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Abstract: Over the last two decades, animal models have been used to evaluate the physiological
and cognitive effects of mobile phone exposure. Here, we used a head-only exposure system in rats
to determine whether exposure to 900 MHz GSM electromagnetic fields (EMFs) induces regional
changes in neuronal activation as revealed by c-Fos imaging. In a first study, rats were exposed for
2 h to brain average specific absorption rates (BASARs) ranging from 0.5 to 6 W/kg. Changes in
neuronal activation were found to be dose-dependent, with significant increases in c-Fos expression
occurring at BASAR of 1 W/kg in prelimbic, infralimbic, frontal, and cingulate cortices. In a second
study, rats were submitted to either a spatial working memory (WM) task in a radial maze or a spatial
reference memory (RM) task in an open field arena. Exposures (45 min) were conducted before each
daily training session (BASARs of 1 and 3.5 W/kg). Control groups included sham-exposed and
control cage animals. In both tasks, behavioral performance evolved similarly in the four groups
over testing days. However, c-Fos staining was significantly reduced in cortical areas (prelimbic,
infralimbic, frontal, cingulate, and visual cortices) and in the hippocampus of animals engaged in
the WM task (BASARs of 1 and 3.5 W/kg). In the RM task, EMF exposure-induced decreases were
limited to temporal and visual cortices (BASAR of 1 W/kg). These results demonstrate that both acute
and subchronic exposures to 900 MHz EMFs can produce region-specific changes in brain activity
patterns, which are, however, insufficient to induce detectable cognitive deficits in the behavioral
paradigms used here.

Keywords: spatial learning; immunohistochemistry; rat; radio frequency

1. Introduction

Over the last two decades, the rapid expansion of mobile communication has raised
concerns about the possible deleterious health effects of electromagnetic fields (EMFs)
generated both by relay stations and cellular phones [1–3]. Although the biological effects
of EMFs remain controversial, the brain is likely to be a primary target of EMFs because
cellular phones are usually held close to the head while in use. A large diversity of ef-
fects has been reported following exposure to various energy levels and types of EMFs
which, sometimes, are quite different from those used in global systems for mobile (GSM)
communication. In humans, exposure to either low- or high-frequency EMFs has been
suspected to increase the risks of cancer [4–6] and of leukemia [7,8]. Impairments of cogni-
tive functions [9,10], changes in electroencephalogram [11–16], and a higher occurrence of
headaches [17,18] have also been reported. In animals, where EMF exposure conditions
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can be more rigorously controlled, some biological effects have also been documented.
Changes in electrophysiological activity [19], in neurotransmitter content [20–24], and in
glial reactivity [25–27] have been described. However, other studies did not report signifi-
cant effects: brief or prolonged exposures to EMFs were shown to have a negligible effect
on the genomic response of brain cells [28,29]. Effects on blood–brain barrier permeability
are more controversial: some studies found no effects [30,31], whereas other studies found
modifications of permeability [32–35].

A lack of consensus is also striking in the field of cognitive neuroscience: Some studies
have shown an impairment of learning and memory processes in humans [10] and ani-
mals [36–38], whereas others failed in reproducing significant deleterious effects [39–47]
or even observed beneficial effects of EMF exposures either in normal [48] or in patho-
logical conditions [49,50]. Several factors could potentially explain these discrepancies,
in particular the EMF frequencies and intensities, but also the exposure conditions. In-
deed, testing rats with the same behavioral tasks, some studies have used whole-body
exposures [36–38], whereas others have selected head-only exposures (e.g., see [42,43]),
with this latter situation better mimicking the exposure to cellular phones in humans.

The aim of this study was to determine if acute or subchronic exposure to GSM EMFs
could induce detectable changes in neuronal genomic response by measuring changes in
the expression of the immediate early gene c-Fos. This gene is widely used as an indirect
marker of neuronal activity and is also involved in the control of target genes playing a
crucial role in the long-term reorganization of brain circuits during various pathogenic
and non-pathogenic situations. Using c-Fos imaging, our goal was to identify the different
brain regions which may be the most sensitive to the effects of EMF exposures.

