both ex-
periments. At PND 28, chronic exposure to 900 MHz at 1.15 W/kg for 1 h
daily over 28 days of rats induced neuronal loss and cellular architecture
disruption (dendritic intersection and branching point) was also noted in
the amygdala (Narayanan et al., 2018). In adult rats, increased oxidative
stress and histological changes in the hippocampus and cerebellum after
1800 MHz at 0.6 W/kg for 2 h daily over 3 months were showed
(Hussein et al., 2016). In vitro, after 900 MHz RF-exposure at
2.287 W/kg, neurospheres showed a decrease in number and size and in
percentage of differentiation into neurons (Eghlidospour et al., 2017).

Regarding RF-EMF exposure implications at the synaptic level, only
in vivo studies were performed in adult mice model. A decrease in the
expression of vesicular trafficking regulators, synapsin I and synapsin II,
in cortical neurons was observed (Kim et al., 2017). With the same
exposure extended to 12 weeks, a significant reduction in the number of
synaptic vesicles and dopaminergic neurons in the striatum of exposed
rats was noted (Kim et al., 2019). A significant reduction in dendritic
spines was shown in the dentate gyrus of the hippocampus in mice
exposed to 835 MHz RF at 4 W/kg for 5 h daily from PND 1 over 4 weeks
(Kim et al.,2021). For in vitro studies, a significant difference was shown
on neurite outgrowth following NSCs exposure to 1800 MHz RF at
4 W/kg field for 3 days but not for 1 W/kg and 2 W/kg exposure (Chen
et al., 2015). At 900 MHz, Del Vecchio et al., (2009) showed different
results with a reduction in the number of neurites in murine cell line and
in rats’ cortical primary neurons with decreased beta-thymosin mRNA.
In terms of synaptic impact, a decreased number and length of branches
of a primary culture of cortical neurons after being exposed to 1800 MHz
at 4 W/kg 1 h per day from day in vitro 1 (DIV) to DIV 4 was reported by
Su et al., (2018). Further investigation is warranted on developmental
biology to ascertain the absence of biological effect or sanitary risk
below RF-EMF ICNIRP thresholds for neonates, juveniles and adoles-
cents. Our study is the first to assess similar key events of neuro-
development following in vivo GD 8 to PND 17 900 MHz exposure at
regulatory limits or following DIV 1 to DIV 10 in vitro 900 MHz
exposure.

The objective of this research was to further investigate the hy-
pothesis that 900 MHz RF-EMF exposures at whole-body (wb) SARs
corresponding to ICNIRP limits for humans may modify progeny neu-
rodevelopment on proteomic profile at PND 0, cellular proliferation,
synaptogenesis, and micro-environment at PND 8 and PND 17. Here we
aimed to fulfil both in vivo and in vitro approaches by assessing 900 MHz
at public limits on the key cellular events of neurodevelopment.

2. Materials and methods
2.1. Rats

Protocols were approved by the Regional Ethical Committee (CRE-
MEAP N. 96) and the French Ministry of Research (APAFIS#19003, 26/
08/2019; Bodin et al.,, 2024). Twenty-seven pregnant female rats
(Sprague Dawley, 10-12 weeks old; Janvier (France) were received at
the vivarium at GD 3 and had 5 days in their exposure chambers to
acclimatize (12 h light/dark cycle (light intensity: 300 lux) at 22°C room
temperature (RT).

2.2. In vivo procedures and experimental groups

The experimental design is summarized in Fig. 1. Pregnant Sprague
Dawley rats were randomly divided into three groups: a sham control
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Fig. (1). Design of gestational, post-natal and in vitro RF exposure and endpoint assessment. Daily exposures from 11:00-19:00 h starting at GD 8 and until PND 17
were performed. The wbSAR was 0 (sham-exposed group), 0.08 W/kg (PuM group) or 0.4 W/kg (OcM group). Proteomic analysis was performed at PND O,
immunohistochemistry and ELISA tests on BDNF and oxidative stress were performed at PND 8 and PND 17 on male pups’ brains. The neural stem cells were exposed
for 3 days or 7 days to 900 MHz RF at 0.08 W/kg (the RF limit for the public; Public (Pu) group). Cells viability, differentiation and proliferation were assessed after
10 days. RF: radiofrequency; GD: gestational day; PND: postnatal day; SAR: specific absorption rate; PuM: general public whole body (wb) SAR for mothers; OcM:
occupational wbSAR for mothers; Pu: group of cells exposed at the SAR corresponding to the general public limit.

group (n = 9), the public exposure group (PuM, n = 8), and the occu-
pational exposure group (OcM, n = 8). Both the PuM and OcM groups
were exposed to 900 MHz continuous-wave RF-EMF for 8 h daily from
GD 8 to PND 17. The PuM group was exposed to a field strength of
30.2 V/m, resulting in a whole-body specific absorption rate (WbSAR) of
0.08 W/kg in pregnant rats, while the OcM group received 67.5 V/m,
corresponding to a wbSAR of 0.4 W/kg in pregnant rats. The sham group
underwent the same procedure without RF exposure (field strength near
environmental baseline). The experimental protocol has been described
previously (Bodin et al., 2024). Litters were standardized at birth to
include 3 males and 3 females. For this study, two pups (one male and
one female) were semi-randomly selected for sacrifice on PND 8 and
PND 17. Rats were given intraperitoneal injections of 5-bro-
mo-2"-deoxyuridine (BrdU), 50 mg/kg, 2 h before euthanasia. The aim
was to mark newly synthesized DNA. RF-EMF exposures were conducted
in reverberation chambers, with exposure specifics previously reported
by Capstick et al. (2017) and Bodin et al. (2024).

2.3. Proteomic in neonats’ brain

Brains were harvested from surplus male pups at PND 0. The brain
areas from cortex region and hippocampal region were then dissected
using a micro-punch technique (3 pups per litter). Proteins were
extracted and digested from 30 mg of ground tissue using IST-NHS
sample preparation kit (Preomics, Planegg (Martinsried), Germany)
using manufacturer’s recommendations. Differential proteomic analysis
was performed using tandem mass tags (TMT) for relative quantitative
proteomic analysis. The labelled samples were then mixed and analyzed
in a single liquid chromatography-mass spectrometry (LC-MS) experi-
ment. Samples treated in this way were then fractionated using the High
pH reversed-Phase kit according to the supplier’s recommendations.

The fractioned samples were injected, separated on a nano-HPLC
system (RSLC NCS-3500 RS/WPS 3000). A binary gradient of aqueous
solvent (water/0.1 % formic acid (V/V)) and organic solvent (acetoni-
trile/0.1 % (V/V) formic acid) at a flow rate of 300 nl/min was used
following the gradient of 170 min. These experiments were performed
on three biological replicates. The mass spectrometry (MS) and MS/MS
obtained were analyzed using Proteome Discoverer 2.5 by querying the
Trembl Rattus norvegicus database with a false positive rate of less than
0.01 based on a search of the database and the reverse database. The

MS/MS data (raw data, identification and quantification results) are
available to ProteomeXchange Consortium (http://www.proteomexch
ange.org accessed on 9th July 2024) via the PRIDE partner repository
with dataset identifier PXD053803. The sequences were compared to
find sequence homology (protein sequence from GenBank).

2.4. Preparation of tissue from juvenile rats’ brain

The brains were separated into 2 hemispheres. One half was cut to
obtain brain sections of 300 pm and frozen in isopentane cooled to
—50°C. It was stored at —80°C until dissection using the "micro-punch"
technique (Palkovits, 1973) for BDNF and oxidative stress markers
ELISA. The other half was post-fixed in paraformaldehyde (PFA) 4 %
(diluted in 0.1 M phosphate buffer, pH 7.4) for approximately 24 h in
the fridge at 4°C. The brains were then placed in 0.1 M phosphate buffer
(pH 7.4) containing 30 % sucrose (a volume of approximately 30 mL per
vial) at 4°C for the required time for the brain to sink to the bottom of the
vial (24 h to 48 h). They were stored in the freezer at —80°C until being
sectioned in the cryostat. Slices were cut in sagittal plane of 14 um in
size and mounted on superfrost plus slides. The sections were stored at
—20°C until BrdU immunohistochemistry.

2.5. BrdU/DAPI immunohistochemistry staining

Superfrost plus slides with brain slices were placed in an incubator at
37°C for 30 min to dry. Slides were rehydrated in HBSS 1X bath under
agitation at RT. All the slides were placed in a 1 M HCL vat in a water
bath at 37°C for 30 min to denature the DNA. The process was stopped
with washes in ice cold 1X HBSS. The sections were incubated with
0.3 % Triton X-100 with 2 % goat serum diluted in HBSS 1X solution at
RT for 1 h. Each slice of brain was then surrounded with a hydrophobic
pen to perform sequential staining with 150 uL of blocking solution
containing anti-BrdU monoclonal antibody (1/200, B2531, Sigma-
Aldrich). They were incubated over night at 4°C. Washing steps were
performed before adding the secondary antibody (1,/200, A21202,
Thermofisher) 2 h at RT. DAPI staining at 1/2000 was performed for
15 min at RT. Sections were washed and coverslipped in fluorescent
mounting medium (fluoromount) and stored at 4°C for later observation
under confocal microscope.
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2.6. Bassoon - gephyrin - PSD-95 immunofluorescence

Superfrost plus slides with brain slices were placed in an incubator at
37°C for 30 min to dry. They were then rehydrated in HBSS 1X bath
under agitation at RT. Put in a bath of saturation buffer with 10 % goat
serum, 0.5 % Triton-100X in TBS 1X at RT on rotating grid for 1 h. Each
brain slice was then surrounded with a hydrophobic pen to perform
sequential staining with 150 pL of blocking solution with rabbit anti-
Bassoon (Synaptic System, 141003, 1/500), guinea pig anti-gephyrin
(Synaptic System, 147318, 1/200) and mouse anti-PSD-95 (Abcam,
ab2723, 1/500). They were put under agitation at 4°C overnight. After
washing with TBS 1X, secondary antibodies (1/200) were added with
0.05 % Tween in TBS 1X under agitation 2 h in dark. Sections were
washed and coverslipped in fluorescent mounting medium (fluo-
romount) and stored at 4°C for later observation under confocal
microscope.

2.7. Confocal imaging

A laser scanning confocal microscope was used: Olympus Fluoview
1000. The number of BrdU-positive and DAPI-positive cells were
counted in each three sagittal sections (spaced 1 um apart) per brain in
regions of interest (ROI). Results were recorded as the average number
of BrdUTDAPI' cells per section and per cm?. Densities were measured
by Image J software.

The quantification of inhibitory synapses and excitatory synapses
was made with colocalization of immunofluorescence of gephyrin/
bassoon or PSD95/bassoon antibody, respectively. The quantification
was performed on confocal images (x600) with an automatic
probability-principled synapse detection algorithm in the Fiji plug-in of
ImageJ: SynQuant (Wang et al., 2020).

2.8. BDNF quantification by electrochemiluminescent immunoassay

The singleplex assay that measured BDNF levels was provided by
Meso Scale Discovery (MSD; Gaithersburg, MD, USA). The hippocampal
and cortex regions of the brain were sampled with a micropunch (3 pm)
on a sagittal plane. The quantity of BDNF was then measured using MSD
protocol (U-PLEX Rat BDNF Assay K1536WK-1) and analysed with
Methodicalmind software.

2.9. Detection of oxidative stress with ELISA

Oxidative stress markers were measured on lysate of the whole brain
normalized at 12.5 mg per mL. Lipid peroxidation was determined with
MDA ELISA kit (Sigma-Aldrich-MAKO085- St.Louis, MO, USA) and the
results were expressed as nmol/mL. The total antioxidant capacity
(TAC) was measured using a colorimetric ELISA kit (Abcam, Cambridge,
UK; ab65329). TAC was calculated using a standard curve, and results
were expressed as antioxidant concentration (nmol/mL). 8-hydroxy-2'"-
deoxyguanosine (8-OHdG) Rat ELISA kit (Abcam, Cambridge, UK;
ab285302) was used according to the manufacturer’s protocol.

2.10. Mice

Janvier Labs provided the breeding adult C57BL/6JRj mice (Le
Genest-St-Isle, France), and standard conditions were maintained with
ad libitum access to water, food, and 12-hour light/dark cycles.

2.11. In vitro primary culture of NSCs of newborn mice

In vitro murine primary NSC cultures were performed on PND 1 to
PND 5 C57BL/6JRj mice and NSCs were cultured according to the
modified experimental procedures of Delgehyr et al., (2015). Briefly,
newborn mice were sacrificed by decapitation, and brains were trans-
ferred to a Petri dish containing cold complemented Hank’s solution.
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The olfactory bulbs and hippocampal have been detached while the
telencephalon surface was detachable by peeling off the meninges. The
dissected telencephalon was mechanically dissociated followed with the
add of 1 mL of the enzymatic digestion solution per tube. After an in-
cubation of 45 min at 37 °C, 5 % CO2, samples were centrifuged for
1 minat 110 g (4 °C), and 1 mL of the stop solution was added per tube.
After a centrifugation (1 min 110 g 4 °C), the cells were rinsed with
5 mL of L15 medium. The cells were centrifuged for 5 min at 110 g 4 °C
and were suspended mechanically in 1 mL of the NSCs growth medium.
The cells were plated into poly-L-Lysine precoated 25 cm? flasks (one
brain per flask).

2.12. In vitro exposure and field measurements

For all experiments, NSCs were exposed with a GSM 900-MHz mobile
simulator in a “GSM-like” (1/8 Duty-cycle 216 Hz). The main concept of
the system is based on the wire patch cell (WPC) in vitro exposure system
developed by XLIM according to publication Laval et al., (2000). During
exposure, the temperature of the incubator was monitored and main-
tained at 37 £ 0.1°C.

The amplifier provided 0.16 W for SAR 0.08 W/kg (general public
limit SAR for cells, Pu). The maximum power used (0.16 W) was about
200 times lower than the power inducing a 0.2 degrees temperature
increase, i.e., 31.6 W. Finite Difference Time Domain technique and
experimental investigations have been used concomitantly to design the
cell at 900 MHz. The numerical dosimetry was validated by dosimetry
measurements. These investigations estimated the dosimetry precision
at 11 %. SAR was calculated as followed: SAR = o|E?|/p (E is the root-
mean-square local electric field strength (V/m), o the effective con-
ductivity (S/m), and p the aqueous sample density (kg/m3). In the
model, cells were continuously exposed for 3 or 7 days either at 0 W/kg
or at 0.083 W/kg SAR. The averaged SAR calculated for this experiment
was 0.08 W/kg (general public limit SAR, Pu).

2.13. Invitro cell differentiation

When the cells reached confluence, usually 5 days after plating, the
flasks were shaken at 250 rpm overnight at RT, to remove differentiated
cells. The next day, the flasks were rinsed with sterile Ca2 + /Mg2 + -
free Dulbecco’s phosphate-buffered saline (DPBS, SIGMA D8537).
One mL of 0.05 % Trypsin-EDTA (1X, GIBCO 25300-054) was added to
each flask to remove cells, and flasks were incubated for under 15 min.
After shaking briefly, the cells came to the surface, and 1 mL of NCS
growth medium was added. The cells were centrifuged for 7 min at
110 g 4 °C, then suspended at high density (1-2.10° cells/mL or 2.10°
cells per 20 pL for immunocytochemistry). Up to 6 cell suspensions
should be grouped together to avoid the individual effect. The 35 mm
Petri dishes were incubated for 30 min in a cell incubator (37 °C 5 %
CO2) to provide cell adhesion at high density before adding 3 mL of NSC
growth medium. The NSC growth medium was used for less than 7 days
in vitro (DIV) to initiate spontaneous differentiation into neuroglial cells.
The medium was removed every two days.

2.14. Invitro cell viability

Cell viability was assessed using tetrazolium dye 3-(4, 5-dimethylth-
iazol-2yl)2, 5diphenyl-2H-tetrazolium bromide (5 mg/mL MTT) ac-
cording to the manufacturer’s instructions (Vybrant® MTT Cell
Proliferation Assay Kit, ThermoFisher Scientific). Cells were plated onto
PLL precoated 35 mm Petri Dishes and exposed. Petri dishes were rinsed
with HBSS and the MTT was added to the medium (12 mM stock solu-
tion). After 4 h of incubation at 37 °C and 5 % CO2, the medium was
removed, and the formazan end-product was solubilized in SDS-HCI.
After 2 h at 37 °C and 5 % CO2, formazan production was determined
by spectrophotometry (CLARIOstar, BMG LABTECH) at a wavelength of
562 nm.
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Triplicate evaluation was conducted on every sample, with each
triplicate representing a pool of up to six individual suspension NSC-
derived cultures. Three experiments were carried out independently
for each condition.