In a first experiment, we describe the consequences of a single exposure, performed
during resting conditions, for groups of rats submitted to brain averaged specific absorption
rate (BASAR) ranging from 0.5 to 6 W/kg (i.e., from below the international limit of 2 W/kg
up to three times this value). In a second experiment, we investigated the consequence
of a subchronic exposure (14 days), performed before behavioral tests, using groups of
rats submitted to two BASARs (1 and 3.5 W/kg). The rationale was to evaluate if repeated
exposures may lead either to larger effects than a single exposure (by cumulating effects
occurring after single exposure) or to smaller effects than a single exposure (by adaptation
to EMF exposure). In addition, engaging the animals in a learning task made it possible
to pinpoint both increases and decreases in c-Fos labelling whereas only increases are
usually observable in resting conditions due to the very low constitutive expression of
c-Fos (floor effect).

2. Materials and Methods
2.1. Animals

Naïve male Sprague Dawley rats (150–180 g at their arrival in the laboratory, Charles
River, L’Arbresle, France) were housed in a humidity (50–55%) and temperature (22–24 ◦C)-
controlled facility on a 12 h/12 h light/dark cycle (lights on at 6:30 a.m.) with free access
to food and water, except during behavioral testing. Animals were group-housed (two to
five per cage) and were allowed a 1-week period of habituation to the colony room before
testing. They were handled and weighed every day. At the end of the habituation period,
rats were single housed. The analysis of the effects of acute EMF exposure (Experiment 1)
was conducted in animals that had ad libitum access to food and water. All the groups
of animals used for memory testing (Experiment 2) were progressively food-restricted
and maintained to 85% of their free-feeding weight. All procedures were performed in
conformity with French (JO 887–848) and European (86/609/EEC) legislations on animal
experimentation.

2.2. Electromagnetic Field Exposure System

The exposure system was the one used in previous experiments [42,43] (see for de-
tails [51]). Briefly, a radiofrequency generator (RFPA S.A., model RFS9001800-25), emitting
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a GSM EMF (1/8 duty factor) pulsed at 217 Hz (pulse emission during 576 sec every 4.6 ms)
was connected to a 4-output divider, allowing exposure of four animals simultaneously.
Each output was connected to a loop antenna enabling a local exposure of the animal’s
head (Figure 1). The loop antenna consisted of a printed circuit, with two metallic lines
engraved in a dielectric epoxy resin substrate (dielectric constant εr = 4.6). At one end, this
device consisted of a 1 mm width line forming a loop placed close to the animal’s head.
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Figure 1. The exposure system setup included a 900 MHz radiofrequency generator emitting a GSM
EMF pulsed at 217 Hz, a power meter, and a 4-output power divider connected to individual loop
antennas enabling a head-only exposure of 4 animals simultaneously.

Brain average specific absorption rates (BASARs) were determined numerically using
a numerical rat model with the Finite Difference Time Domain method and experimentally
in homogeneous rat phantom using a Vitek or Luxtron probe for the measurement of
temperature rises. In this case, BASARs, expressed in W/kg, were calculated using the
following relation: SAR = C∆T/∆t, with C being the calorific capacity in J/(kg·K), ∆T the
temperature variation in K, and ∆t the time variation in seconds. Comparisons were made
between numerical and experimental specific absorption rate (SAR) values in homogeneous
phantoms, especially in the equivalent rat brain area. The agreement among numerical
and experimental SAR values was good (see for details [51]). Finally, the BASAR in a non-
homogeneous rat model was obtained: 6.8 W/kg for one Watt incident power. The incident
power was than adjusted to obtain the experimental BASAR levels used in our experiments.

EMF exposure and behavioral testing were performed in two different rooms. During
radiofrequency exposure, rats were restrained in rockets made of 5 mm thick transparent
Plexiglas and consisting of a cylinder (6 cm in diameter, 15 cm long) and a truncated
cone (3 cm long) in which the rat’s head was inserted (see for details [42,43,51]). The loop
antenna was placed against the cone directly above the rat’s head. The end of the cone was
opened, and holes were made in the rocket’s cylinder to facilitate breathing and minimize
sweating and increases in the animal’s body temperature. A Plexiglas disk was secured at
the entry of the cylinder to prevent the rat from backing out of the rocket and to minimize
as much as possible any movement of the head. To prevent interference from one antenna
to another, rockets were separated from each other by a double layer of absorbing material
(APM 12, Hydral, 12 cm thick).