2.15. Invitro TUNEL assays

TUNEL assays were conducted with an ApopTag® fluorescein in situ
Apoptosis Detection Kit (Chemicon S7110) following the indicated
protocol. The number of apoptotic cells and number of total nuclei were
counted.

2.16. In vitro immunocytochemistry

Cell genotoxicity, proliferation and differentiation were analysed by
immunocytochemistry. NSCs were plated at a concentration of 2.105
cells per 20 pL into 35 mm Petri dishes containing 4 PLL precoated
coverslips. Cell genotoxicity was performed at the end of the exposure
period (D3 and D7). Cell differentiation was realized at day 10. Prolif-
eration was evaluated at the end of the exposure period and at day 10.
The medium was removed, and the coverslips were washed with Tris-
Buffer Saline 1X (TBS, pH 7.6, Tris—HCI 50 mM, NaCl 150 mM), fixed
with 4 % paraformaldehyde (PFA) for 10 min at RT. After washing, cells
were permeabilized with 10 % FBS; 0.20 % Triton X-100 (Euromedex,
ref 2000A) and 2 % Bovine Serum Albumin (BSA Fraction V, ICN Bio-
medicals, ref 9048-46-8) for 15 min at RT. Coverslips were then incu-
bated overnight at RT using the following primary antibodies: anti-Ki-67
(1:500, polyclonal IgG rabbit, ABCAM ab15580) for cell proliferation;
anti-Nestin (1:500, monoclonal IgG1k mouse, ABCAM ab11306) for Bl
and C cells; anti-GFAP (1:500, monoclonal IgG1 mouse, SIGMA G3893
or 1:500, polyclonal IgG rabbit, Dako Z0334) for B1 cells and astrocytes,
and anti-Olig2 (1:500, polyclonal IgG rabbit, Millipore AB9610) for
oligodendrocyte precursor cells. Coverslips were rinsed with TBS1X and
incubated with the appropriate secondary antibodies (anti-rabbit, anti-
mouse, or anti-rat Ig G Alexa-488 or TRITC conjugated) for 45 min at
RT in 2 % BSA and 10 % FBS solution. After another washing step DAPI
was used to stain the nuclei of cells. Coverslips were mounted on glass
slides in the Fluoromount-G (SouthernBiotech). Microscopic images
were produced by using a fluorescent microscope (Leica DM6000B) with
immersed 40x magnification and analyzed with Metamorph® software.

Cell growth was analysed at the end of exposure times (day 3 and 7)
and on day 10 by measuring the total number of nuclei in Pu exposed
cells in comparison to the sham treated cultures. To assess the effect on
cell proliferation and apoptosis, Ki-67-positive cells and Apoptag-
positive cells were counted respectively on day 3, 7 and/or 10. To
assess the effect of Pu exposure on DNA double strand breaks, the
number of cells with DNA double strand breaks were counted at the end
of time exposure.

Quantitative analysis of double immunostaining was performed for
each experimental condition using four wells per condition. For each
coverslip, 5-6 representative microscopic fields were randomly acquired
at 40 x oil immersion magnification with the Leica DM6000B micro-
scope. Images were analysed with ImageJ® software, where the total
number of nuclei (DAPI-stained) and the number of single- or double-
labelled cells were manually counted. On average, each field con-
tained approximately 150 cells, corresponding to 750-900 cells ana-
lysed per coverslip. Data from all fields of a coverslip were averaged to
obtain one value per well, and the four wells of the same condition were
then averaged to yield a single value per condition. Results are expressed
as the percentage of positive or double-positive cells relative to the sham
group.

2.17. Statistical analysis

For proteomic data, principal component analysis (PCA) and differ-
ential expression analysis, were performed with Proteome Discoverer
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2.5 (Thermo Fisher Scientific Inc. USA). Means + standard error was
analysed using GraphPad Prism (Version 8.0.2, GraphPad Software,
Boston,166 Massachusetts USA). Statistical significance was set for p
values lower than 0.05 in all statistical test.

To compare more than two groups of quantitative data (the SAR
effect on the sham, 0.08 and 0.4 W/kg groups, the time (age) effect or
the slice effect), a mixed-effects model was used to analyse the signifi-
cance of our three factors and the interaction between each factor. A
mixed effect was used subsequently to analyse interactions. When mixed
effects were significant, Sidak’s or Turkey’s t test post hoc were
conducted.

To compare two groups of quantitative data (sham versus RF-EMF
exposed groups in in vitro approach), all datasets were refined with
the ROUT outlier test (Q=5 %) to identify values to exclude. Mann-
Whitney test was realised for testing and each mean was compared
with the sham control group mean.

3. Results

3.1. Distinct proteomic profiles between sham and RF-EMF exposed
groups at PND 0

Proteomic analysis revealed considerable heterogeneity across
samples between the four individuals inside each group, the different
conditions (Sham, PuM and OcM), and the brain areas (Hippocampus,
Cortex). The volcano plots (Fig. 2) for the four separate comparisons
with the sham group (Cortex PuM and OcM, Hippocampus PuM and
OcM) show a total of 10 differentially expressed proteins.

The PCA (Fig. 3) allows the transformation of possibly correlated
values into principal components that best represent their variances. The
aim is to reduce the number of dimensions that will describe proteins
dynamics. In our analysis, the first two principal components, which
together explain 55 % of the total variance, capture the main differences
in protein expression across samples. The PCA clearly separates the
Sham and exposed groups, suggesting that exposure leads to coordinated
changes in protein expression. The observed clustering indicates that
specific groups of proteins could be expressed differentially in response
to exposure.

There are few statistically significant changes in the protein
expression due to the RF-EMF exposure. The different proteins that are
differentially expressed and that could be extracted from the analyses
are presented in Table 1. The dihydropyrimidinase-related protein 1
(DRP1; primary accession number: Q62950; Fig. 2; Table 1) level was
decreased in both PuM group in cortex (Ratio: 0.445) and hippocampus
(Ratio: 0.445) areas but also in OcM group in the hippocampus area
(Ratio 0.488) compared to sham groups.

The Plexin A4 protein level (primary accession number: D3ZES7;
Fig. 2; Table 1) was increased in both PuM group in the cortex area
(Ratio: 1.653) and OcM group in the cortex (Ratio: 2.217) and hippo-
campus area (Ratio: 2.217) compared to sham group.

The "Similar to RIKEN cDNA" (primary accession number: F7F776;
Fig. 2; Table 1) also showed increased levels in PuM group in cortex area
(Ratio: 2.028) and in OcM group in cortex (2.135) and hippocampus
area (2.305) compared to sham groups. The sequence was homologous
with the protein BAP18.

Some proteins have also been differentially expressed but only in one
group. The Elongin-C (Ratio: 0.375), Ncam1 protein (Ratio: 2.574) and
Heterogenous nuclear ribonucleoprotein D (Ratio: 2.718) were
increased in the cortex PuM group. In the cortex OcM group only, zero
beta-globin (0.425), Superoxide dismutase (SOD; Ratio: 0.445) and
small nuclear ribonucleoprotein E (Ratio: 2.574) were respectively
decreased and increased. In the hippocampus OcM group only, the
vacuolar protein sorting-associated protein 45 (VPS45; Ratio: 0.368)
was decreased.
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Fig. (2). Overall distribution of differentially expressed proteins of rat brain samples from cortex or hippocampus region (n = 4). The differentially expressed
proteins (p < 0.05) are represented with volcano plots between each two groups (a) Cortex: PuM/Sham, (b) Cortex: OcM/Sham, (c) Hippocampus: PuM/Sham, (d)
Hippocampus: OcM/Sham. The primary accession identification (UniProt) is given for significant differentially expressed proteins. PuM: general public whole body

(wb) SAR for mothers; OcM: occupational wbSAR for mothers.

3.2. Effect of RF-EMF on hippocampal BdnF and BrdU+ cells at PND 8
and PND 17

For the hippocampus, the BDNF level of the male pups at PND 8 and
PND 17 is presented in Fig. 4a. The results indicate that there was a
significant difference in BDNF level between treatments (p-value =
0.0193) and between ages (p-value = 0.001) but no interaction. This
difference was refined using complementary multiple t-test analysis
showing a tendency to increase between Sham and PuM groups at PND 8
(adjusted p-value = 0.0528) and PND 17 (adjusted p-value = 0.0596)
but not significant. BDNF levels increased with age in sham (p-value =
0.0247) and PuM groups (p-value = 0.0458) but not in OcM group.

The quantification of BrdU+ cells in the dentate gyrus of the male
pups at PND 8 and PND 17 is presented in Fig. 4b. No significant effect
on BrdU+ cells between treatments, slice area or interaction between
factors was shown. A significant decrease with age was shown (p-value
< 0.0001) confirmed by multiple t-test analysis in all groups.

3.3. Effect of RF-EMF on hippocampal synaptogenesis at PND 8 and PND
17

The total number of synapses in the dentate gyrus of the male pups at
PND 8 and PND 17 is shown in Fig. 5a. The results of the mixed-effects

analysis with age and treatment show significant differences between
groups for age (p-value < 0.0001), treatment (p-value = 0.0120) and
interaction (p-value = 0.0429). This difference was refined using com-
plementary multiple t-test analysis showing significant decrease be-
tween sham and PuM group (adjusted p-value = 0.0061) and between
sham and OcM (adjusted p-value = 0.0026) at PND 8. No significant
difference was found at PND 17 for both groups. Complementary mul-
tiple t test showed also significant decrease between PND 8 and PND 17
for sham group (adjusted p-value < 0.0001), OcM group (adjusted p-
value < 0.0001) and PuM groups (adjusted p-value = 0.0056).

Synapse balance in the dentate gyrus of the male pups at PND 8 and
PND 17 is shown in Fig. 5b. The result shows a significant effect of age
(p-value < 0.0001) and interaction between age and treatments (p-value
= 0.0359) but no effect of treatment. This difference was refined using
complementary multiple t-test analysis showing significant decrease
between sham and OcM groups (adjusted p-value = 0.0266) but also
between sham and PuM groups (adjusted p-value = 0.0241) at PND 8.
No effect of treatments was found at PND 17 between groups. Comple-
mentary multiple t test showed also significant differences between PND
8 and PND 17 for sham group (adjusted p-value = 0.0002) and OcM
(adjusted p-value = 0.0313) but not for PuM group.
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Fig. (3). Principal component analysis (PCA) biplot of rat brain samples from
cortex or hippocampus region with sham, PuM and OcM exposed groups
(n = 4). The first two axes accounted for 55 % of variance and show a clear
distinction between proteomic profiles of Sham and exposed groups. PuM:
general public whole body (wb) SAR for mothers; OcM: occupational whole
body wbSAR for mothers; PC1: first principal component (PC1); PC2: second
principal component.

3.4. Effect of RF-EMF on cortical BrdU+ cells at PND 8 and PND 17

For the cortex, the BDNF level of the male pups at PND 8 and PND 17
is shown in Fig. 6a. The results indicated significant effect of age (p-
value < 0.0001), treatment (p-value = 0.0065), and interaction between
age and treatment (p-value = 0.0242) for PuM group. For OcM group,
the results indicated significant effect of age (p-value < 0.0001), treat-
ment (p-value < 0.0001) and interaction between age and treatment (p-
value < 0.0001). The results suggested that there was significant effect
for treatments (p-value = 0.0065) and age (p-value < 0.0001) but no
effect for interaction. This difference was refined using complementary
multiple t-test analysis showing significant decrease for PuM (adjusted
p-value = 0.0004) and OcM (adjusted p-value = 0.0238) groups only at
PND17 but no effect at PND 8. Significant effect of age was also found for
sham group (adjusted p-value <0.0001), PuM group (adjusted p-value <
0.0001) and OcM group (adjusted p-value < 0.0001).

The BrdU+ cells in the cortex of the male pups at PND 8 and PND 17
is shown in Fig. 6b. The results suggested that there was a significant
decrease of BrdU+ cells between treatments (p-value = 0.0312), with
age (p-value < 0.0001) and interaction between age and treatment (p-
value = 0.0261). The results suggested that there was a significant
decrease of BrdU+ cells between treatments (p-value = 0.0202), with
age (p-value < 0.0001) and interaction between age and treatment (p-
value = 0.0151). These analyses with age and treatment showed a sig-
nificant effect of age (p-value < 0.0001), treatment (p-value = 0.0465)
and their interaction (p-value = 0.0248). This difference was refined
using complementary multiple t test analysis showing significant
decreased at PND 8 between the sham group and both the OcM group
(adjusted p-value = 0.0016) and PuM group (adjusted p-value = 0.0466)
but no significant difference at PND 17. Significant effect of age was also
found for sham group (adjusted p-value <0.0001), PuM group (adjusted
p-value = 0.0015) and OcM group (adjusted p-value = 0.0099).
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Table (1)

Proteins differentially expressed in proteomics from brains of pups at PND
0 (n = 4). The primary accession identification (UniProt) is given for significant
proteins. PuM: general public whole body (wb) SAR for mothers; OcM: occu-
pational whole body wbSAR for mothers; OS: origin species: OX: organism
identifier; GN: gene name; PE: protein existence; SV: sequence version.

Comparison Cortex PuM / Cortex_Sham

Abundance Abundance
Ratio Ratio P-Value

Accession Description

AOAS8L2UP21 Elongin-C, OS=Rattus 0.375 4.71E-02
norvegicus, OX= 10116,

GN=Eloccl4, PE= 3, SV=1,
Dihydropyrimidinase-related 0.445
protein 1, OS=Rattus

norvegicus, OX= 10116,

GN=Crmpl, PE= 1, SV=1,

Similar to RIKEN ¢cDNA 2.028
1110020A23, OS=Rattus

norvegicus, OX= 10116,
GN=C10h170rf49, PE= 1,

sv=1,

Ncaml protein, OS=Rattus 2.574
norvegicus, OX= 10116,

GN=Ncaml, PE= 2, SV=1
Heterogenous nuclear 2.718
ribonucleoprotein D, isoform
CRA_d, OS=Rattus norvegicus,
OX= 10116, GN=Hnrnpd,
PE=4SV=1

Comparison Cortex_OcM / Cortex_Sham
Accession Description

Q62950 3.68EE—-02

F7F776 3.10E-02

Q3T1H3 3.85E—-02

A6K625 4.36E—-02

Abundance Abundance

Ratio Ratio P-Value

Zero beta-globin (Fragment), 0.425 2.84E—-02

OS=Rattus norvegicus,

OX= 10116, PE= 3, SV=1,

Superoxide dismutase, 0.445

OS=Rattus norvegicus,

OX= 10116, GN=Sod2, PE= 3,

Sv=1,

Plexin A4, OS=Rattus 2.028

norvegicus, OX= 10116,

GN=Plxna4, PE= 3, SV=1,

Small nuclear 2.574

ribunucleoprotein E,

OS=Rattus norvegicus,

OX= 10116, GN=Snrpe,

PE=3,Sv=1,

Similar to RIKEN ¢cDNA 2.718

1110020A23, OS=Rattus

norvegicus, OX= 10116,

GN=C10h170rf49, PE=1,

sv=1

Comparison Hippocampus_PuM / Hippocampus_Sham

Accession Description Abundance Abundance
Ratio Ratio P-Value

Dihydropyrimidinase-related 0.445 3.51E-02

protein 1, OS=Rattus

norvegicus, OX= 10116,

GN=Crmpl, PE= 1, SV=1,

Comparison Hippocampus_OcM / Hippocampus_Sham

Accession Description Abundance Abundance
Ratio Ratio P-Value

Vacuolar protein sorting- 0.368 1.29E-02

associated protein 45,

OS=Rattus norvegicus,

OX= 10116, GN=Vps45,

PE=1,SV=1

Dihydropyrimidinase-related 0.488

protein 1, OS=Rattus

norvegicus, OX= 10116,

GN=Crmpl, PE=1, SV=1,

Plexin A4, OS=Rattus 2.217

norvegicus, OX= 10116,

GN=PIxna4, PE= 3, SV=1,

Similar to RIKEN ¢cDNA 2.305

1110020A23, OS=Rattus

Q63011

A6KP26 3.22E-02

D3ZES7 1.71E-02

AOA8I6G8H1 4.12E—-02

F7F776 1.48E—-02

Q62950

008700

Q62950 1.30E-02

D3ZES7 9.80E—-03

F7F776 1.20E-02

(continued on next page)
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Table (1) (continued)

Comparison Cortex_PuM / Cortex_Sham

Abundance
Ratio P-Value

Abundance
Ratio

Accession Description

norvegicus, OX= 10116,
GN=C10h170rf49, PE=1,
sv=1,

3.5. Effect of RF-EMF on cortical synaptogenesis at PND 8 and PND 17

The total number of synapses in the cortex of the male pups at PND 8
and PND 17 is shown in Fig. 6¢. The mixed-effects analysis result showed
a significant decrease with age (p-value<0.0001) between PND 8 and
PND 17 and a tendency to decrease with treatment (p-value = 0.0508)
but no significant interaction between the two. Further analyses
confirmed, significant effect of age was found for sham group (adjusted
p-value = 0.0092), PuM group (adjusted p-value = 0.0054) and OcM
group (adjusted p-value = 0.0101).