2.3. Habituation to Restrained Conditions

To minimize the nonspecific effects of stress induced by the rocket confinement on
learning performance as well as on c-Fos expression, animals were first submitted to a habit-
uation protocol. Rats were placed in the rockets with the loop antenna disconnected from
the radiofrequency generator. They were adapted gradually to the restrained conditions for
either 14 days (Experiment 1) or 7 days (Experiment 2). Also, on the first day after arrival in
the laboratory, rockets were introduced in the home cages, allowing animals to enter freely
in them. During the following days, confinement in the rockets was progressively increased
from 5 min to 2 h (Experiment 1) or from 5 min to 45 min (Experiment 2). Across the
days, the animal movements in the rockets were less frequent, attesting that the restrained
conditions were relatively well tolerated. In a few cases (n = 3), animals showing important
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movements in the rocket at the end of this habituation period (they moved for more than
25% of the time spent in the rocket) were discarded from the study.

2.4. Experiment 1

This experiment was designed to investigate the effects of 900 MHz EMF exposure on
the basal level of neuronal activity. Awake, “resting” animals (maintained in their home
cage prior to being placed in the rockets) were used. Following the 2-week habituation to
the rockets, animals were randomly assigned to 6 different treatment groups (n = 9/group):
one sham-exposed group immobilized for 2 h in the rockets but without EMF and five
experimental groups exposed for 2 h to 900 MHz EMF at BASARs of 0.5, 1, 2, 4, and
6 W/kg. This range of BASARs was selected because it started below the international
limit up to 3 times this value (the SAR limit is set by international requirements and by
the Council of the European Union at 2 watts/kilogram averaged over 10 grams of body
tissue). The exposure duration was set at 2 h, which is probably the longest time a rat
can accept restrained conditions in the rocket used for the exposure. It is also close to the
average time per day for extensive cell phone users.

Immediately at the end of the exposure period, the animals were deeply anesthetized
and perfused, and their brains were processed for immunocytochemistry as described below.

2.5. Experiment 2
2.5.1. Aim and Groups

This experiment was designed to determine the effects of EMF exposures on c-Fos
expression while rats were submitted to learning tasks. Animals were engaged in behavioral
tasks to allow for (i) detection of potential decrease in neuronal activity that would be
difficult to observe in basal state and (ii) possible changes in the activation of brain areas in
response to cognitive demand. Animals were randomly assigned to four different treatment
groups (n = 12/group). Cage control rats were maintained in their home cage and did
not receive any treatment before being submitted to the learning task. Sham-exposed rats
were immobilized for 45 min in the rockets immediately prior to each daily training session
but without EMF exposure. Two experimental groups were exposed to 900 MHz EMF
at BASAR of either 1 or 3.5 W/kg for 45 min immediately prior to each daily training
session. The BASAR of 1 W/kg was selected based on the results of Experiment 1, and the
BASAR of 3.5 W/kg was the highest value our system could deliver when 4 animals were
simultaneously exposed. There was a time-lag of 20 min between the beginning of exposure
of the four animals (i.e., they were placed in the rockets every 20 min), thus allowing to test
each rat immediately at the end of the EMF exposure or the sham exposure. Time of testing
in the day (morning or afternoon) was counterbalanced between groups. The equipment
and the behavioral procedures used in the two memory tasks were exactly the same as
those described in our previous experiments [43,52]. They are only briefly summarized
here. Based upon our previous studies [42,43,52], we determined that the asymptotic level
of performance was reached after 10 days in the working memory task and after 14 days
in the reference memory task. Accordingly, we chose an exposure period of 10 days and
14 days for the working memory task and the reference memory task, respectively. Note
also that because the animals were restrained in Plexiglas rockets designed to accommodate
rats of a maximum weight of 250 g, we could not extend the duration of the experiments.