The synapses balance (excitation/inhibition) in the cortex of the
male pups at PND 8 and PND 17 is shown in Fig. 6d. The result shows a
significant effect of age (p-value < 0.0001) and interaction (p-value =
0.0115) but no effect of treatment. This difference was refined using
complementary multiple t test analysis showing significant decrease
between sham and OcM group only at PND 17 (adjusted p-value =
0.0285). No effect was found at PND 8 or between sham and PuM group
at PND 17. The age effect was confirmed with multiple t test analysis, for
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sham group (adjusted p-value = 0.0065) and OcM group (adjusted p-
value < 0.0001).

3.6. Effect of RF-EMF on oxidative stress at PND 8 and PND 17

The TAC level in the whole brain of PND 8 and PND 17 male pups is
shown in Figs. 7a and 8-OHdG level in Fig. 7b. The results suggested that
there was no significant difference in 8-OHdG or TAC level between
treatments, age, or interaction.

The MDA level in the male pups at PND 8 and PND 17 is shown in
Fig. 7c. The results suggested that there was no significant difference in
MDA level between treatments or interaction (p-value > 0.05) but a
significant difference between ages (p-value = 0.0373). This difference
was refined using complementary multiple t test analysis showing no
significant between sham, PuM or OcM group.

3.7. Immediately after in vitro 7-day Pu exposure NSCs showed more
apoptosis with more Ki-67 + cells and double strand DNA breaks

Data regarding Pu exposure effects on cell growth were reported on
Fig. 8a. Total cell number was reduced between the 3-day and 7-day
exposures (RF and sham) by a significant culture duration effect (Fy 36
= 8.9 p = 0.0051). Pu exposure had no impact on total cell number.

Data regarding Pu exposure effects on cell viability were reported on
Fig. 8b. There was no difference due to RF exposure or duration of
exposure on the ratio of viable cell number (SAR F; 57 = 0.82 p = 0.37,
culture duration Fy97 = 0.15 p=0.69, SAR x culture duration

C.
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Fig. (4). Effect of RF-exposure from GD 8 to PND 8 or PND 17 on cellular BrdU+ cells and on BDNF levels in the rat hippocampus. (a) There was no RF-EMF effect on
BDNF levels but an increase with age for sham and OcM groups. # p < 0.05 between ages (n = 6-8 per group). (b) BrdU+ cells (DAPI*BrdU™) count per cm? in the
dentate gyrus area. ### p < 0.001 between ages (n = 4-8 per group). (c¢) Immunohistochemistry of sagittal brain slices at magnification x20 (scale bar = 100 um).
Cells were immunolabeled for BrdU (green, as indicated by the white arrows) and for DAPI (blue, as indicated by the white arrows). PuM: general public whole body
(wb) SAR for mothers; OcM: occupational whole body wbSAR for mothers. The violin plot provides a graphical representation of the distribution of individuals,
where the width of the violin at any point reflects the data density. Quartiles are shown with continuous lines and the median is indicated by a dotted line.
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Fig. (5). Effect of RF exposure from GD 8 to PND 8 or PND 17 on synaptogenesis in the rat dentate gyrus. (a) The total synapses number in punctum per um? (n = 3-6
per group) was the addition of the number of excitatory synapses (Bassoon+PSD95 +) and inhibitory synapses (Bassoon+ Gephyrin+). There was a lower number of
synapses at PND 8 in both PuM and OcM group compared to the sham group. * p < 0.05 between treatments. There were less synapses in PND 17 compared to PND 8.
# #p <0.01, # # # p < 0.001 between ages. (b) Synapses balance was the ratio of number of excitatory synapses divided by the number of inhibitory synapses
(n = 4-6 per group). At PND 8 the ratio was lower in both PuM and OcM groups compared with the sham group. * p < 0.05 between treatments. The ratio was lower
in the PND 17 compared to the PND 8 for the sham and the PuM groups, respectively # # p < 0.01 and # p < 0.05 (c) Immunohistochemistry of sagittal brain slice at
magnification x60 (scale bar = 20 ym). Presynaptic bouton was immunolabeled with Bassoon (blue), inhibitory postsynaptic bouton was immunolabeled with
gephyrin (red) and excitatory postsynaptic bouton synapses were immunolabelled with PSD-95 (green). PuM: general public whole body (wb) SAR for mothers; OcM:
occupational whole body wbSAR for mothers. The violin plot provides a graphical representation of the distribution of individuals, where the width of the violin at
any point reflects the data density. Quartiles are shown with continuous line and the median is indicated by a dotted line.

interaction Fq 27 = 0.01 p = 0.92).

Data regarding Pu exposure effects on apoptosis were reported on
Fig. 8c. The number of Apoptag positive cells was increased by the
duration of exposure (Fi2 = 3.86 p =0.0001) and by RF exposure
(F1,26 = 4.74 p = 0.04) but was not modified by their interaction. The
Bonferroni post-hoc t-test indicated that more NCSs entered in apoptosis
in the 7-day sham-exposed vials compared to the 3-day sham-exposed
vials (p < 0.0001) and that more NCSs entered in apoptosis in the 7-
day RF-exposed vials compared to the 7-day sham-exposed vials
(p < 0.05).

Data regarding Pu exposure effects on Ki-67 + cells were reported on
Fig. 8d. The ratio of Ki-67 positive cells was increased with RF exposures
(F1,30 = 6.6 p = 0.015) and exposure-duration (Fq,30 = 6.6 p < 0.0001)
but not by their interaction. After 7 days, the ratio of Ki-67 positive cells
was higher in the RF-exposed compared to the sham-exposed
(p < 0.001). It was also higher in the 7-day exposed (sham or Pu)
compared to their respective 3-day vials (sham or Pu) (p < 0.0001 for
both comparisons).

Data regarding Pu exposure effects on genotoxicity were reported on
Fig. 8e. The ratio of y-H2AX positive cells was increased with RF
exposure (Fq28 = 78.9 p < 0.0001) and culture-duration (F; 25 = 22.0
p < 0.0001) as well as their interaction (F; 28 = 8.4 p = 0.0071). The
ratio of y -H2AX positive cells was increased in both 3-day RF-exposure
and 7-day RF-exposure (4200 %) compared to their respective sham-
exposed controls (p < 0.001 and p < 0.0001). The ratio of y -H2AX
positive cells was higher in the 7-day-RF-exposed cells compared to the

3-day-RF-exposed cells (p < 0.0001).

Altogether, the data indicate that RF exposure reduced apoptosis,
and increased Ki-67 + cells and double strand breaks in DNA suggesting
cell suffering from stress and the consecutive reactive entry into
proliferation.

3.8. Three days after in vitro 7-day RF exposure NSCs maintained high
Ki-67 + cells

Data regarding Pu exposure effects on cell growth were reported on
Fig. 9a. Total cell number was reduced between the 3 and 7-day (sham
or Pu) exposed cells (F1,35 = 8.9 p = 0.0051) but there was no effect of
Pu.

Data regarding Pu exposure effects on Ki-67 + cells were reported on
Fig. 9b. The ratio of Ki-67-positive cells was increased with RF exposure
(Fi,24 = 7.7 p=0.01) and was significantly higher in the 7-day RF
exposed compared with the 7-day sham exposed cells (p < 0.05). Thus,
this effect observed right at the end of 7-day RF exposure was shown to
maintain despite the absence of RF exposure for 3 additional days of cell
culture.

Data regarding Pu exposure effects on oligodendrocyte progenitor
cells (OPC) proliferation were reported on Fig. 9c. The ratio of Olig2-Ki-
67 positive cells was increased with exposure-duration (Fi23 = 6.8
p =0.016) and was significantly higher in the 7-day RF exposed
compared with the 3-day RF exposed cells (p < 0.05). There was no PU
effect.
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Fig. (6). Effect of RF-exposure from GD 8 to PND 8 or PND 17 on BrdU+ cells and synaptogenesis in the rat cortex. (a) BDNF concentration increased with age in all
the groups and decreased at PND 17 in both PuM and OcM compared to sham group (n = 6-9). (b) Cells DAPI" BrdU™ count per cm?. There was a significant decrease
in both PuM and OcM group at PND 8 compare to sham group. Proliferative cells were decrease significantly in all groups at PND 17 compared to PND 8 (n = 3-6).
(c) Quantification of the total synapses number in punctum per pm? (n = 4-7): addition of excitatory synapses (Bassoon+PSD95 +) and inhibitory synapses
(Bassoon+ Gephyrin+). There were less synapses in PND 17 compared to PND 8. # p < 0.05, # # p < 0.01 between ages. (d) Synapses balance: ratio of number of
excitatory synapses divided by inhibitory synapses (n = 5-6). Synapses ratio significantly decreased at PND17 in OcM group. Synapses ratios were lower at PND 17
compared to PND 8 only in OcM and sham groups. # # p < 0.01, # # # p < 0.001 between ages * p < 0.05, *** p < 0.001 between treatments. # p < 0.05, # #
p < 0.01, # # # p < 0.001 between ages. PuM: general public whole body (wb) SAR for mothers; OcM: occupational whole body wbSAR for mothers. The violin plot
provides a graphical representation of the distribution of individuals, where the width of the violin at any point reflects the data density. Quartiles are shown with
continuous lines and the median is indicated by a dotted line.
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Fig. (7). RF-exposure from GD 8 to PND 8 or PND 17 effect on whole-brain oxidative stress markers of rats. (a) total antioxidant capacity. (b) 8-OHdG. (c) MDA
(n = 7-8). 8-OHdG: 8-hydroxy-2-deoxyguanosine; MDA: malondialdehyde; PuM: general public whole body (wb) SAR for mothers; OcM: occupational whole body
wbSAR for mothers. The violin plot provides a graphical representation of the distribution of individuals, where the width of the violin at any point reflects the data
density. Quartiles are shown with continuous lines and the median is indicated by a dotted line.

Altogether, the data indicate that Pu exposure increased Ki- 3.9. Faster NSCs differentiation in vitro exposed to RF
67 + cells, a phenomenon which lasted after the end of Pu exposure,
probably as a response to a stress situation. The effect of Pu exposure on NCSs development was assessed with

the ratio of the immature and differentiated cells (Fig. 10a and b). After a
total of 10 days of culture NCSs, the most represented cells in the

10



R. Bodin et al. Neurotoxicology 111 (2025) 103312

a b. c i
Growth Viability @ Apoptosis
9300 225 5] :22'
@ or0] o o _ T
8250 $2.07 “2’5120-
22004 E i 3
£ E1.5; 85"
21504 ‘ - ' o 803 ‘ <
* 1.0 NE fudt]
21004 < 7 s
8 5] $ S0.5 g 4%
e < 204
0 T T 00 T T 0 T 1
3D 7D 3D 7D 3D 7D
d. e.
Proliferation P Genotoxicity
) i E 20
Q
o ] +
+20 X15 i
5 N
= T Xkk
X 10 **
610 L .
o ®
E -
S S iy
0 T T 0 T I
3D 7D 3D 7D

[ Sham E Pu

Fig. (8). Immediately at the end of RF exposure for either 3 or 7 days, total cell number (a), viability (b), apoptosis (c), Ki-67 + cells (d) and genotoxicity (e) from
mouse were assessed. (a) Cell growth was assessed using the DAPI-stained cells. It was significantly reduced in the 7-day exposed cells compared with the 3-day. (b)
Cell viability was assessed using the ratio of MTT positive cells. RF, duration of culture or their interaction had no effect on cell viability. (c) Apoptosis was assessed
using the ratio of apoptag positive cells. # # # # p < 0.001 versus the 3-day sham exposed cells; There was less apoptotic cells in the 7D-exposed group compared to
the 7D-sham exposed group; * p < 0.05 versus the 7-day sham exposed cells. (d) Proliferation was assessed using the ratio of Ki-67 positive cells. # # # p < 0.001
versus the respective 3-day-exposure-cell group (RF or sham). There was more Ki-67 + cells in the 7D-exposed group compared to the 7D-sham exposed group; ***
p < 0.001 versus 7-day sham-exposed cells (e) Genotoxicity was assessed using the ratio of []-H2AX positive cells to mark the double strand DNA breaks. # # #
p < 0.001 versus 3-day RF-exposed cells. There were more double DNA stand breaks in the RF exposed cells (for both 3 and 7 days) compared to their respective
sham exposed cells; *** p < 0.001 versus 3-day sham-exposed cells; **** p < 0.0001 versus 7-day sham-exposed cells. (n = 9; an average of 150 cells analyzed per
replicate). Pu: general public limit SAR exposure (0.08 W/kg). The violin plot provides a graphical representation of the distribution of individuals, where the width
of the violin at any point reflects the data density. Quartiles are shown with continuous lines and the median is indicated by a dotted line.

decreasing order were the Nestin+ cells (C progenitor cells), the 4. Discussion
Nestin+ /GFAP+ (B1 cells) for the immature cells with the GFAP+
(astrocytes) and the Olig2 + (OPC) for the differentiated cells (Fig. 10c). This study investigated the in vivo toxicity of 900 MHz RF-EMF at
Contingency test chi-square test did not indicate any difference in their ICNIRP limits for public and occupational exposure. We assessed their
repartition (Chi-square = 3.4, df = 9, p = 0.94). However, separate effects on neural cell microenvironment and maturation in immature
ANOVA for each cell type indicated significant cell type x Pu exposure male rat pups through prenatal and postnatal exposures. Additionally,
interaction, cell type and Pu exposure effects (respectively, Fg gy = 2.1 an in vitro toxicity assessment of NSCs at public exposure limits was
p = 0.037, F3 g0 = 327.2 p < 0.0001 and F3 g3 = 7.8 p = 0.0001). The conducted to corroborate in vivo findings.
proportion of Bl cells was not dependent on exposure duration but Our global proteomic analysis revealed distinct protein expression
reduced with RF exposure (F1,19 = 8.9 p = 0.007). The reduced ratio of profiles between the sham group and the exposed groups, as demon-
B1 cells was significant in the 3D-RF-exposed cells compared to the 3D- strated by PCA analysis. At PND 0, ten differentially expressed proteins
sham-exposed (Bonferonni-corrected t-test: p < 0.05). The proportion of were identified, mainly associated with neuronal structuration,
C cells was not dependent on exposure duration but was increased with including synaptogenesis and proliferation. In the sham group, brain
Pu exposure (F1,20 = 6.7 p = 0.017). development was characterized by a reduction in BrdU+ cells, synapses,
The proportion of OPC increased with the duration of exposure and excitatory/inhibitory balance between PND 8 and PND 17. RF-EMF
(sham or Pu) (F; 23 = 4.7 p = 0.04) and with Pu exposure (F; 23 = 13.2 exposure altered these neurodevelopmental processes. Specifically, re-
p = 0.0014). The ratio of OPC was significantly higher in the 7D-RF- ductions in BrdU+ cells in the cortex and synapses in the hippocampus
exposed cells compared with the 7D-sham-exposed (Bonferonni-cor- were observed at PND 8 in both OcM and PuM groups. At later stages,
rected t-test: p < 0.01). BDNF levels decreased at PND 17 in both exposure conditions, together
The proportion of astrocytes was not dependent on exposure dura- with synaptic imbalances in the cortex only at the higher wbSAR. In

tion but was increased with Pu exposure (F; 20 = 11.9 p = 0.0025). The vitro, NSCs exhibited increased apoptosis, enhanced Ki-67 + cell pro-
ratio of astrocytes was significantly higher in the 7D-RF-exposed cells liferation, and double-strand DNA breaks following RF-EMF exposure.

compared to the 7D-sham-exposed (Bonferonni-corrected t-test: Notably, enhanced Ki-67 + cell proliferation persisted in PuM-exposed
p < 0.01). cells three days post-exposure. After a 10-day culture period, RF-EMF-

These results suggest that Pu exposure may accelerate NSCs exposed NSCs exhibited a lower ratio of B1 cells and an increased pro-
differentiation. portion of OPCs and astrocytes.