2.5.2. Spatial Working Memory Task

This task was conducted in a radial maze made of an octagonal central platform (23 cm
in diameter) from which radiated eight arms (80 cm long, 12 cm wide) in a symmetrical
fashion. At the end of each arm, a food cup (5 cm in diameter, 1 cm in height) could be
baited with food rewards (i.e., chocolate cereals). The room was illuminated by a neon light
located above the apparatus, thus avoiding shadows within the maze. Large cues were
placed on the walls of the room and served as spatial distal cues. In order to be familiarized
with the radial maze and its environment, rats were first submitted to habituation sessions
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immediately after the last 3 days of adaptation to restrained conditions. After the restraint
conditions in the rockets, a group of six rats was placed for 20 min in the maze where food
rewards were scattered throughout the maze to encourage exploration. On the last day
of habituation, rats explored the maze in groups of three, and food rewards were placed
only in the food cup of each arm. This habituation session was terminated when all eight
arms were visited, and all food rewards were consumed. Spatial working memory testing
sessions began the next day and lasted for 10 consecutive days. Rats were submitted to a
daily session, during which all arms were baited. Each session consisted of one trial and
started by placing the rat in an opaque Plexiglas cylinder located in the center of the maze
platform. After 10 s, the cylinder was removed, and the rat was allowed to freely explore
the maze until all eight arms had been visited or when the rats had made a total of 16 visits
or when 10 min had elapsed. Arms were not rebaited during the ongoing trial, so repeated
entries into an arm were counted as working memory errors. Choice accuracy was also
evaluated by the rank of the first error, which was defined as the number of consecutive
correct visits in a training session before the first error occurred (i.e., the maximum rank
was 8). Rats learning this task typically show a progressive decrease in the number of
working memory errors over days while the rank of the first error increases. Seventy to
ninety minutes after the end of the 10th session, half of the animals randomly selected
(n = 6/groups) were deeply anesthetized and perfused, and the brains were processed for
immunocytochemistry (see below). The selection of these animals was done blind to their
behavioral performance.

2.5.3. Spatial Reference Memory Task

Reference memory performance was measured using a dry-land version of the Morris
water maze [43,53,54]. This spatial navigation task was conducted using a circular arena
(120 cm in diameter) surrounded by a transparent plastic edge (10 cm high). The arena
was mounted on a rotating pedestal, 70 cm above the floor. Thirteen white opaque circular
boxes (3 cm in diameter), which were glued on the arena, defined a regular geometrical
pattern in the arena. Each box was covered by a white lid. Chocolate cereals used as food
rewards were placed in selected boxes. During the last 4 days of adaptation to restrained
conditions in the rockets, rats were familiarized with the boxes placed in the arena. On
the first day, rats were habituated to eat the food reward contained in a box placed in their
home cage. On the two following days, the box was covered with the lid, and the rats
had to learn to open it to get the food reward. Rats were given four trials/day for two
consecutive days. On the second day, rats had to open the box in less than 10 s, otherwise
four additional trials were given. On the fourth habituation day, rats were placed by group
of three on the circular platform and were free to explore the non-baited apparatus for
15 min. The spatial reference memory testing session begun the next day and lasted for
14 consecutive days. Each rat had to learn that the food reward was located in only one box.
For a given animal, the baited box was always located at the same position with regard to
the reference space formed by the geometrical cues scattered around the room. Rats were
submitted to a daily session made of four consecutive trials separated by a 1 min intertrial
interval. The rat was placed on the platform at each of four different starting positions
(North, South, East, and West) facing the transparent wall of the platform. From day to
day, the order of the starting positions was randomly changed to prevent the rats from
learning a specific route. To prevent strategies based on olfactory cues, between each trail
and each rat, the platform was randomly turned by 60, 120, 180, 240, and 300 degrees. Each
trial lasted a maximum of 5 min. If the rat did not find the goal box after 5 min, it was
gently guided in front of the goal box and allowed to open it and eat the food reinforcement.
Reference memory errors were defined as the number of boxes, other than the goal box,
that the rat opened during a trial. A hit was achieved when the rat opened the goal box
directly without opening any other box; on a given day, the maximum number of hits was
four. Latency to open the goal box was also measured. Seventy to ninety minutes after the
end of the 14th session, half of the animals randomly selected (n = 6/groups) were deeply
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anesthetized and perfused, and the brains were processed for immunocytochemistry (see
below). The selection of these animals was done blind to their behavioral performance.