At PNDO, even at the lowest SAR limit, the exposure to RF-EMF in-
duces modification of protein expression. Decreased DRP1 and VPS45
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Fig. (9). Seven days after the end of the 3-day (RF or sham) exposure and 3 days after the 7-day (RF or sham) exposure, total cell number (a), Ki-67 + cells (b) and
OPC Ki-67 + Olig2 + (c) from mouse were assessed. (a) Cell growth was assessed using the DAPI-stained cells. (b) Proliferation was assessed using the ratio of Ki-67
positive cells. There was more cell in Ki-67 + cells in the 7-day RF exposed cells compared with the 7-day sham exposed cells; * p < 0.05 higher versus the 7-day RF
exposed 3-day cultured cells. (c) OPC proliferation was assessed using the ratio of cells co-expressing Olig2 and Ki-67. # p < 0.05 higher than the 3-day RF exposed
cells. (n = 9; an average of 150 cells analyzed per replicate). Pu: general public limit SAR exposure (0.08 W/kg); OPC: oligodendrocyte progenitor cells. The violin
plot provides a graphical representation of the distribution of individuals, where the width of the violin at any point reflects the data density. Quartiles are shown

with continuous lines and the median is indicated by a dotted line.

have been observed concomitantly with higher Plexin A4 expression in
OcM group in the hippocampus. DRP1 is part of the CRMP family
involved in neuronal differentiation (Miyazaki et al., 2018) and axonal
outgrowth with modulation of microtubule dynamics by interacting
with tubulin and other cytoskeletal components (Lin et al., 2011;
Yamashita and Goshima, 2012). DRP1 is a key factor in neuronal
development and plasticity, influencing axonal guidance, growth cone
collapse, and signal transduction pathways (Chua et al., 2021; Ravin-
dran et al., 2022). Plexin A4 interacts with semaphorins, which are
signaling molecules that mediate repulsive and attractive guidance cues.
Plexin A4 is crucial for neural development, including axonal guidance,
neuronal migration, and synaptic organization (Suto et al., 2007;
Smolkin et al., 2018). The VPS45 is involved in protein recycling,
degradation at the endosome and synaptic vesicle docking (Cowles
et al., 1994; Vagnozzi and Pratico, 2019). Plexin A4 mediates signals
from semaphorins, which are known to cause growth cone collapse and
repulsion in neurons. DRP1 acts downstream of semaphorin signaling,
contributing to cytoskeletal rearrangements necessary for these pro-
cesses (Higurashi et al., 2012). The repulsive mechanism of semaphorin
3 A is mediated by the phosphorylation of CRMP2 (Uchida et al., 2005).
Similar effects could be involved for DRP1 that might be phosphorylated
or otherwise modified in response to Plexin A4 activation, altering its
interaction with microtubules and affecting axon guidance and neuronal
migration. This would result in the decreased total of synapses in the
hippocampus observed at PND 8.

The decreased SOD (antioxidant enzyme) and zero beta-globin

12

(oxygen transport) in OcM group in the cortex, could indicate an
involvement of oxidative stress mechanism (Chaves et al., 2013; Chi-
dambaram et al., 2024). Concomitantly the increased of BAP18 in the
cortex resulted in a cellular stress response. This protein is involved in
chromatin remodeling and transcription regulation (Zhang et al., 2022).
A delay in the cell cycle (G1 to S-phase transition) and increased
apoptosis have been observed with a knockdown of BAP18 (Tang et al.,
2021). The increase of BAP18, affecting the cell-cycle length, could
indicate a compensatory response to the decreased BrdU+ cells that we
observed in cortex region of the brain at PND 8, leading to decreased
BDNF level at PND 17.

Few studies have performed quantitative proteomics following RF-
EMF exposure. Wang et al. (2023) exposed adult rats for 6 weeks
(6 min per day) at 9375 MHz or 2856 MHz at 10 mW/cm? and per-
formed quantitative proteomic of hippocampal. The results indicate a
decrease of SNARE-associated protein with increase charged multi-
vesicular body protein 3, involved respectively in vesicle trafficking and
synaptic vesicle recycling.

Confirming the hypothesis of an altered cellular proliferation by RF-
EMF exposure at PND 0, we also observed a decreased BrdU+ cells in
both PuM and OcM group at PND 8 in the cortical area. In this region,
neurogenesis (new neuron generation) begins around GD 9.5 and last
until PND 15 (Rice and Barone, 2000; Babikian et al., 2010). Similarly to
our results, peripubertal rats (PND 35) exposed to 2115 MHz RF for 8 h
continuously at 1.51 W/kg showed neuronal loss in dentate gyrus neu-
rons but no effect on the CA3 and CA1 neurons of the hippocampus and
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Fig. (10). Effect of 3 or 7-day RF-exposure on the ratio of immature and differentiated populations of SVZ precursor cells from mouse. (a) Inmunocytochemistry of
NSCs at magnification 40x (scale bar = 25 pum). B1 cells were co-labelled for GFAP (red) and Nestin (green), a prototypic marker for undifferentiated NSCs. Astrocytes
were identified as GFAP-positive cells (red). C cells were identified as Nestin-positive and GFAP-negative immunostained cells. (b) Immunocytochemistry of NSCs at
magnification 40x (scale bar = 25 pm). Oligodendrocyte progenitor cells were immunolabelled for Olig2 (green) (scale bar = 25 pm). Arrows point to Olig2-positive
cells. (c) Ratio of immature and differentiated cells after RF exposure. There was a lower ratio of B1 cells, higher ratio of C cells, OPC and astrocytes in the RF cells. *
p < 0.05, the 3-day RF exposed cells contain a lower ratio of B1 cells compared to the 3-day sham exposed cells; The 7-day RF exposed cells contain a higher ratio of
OPC compared to the 7-day sham exposed cells; The 7-day RF exposed cells contain a higher ratio of astrocytes compared to the 7-day sham exposed cells. (n = 9; an
average of 150 cells analyzed per replicate). Pu: general public limit SAR exposure (0.08 W/kg); OPC: oligodendrocyte progenitor cells. The violin plot provides a
graphical representation of the distribution of individuals, where the width of the violin at any point reflects the data density. Quartiles are shown with continuous

lines and the median is indicated by a dotted line.

cerebral cortex (Singh et al., 2023). Exposing mice at 1800 MHz RF at
1.16 W/kg, 8 h daily for 3 days from PND 7 induced an increase in
neural stem and progenitor cells, but reduced cell division and the total
number of stem cells in the hippocampus (Xu et al., 2017).
Concomitantly with the results found in vivo on BrdU+ cells, we
analyzed the effect of exposure at in vitro level by looking at the dif-
ferentiation of NSC. We showed higher rate of Ki-67 + cells with
reduced ratio of B1 cells (Ki-67 + cells / total cells) and increased ratio
of C cells and of intermediate progenitor cells, the OPC and astrocytes
with RF exposure. We also showed more apoptosis in the NSCs and in the
astrocytes. The different results observed between Ki-67 + cells in vitro
and BrdU+ cells in vivo can be explained by different factors. In vitro
condition provides a controlled and isolated environment which can
lead to direct effects of RF exposure on cell behavior. In vitro NSC differ
from the NSC evolving in vivo, also due to their culture protocol. A study
indicated that in vitro environment involve stress, leading to higher
proliferation rate compared to in vivo (Urban and Guillemot, 2014).
Thus, the effects of RE-EMF exposures may be influenced by the in vitro
environments which differs from the physiological environment. Par-
allelly, the durations of exposure between the two models could leads to
a stress response with increased cellular proliferation in vitro (3 or 7
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days of RF exposure), whereas prolonged exposure in vivo lead to
decreased proliferation (21 days of exposure at PND 8). Acute 900 MHz
exposure of rats, resulted in the activation of p38/JNK-mediated MAPK
pathway in rats testes (Er et al., 2022). This pathway is known to acti-
vate cellular proliferation in mammals (Zhang and Liu, 2002). This ef-
fect of acute exposure could also explain the differences between the
two-exposure setups (in vivo and in vitro).