2.6. c-Fos Immunocytochemistry

Following deep anesthesia, rats were perfused transcardially with 350 mL of 0.9% NaCl
followed by 350 mL of cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4.
Brains were dissected, post-fixed for 12 h in the same fixative and cryoprotected in 30%
sucrose/PB, and left overnight at 4 ◦C. They were then frozen, and 50 µm frontal sections
were cut on a freezing microtome. Immunohistochemistry was performed on free-floating
sections using a standard avidin–biotin (ABC Standard Elite kit, Vector Laboratories,
Burlingame, CA, USA) method. The primary antibody was a rabbit polyclonal antibody
(Ab-5, Oncogene Science, Cambridge, MA, USA, 1:20,000) raised to a synthetic peptide
derived from aminoacid sequences 4-17 of the Fos protein. Incubation in 2% goat serum
containing 0.2% Triton X-100 (Sigma, Setagaya City, Tokyo) and the primary antibody
occurred overnight at room temperature on a rotating shaker. Following a series of 4 washes
in PB, sections were incubated for 2 h at room temperature in a solution containing a
biotinylated goat anti-rabbit secondary antibody (Jackson Immunoresearch, West Grove,
PA, USA, 1:2000). Sections were washed again and processed with the avidin-biotin
complex for 2 h at room temperature. Diaminobenzidine (0.05% solution, Sigma) was used
as a chromogen and was revealed using a few drops of fresh 0.3% hydrogen peroxide
solution. The reaction was stopped by washing in PB. Sections were mounted on gelatin-
coated slides, dehydrated through a series of graded alcohols baths, and coverslipped.

2.7. Image Analysis and Cell Counting

Quantitative analysis of c-Fos-positive nuclei was performed using a color video cam-
era (Sony® DXC-950P, Sony, Tokyo, Japan) interfaced with an Olympus® BX 50 microscope
(Olympus, Tokyo, Japan). Fos-positive nuclei were counted in selected brain regions using
computer-assisted software (Biocom Visiol@b® 2000, version V4.50; ×20 magnification).
Sampled areas defined according to the atlas of Paxinos and Watson [55] are presented in
Figure 2. These sampled zones, which included most of the cortical areas (frontal, temporal,
visual, parietal cortices) and several parts of the hippocampus, are areas receiving the
highest SAR values (because of their proximity with the loop antenna). The number of
c-Fos-positive nuclei measured in each region was counted bilaterally using a minimum of
three consecutive sections in each brain by experimenters who were blind to the exposure
conditions. The mean numbers of c-Fos-positive nuclei contributed by each animal in a
group were averaged to generate the final means. Data are expressed as the number of
c-Fos-positive nuclei/mm2 for all regions studied.

2.8. Statistical Analyses

Behavioral parameters and numbers of c-Fos-positive nuclei were compared using
an analysis of variance (ANOVA) with repeated measures and, when appropriate, were
followed by post hoc paired comparisons using the Newman-Keuls test. All data are
presented as mean ± SEM. For all comparisons, values of p < 0.05 were considered as
statistically significant.
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Figure 2. Schematic drawings of rat brain coronal sections showing the regions of interest (filled
areas) selected for c-Fos imaging (adapted from the atlas of Paxinos and Watson [55]). Numbers
indicate the distance in millimeters of the sections from bregma. aCg1: anterior cingulate cortex,
area 1; aCg2: anterior cingulate cortex, area 2; dCA1: dorsal hippocampus, CA1 field; dCA3: dorsal
hippocampus, CA3 field; dDG: dorsal dentate gyrus; Ento: entorhinal cortex; FM1: frontal cortex,
primary motor area 1; FM2: frontal cortex, secondary motor area 2; IL: infralimbic cortex; LSD: lateral
septum, dorsal part; LSV: lateral septum, ventral part; MS: medial septum; Par: parietal cortex; pCg:
posterior cingulate cortex; Peri: perirhinal cortex; PrL, prelimbic cortex; Subi: subiculum; Temp:
temporal associative cortex; vCA1: ventral hippocampus, CA1 field; vCA3: ventral hippocampus,
CA3 field; vDG: ventral dentate gyrus; Vis: visual cortex, secondary lateral area.

3. Results
3.1. Experiment 1: Effect of EMF Exposure on Neuronal Activity as Revealed by c-Fos Imaging

A two-way ANOVA performed on c-Fos mapping data with BASARs as the between
group factor and the 23 brain regions analyzed as the within-subjects factor indicated a
significant group x region interaction (F(5, 1190) = 7.11; p < 0.0001), showing that region-
specific changes in c-Fos expression occurred following EMF exposure (Figure 3). Analysis
of individual regions revealed that EMF exposure induced a dose-dependent increase
in c-Fos expression in the following brain regions: subiculum (F(5, 46) = 2.47; p < 0.05),
prefrontal (prelimbic area, F(5, 46) = 2.49; p < 0.05; infralimbic area, F(5, 46) = 3.78; p < 0.01),
frontal (M2 motor area, F(5, 46) = 2.73; p < 0.05), and anterior cingulate cortices (area 2,
F(5, 46) = 2.51; p < 0.05).
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Figure 3. Effects of acute GSM 900 MHz electromagnetic field exposure on neuronal activity as
measured in 23 brain areas by c-Fos immunohistochemistry in exposed and sham-exposed animals.
Data are presented as number of c-Fos-positive nuclei in selected brain regions (mean ± SEM,
n = 9/group). (A) Septal region; (B) hippocampal formation; (C–E) cortical regions. See Figure 2 for
the list of abbreviations. Experimental animals were exposed for 2 h, while sham-exposed animals
were placed in rockets but without any EMF exposure. * p < 0.05, ** p < 0.01, *** p < 0.001 for exposed
versus sham-exposed animals; ANOVA followed by Fisher’s post hoc test.