Regarding RF-EMF, divergent effects were reported on proliferation
with decreased cell number in the cerebellum in adult rats exposed at
900 MHz (wbSAR: 0.016 W/kg) or no effects in embryonic-stem cell-
derived neural progenitor culture exposed at 1710 MHz (SAR: 1.5 W/
kg), (Nikolova et al., 2005; Sonmez et al., 2010). Also, many studies
demonstrated no effect of RF-EMF on apoptosis of neural cells
(Prochnow et al., 2011). For example, a SAR of 4 W/kg 1800-MHz
RF-EMF exposure had no effect on the cell viability and apoptosis of
embryonic NSCs. mRNA expression of apoptosis-related genes Bax and
Bcl-2, indicated no significant effects after RF-EMF exposure (Chen
et al., 2015). In contrast, a study suggested that 1950-MHz RF-EMF
exposure may cause transcriptional changes in apoptosis related
genes, such as Bax (Liu et al, 2012). The up-regulation of
apoptosis-related genes has been observed in embryonic stem cell
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derived neural progenitor cells in vitro (Joubert et al., 2007).

In vitro, we showed an increase in the number of DNA double breaks.
Unlike ionizing radiation or ultraviolet light, the radiation emitted by RF
is not sufficiently energetic, by several orders of magnitude, to directly
damage macromolecules. However, studies suggest that non-thermal
exposure of cells to RF may result in measurable genotoxic effects,
despite varied and weak responses (Brusick et al., 1998; Ruediger,
2009). Induction of oxygen radicals or interference with DNA repair
processes have been proposed as possible mechanism by which RF could
cause DNA damage (Verschaeve et al., 2010). Effects were higher in
amplitude and maintained after the end of exposure in the 7-day
exposed groups while effects were weaker in amplitude and rarely
maintained after the end of exposure in the 3-day exposed cells. Taken
together, in vitro results may reveal cell suffering linked with DNA
damage generating a compensatory mechanism that accelerate cell
differentiation and/or proliferation but also apoptosis.

Total synapses and synapse balance showed significant decrease in
all RF-exposed groups at PND 8 in the hippocampus. The synapse bal-
ance at PND 17 was also reduced in OcM group in the cortex area (mean
ratio = 1.036). Though, increased neurons excitability was found in
primary hippocampal neurons with 3000 MHz exposure (SAR < 1 W/
kg) for 60 min in vitro (Echchgadda et al., 2022). Increased excitability
has also been observed ex vivo with slices of hippocampus exposed at
700 MHz (SAR: 0.0016 W/kg — 0.0044 W/kg) during 5 or 15 min
(Tattersall et al., 2001). The decreased synapses balance observed in vivo
could be the response of the organism to this increased excitability due
to RF-EMF exposure. This increased inhibition in vivo has been observed
previously with RF-EMF exposure of juvenile rats to 1800 MHz, with
SAR value of 0.843 W/kg, 1 h daily for 1 month, inducing significant
decreases in glutamate and glutamine levels (excitatory amino acids) in
hippocampus and glutamine level also decreased significantly after 4
months of exposure (Ahmed et al., 2018). Noor et al. (2011) investigated
the effect of 1-hour daily exposure of young rats to 900 MHz with
wbSAR value of 1.165 W/kg. A significant glycine increase in the
midbrain was observed after 1 month, followed by a significant increase
in GABA after 4 months. In vivo exposure of adult rats to 5800 MHz for 2
or 4 h at wbSAR of 1.15 W/kg showed no effect on PSD95 levels in the
hippocampus region (Rui et al., 2022). Reduced NMDAR1 and AMPAR1
(mediators of excitatory neurotransmission) levels in the hippocampus
were observed when mice were exposed 5 h per day for 4 weeks (from
P1 to P28) at 1850 MHz RF-EMF at 4 W/kg wbSAR (Kim et al., 2021).
The difference of effects found in vivo and in vitro seems to indicate that
the fully developed organism may compensate to avoid the increased
excitability that has been observed in vivo.

In a study realized by Majdi et al., (2007), (2009), an association
between age-related cognitive impairment and postsynaptic imbalance
toward inhibition in the cortex of adult rats have been observed. These
results have also been shown in other studies (Luebke et al., 2004; Wong
et al., 2006). In human prefrontal cortex, aging was shown to induce
decreased BDNF level inducing inhibitory and excitatory synaptic
alteration (Oh et al., 2016). In the cortical area, we showed a significant
reduction in BDNF level only at PND 17 for both PuM and OcM groups.
The expression of BDNF during neonatal period is dependent of the brain
region. In the cortex, the expression has been recorded from PND 4 in
mice (Baquet et al., 2004). In the cortex area, BDNF levels were found at
10 pg/mg of protein in adult rats (Mannari et al., 2008) and 0.06 pg/mg
of protein in adult rat (Gelfo et al.,, 2011). At different frequency
(2650 MHz) for 28 days at 2.06 W/kg for 4 h per day, adult male mice
showed reduced expression of BDNF protein in the hippocampus (Zheng
et al., 2023). Adult male mice also showed decreased BDNF in the
auditory brainstem nuclei after 835 MHz exposure with SAR of
1.6 W/kg, 8 h per day for 3 months (Maskey and Kim, 2014). In our
study, BDNF level were significantly increased between PND 8 and PND
17 in all groups. BDNF level in the cortex reach a peak between PND 10
and PND 30 (Esvald et al., 2023). Our results could indicate a lower peak
of expression at PND 17 for RF-exposed groups leading to exacerbate the
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decrease of synaptic balance in the cortex between PND 8 and PND 17.

The pups analysed in the present study are the same as those reported
in our previous publication on physical development, which showed
lower body weight from PND 6 to PND 43 in the OcM group (Bodin et al.,
2024). In the present study, a significant reduction in BDNF levels was
observed at PND 17 in both the PuM and OcM groups. Similarly, Kim
et al. (2021) demonstrated that mice exposed to 1850 MHz radio-
frequency radiation from PND 1 to PND 28, for 5 h per day at a specific
absorption rate (SAR) of 4 W/kg exhibited reduced BDNF levels in the
hippocampus. Conversely, exposure to a Wi-Fi signal (2450 MHz) at an
electric field strength of 21 V/m for 24 h per day, from gestational day
(GD) 0 for a duration of 9 weeks, resulted in weight gain in male pups at
PND 28, PND 35, and PND 42. This weight gain coincided with an in-
crease in hippocampal BDNF levels at PND 43 (Wu et al., 2023). Simi-
larly, DastAmooz et al., (2023) exposed pregnant rats to 2400 MHz
Wi-Fi radiation for 6 h per day from GD O until delivery, with a
whole-body SAR ranging between 0.15 W/kg and 0.31 W/kg. Their
findings indicated a significant reduction in pup weight at birth; how-
ever, no significant differences were observed at PND 21 or PND 56.
Additionally, hippocampal BDNF levels were significantly reduced at
PND 56. A comparable effect on hippocampal BDNF was reported in
adult rats exposed to 900 MHz electromagnetic fields at an electric field
strength of 6 V/m for 1 h per day over 15 days (Ustunova et al., 2022).
Notably, in the studies by Wu et al. (2023) and DastAmooz et al., (2023),
changes in hippocampal BDNF levels (both increases and decreases)
were correlated with corresponding variations in body weight.

5. Conclusion

The present data suggest that during prenatal development, contin-
uous wave RF-EMF exposures at regulatory thresholds decrease cellular
proliferation, alter differentiation, and decrease synaptogenesis in the
immature brain of rodents. PND 8 and 17 appear to be critical windows
of age for the expression of impairments of neurodevelopment. In the
specific endpoints of the present protocol, the 9 days longer duration
exposure reached at PND 17 compared with PND 8 did not reinforce or
even maintain the cellular proliferation or synaptic impairment at PND 8
despite the higher amount of cumulative absorbed energy. These data
support the hypothesis of a vulnerability of developing organisms to-
wards RF-EMF exposures and to maintain caution regarding RF-EMF
exposures of pregnant women and young children during telecommu-
nication use.
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