Post hoc analyses revealed that only the BASAR of 1 W/kg significantly increased
c-Fos expression as compared to sham animals in the subiculum (+53.2%, p < 0.05), pre-
frontal (prelimbic area +35.2%, p < 0.05; infralimbic area +32.9%, p < 0.01), frontal (M2
motor area +64.9%, p < 0.05), and anterior cingulate cortices (area 2, +74.2%, p < 0.05;
Figure 2). A reduction in c-Fos expression was found in the temporal cortex at all BASARs
(F(5, 46) = 3.26; p < 0.05), with the greatest decrease observed at the BASAR of 4 W/kg
(−44.4%, p < 0.001; Figure 2). The perirhinal cortex was similarly affected (F(5, 46) = 2.87;
p < 0.05) with a significant decrease observed at the BASAR of 4 W/kg (−27.3%, p < 0.05).
Representative examples of the largest EMF-induced increase in c-Fos expression in the
prefrontal and frontal cortices are presented in Figure 4.
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Figure 4. Photomicrographs (×20 magnification) of c-Fos immunoreactivity in coronal sections
taken through the prelimbic cortex (A,B) and frontal cortex (area FM2; (C,D)) following acute GSM
900 MHz electromagnetic field exposure (SAR of 1 W/kg for 2 h). Note that this example represents
the largest increased number of c-Fos-positive nuclei in exposed animals (1 W/kg; B,D) as compared
to sham-exposed animals (0 W/kg; A,C). Scale bar: 100 µm.

3.2. Experiment 2: Effect of EMF Exposure on Learning and Memory Performance and Associated
Neuronal Activity
3.2.1. Behavioral Data

In the following paragraphs, we present the behavioral results obtained from the
subset of animals (n = 6 per group) used for the quantification of c-Fos labeling. In all but
one cases, these results are similar to those obtained with the whole population of animals
ran in the behavioral tests (n = 12 per group, see Supplementary Figures S1 and S2).

Working Memory Task

As shown in Figure 5A, EMF exposure did not significantly affect the number of
working memory errors recorded over 10 days of testing (Treatment F(3, 20) = 2.06, p > 0.13,
NS). For all groups, the number of working memory errors decreased significantly over
the days (F(9, 180) = 3.08, p < 0.002), and the slope of the learning curve was similar across
groups (Treatment x Day interaction: F(27, 180) = 1.06, p > 0.38, NS). Based on one-way
ANOVA, each group, except the cage control group, improved its performance (p < 0.05).
As illustrated in Figure 5B, the rank of the first error, which can be taken as a relevant index
of working memory performance, was similar across groups (F(3, 20) = 0.74, p > 0.54, NS)
and increased in a similar way over the days (Day: (F9, 180) = 2.54; p < 0.01); Treatment x
Day interaction: F(27, 180) = 1.22; p > 0.22, NS). For all groups, one-way ANOVA indicated
that the rank of first error increased across the days (p < 0.05). Latency to complete the task
was also similar across groups (data not shown). The same results were obtained when
analyses were performed on the entire population of animals used in this study (n = 12 per
group, see Supplementary Figure S1). Overall, there was no evidence of an effect of EMF
exposure in this task.

Reference Memory Task

As shown in Figure 6A, EMF exposure did not significantly affect the number of
reference memory errors recorded over 14 days of testing (Treatment: F(3, 20) = 1.87;
p > 0.16, NS). For all groups, the number of errors decreased significantly as training
progressed (F13, 260) = 10.17; p < 0.0001), and the slope of the learning curve was similar
(Treatment x Day interaction: F(39, 260) < 1, NS). The number of hits (Figure 6B), which can
be taken as a relevant index of spatial discrimination performance, increased significantly
from Day 1 to Day 14 (F13, 260) = 8.99, p < 0.001) and evolved similarly for all groups
(Treatment x Day interaction: F(39, 260) < 1, NS). However, there was a main effect of EMF
exposure (Treatment: F(3, 20) = 4.07, p < 0.03). Subsequent analyses revealed that, although
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the 1 W/kg exposed group did not differ from the control group (F < 1; NS), it significantly
differed from the sham-exposed group (F(1,10) = 3.45; p < 0.05). This difference is likely due
to the fact that the 1 W/kg group exhibited a lower number of hits than the sham group
on Days 3 and 8 (p < 0.05). However, this difference between animals exposed to 1 W/kg
and sham-exposed animals was not found on the entire population of animals used in this
study (n = 12 per group; Supplementary Figure S2). When the whole population of animals
was considered, there was neither a “treatment” effect, nor any interaction between the
“day” and “treatment” factors (Fs < 1; NS).
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Figure 5. Effect of subchronic GSM 900 MHz electromagnetic field exposure on working memory
performance as measured in the 8-arm radial maze. Data are presented as number of working
memory errors (A) and rank of the first error (B) (mean ± SEM, n = 6/group) measured over 10 days
of training. Cage control rats were not submitted to any treatment before each daily training session.
Sham-exposed rats were placed in the rockets for 45 min without any EMF exposure. Experimental
animals were exposed to EMFs for 45 min at SARs of either 1 or 3.5 W/kg. Note that for the rank of
the 1st error, a high value indicates a better performance. No significant between-group differences
were observed.

As illustrated in Figure 6C, the latency to find the goal box was also similar across
groups (Treatment: F(3, 20) = 1.15, p > 0.35, NS) and decreased in a similar fashion over days
(Day: (F(13, 260) = 51.41, p < 0.0001); Treatment x Day interaction: F(39, 260) = 1.30; p > 0.12,
NS). A more detailed analysis performed on the four trials of a daily session did not show
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any significant differences between groups, whatever the day of learning considered, thus
indicating that learning that occurred within a session was similar across groups (data not
shown). Overall, there was no evidence of an effect of EMF exposure in this task.
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Figure 6. Effect of subchronic GSM 900 MHz electromagnetic field exposure on reference memory
performance as measured in the spatial navigation task (dry-land version of the Morris water maze
previously used in [43,53,54]). Data are presented as number of reference memory errors (A), number
of hits (B), and latency in sec to find the baited box (C) (mean ± SEM, n = 6/group) measured
over 14 days of training. Cage control rats were not submitted to any treatment before each daily
training session. Sham-exposed rats were placed in the rockets for 45 min without any EMF exposure
immediately prior to each testing session. Experimental animals were exposed to EMFs for 45 min at
SARs of either 1 or 3.5 W/kg immediately prior to each testing session. No difference was observed
in terms of number of errors (A) and latency to reach the goal box (C). In terms of number of hits
(B), the group exposed to 1 W/kg differed from the sham-exposed group but did not differ from
the cage control group. This effect on the number of hits was not found when larger sets of animals
(n = 12 per group) were tested (see Supplementary Figure S2).
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3.2.2. c-Fos Mapping
Working Memory Task

As a general rule, no significant differences in c-Fos expression were observed between
cage control animals and sham animals placed in the rockets without any EMF exposure.
As shown in Figure 7, the only increase after sham exposure was observed in the infralimbic
area of the prefrontal cortex (+33.9%; p < 0.01). A two-way ANOVA performed on c-Fos
mapping data with BASARs as a between-group factor and the 23 brain regions analyzed as
a within-subjects factor indicated a significant group x region interaction (F(3, 500) = 3.87;
p < 0.01), showing that region-specific changes in c-Fos expression occurred following
EMF exposure. Analysis of individual regions revealed that EMF exposure induced a
decrease in c-Fos expression in the following brain regions: hippocampus (CA1 ventral
part: (F(3, 20) = 3.56; p < 0.05), prefrontal (prelimbic area: F(3, 20) = 3.10; p < 0.05; infralimbic
area: F(3, 20) = 6.97; p < 0.05), frontal (M2 motor area: F(3, 20) = 3.34; p < 0.05), anterior
cingulate (area 2: F(3, 20) = 3.08; p < 0.05), perirhinal: (F(3, 20) = 3.12; p < 0.05), and visual
cortices (F(3, 20) = 5.76; p < 0.01).
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Figure 7. Effects of subchronic GSM 900 MHz electromagnetic field exposure on neuronal activity
as measured by c-Fos immunohistochemistry in cage control, exposed, and sham-exposed animals
submitted to the working memory task. Data are presented as number of c-Fos-positive nuclei in
selected brain regions (mean ± SEM, n = 6/group). (A) Septal region; (B) hippocampal formation;
(C–E) cortical regions. See Figure 2 for the complete list of abbreviations. Cage control rats were not
submitted to any treatment before each daily training session. Sham-exposed rats were placed in the
rockets for 45 min without any EMF exposure immediately prior to each testing session. Experimental
animals were exposed to EMFs for 45 min at SARs of either 1 or 3.5 W/kg immediately prior to
each testing session. * p < 0.05, ** p < 0.01 for exposed versus sham-exposed animals. S p < 0.05 for
sham-exposed versus cage control animals, ANOVA followed by Fisher’s post hoc test.
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Post hoc analyses revealed that EMF exposure significantly decreased c-Fos expression
as compared to sham animals in the following regions (Figure 6): hippocampus (CA1
ventral part, BASAR of 1 W/kg −32.1%, p < 0.05; SAR of 3.5 W/kg −26.9%, p < 0.05),
prefrontal (prelimbic area: BASAR of 1 W/kg −24.4%, p < 0.05; BASAR of 3.5 W/kg
−27.9%, p < 0.05; infralimbic area: BASAR of 1 W/kg −18.1%, p < 0.05; BASAR of 3.5 W/kg
−32.9%, p < 0.001), frontal (M2 motor area: BASAR of 1 W/kg −26.9%, p < 0.05; BASAR of
3.5 W/kg −24.7%, p < 0.05), anterior cingulate (area 2 BASAR of 1 W/kg −35.3%, p < 0.05;
BASAR of 3.5 W/kg −29.9%, p < 0.05), perirhinal (BASAR of 1 W/kg −29.3%, p < 0.05),
and visual cortices (BASAR of 1 W/kg −26.8%, p < 0.01; BASAR of 3.5 W/kg −19.1%,
p < 0.05). Examples of the largest EMF-induced decreases in c-Fos expression in the frontal
cortex are presented in Figure 8.
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Figure 8. Photomicrographs (×20 magnification) of c-Fos immunoreactivity in coronal sections taken
through the frontal cortex (M2 area) of animals submitted to the working memory task for 10 days and
exposed daily to GSM 900 MHz electromagnetic fields (SAR of 1 or 3.5 W/kg). Exposure was given
for 45 min immediately prior to each testing session. Note that this example represents the largest
decreased number of c-Fos-positive nuclei in exposed animals (1 and 3.5 W/kg; (C,D), respectively)
as compared to cage control (A) and sham-exposed animals (0 W/kg; (B)). No significant differences
were observed between cage control and sham-exposed animals. Scale bar: 100 µm.

Reference Memory Task

As shown in Figure 9, no significant differences in c-Fos expression were observed
between cage control animals and sham animals placed in the rockets without exposure to
EMFs. As for animals engaged in the working memory task, one-way ANOVA revealed
that EMF exposure induced a dose-dependent decrease in c-Fos expression, but in only
two brain regions: the temporal (F(3, 20) = 3.05; p < 0.05) and visual cortices (F(3, 20) = 3.30;
p < 0.05). Post hoc analyses revealed that exposure to a BASAR of 1 W/kg significantly
decreased c-Fos expression in the temporal cortex by 23.6% (p < 0.05) and in the visual
cortex by 18.5% (p < 0.05) as compared to sham animals (Figure 9E).

3.3. Relations between Dosimetric Analysis and Changes in c-Fos Expression

In the two experiments presented here (i.e., both after acute and subchronic exposures),
some brain areas exhibited changes in c-Fos labeling, whereas many others did not. Two
possibilities could explain why only a few areas show changes in c-Fos labeling. First,
these areas might be those where the local SAR values are the highest. Second, these
areas might be those indirectly activated by EMF exposures via mechanisms that remain to
be determined.
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Figure 9. Effects of subchronic GSM 900 MHz electromagnetic field exposure on neuronal activity
as measured by c-Fos immunohistochemistry in cage control, exposed, and sham-exposed animals
submitted to the reference memory task. Data are presented as number of c-Fos-positive nuclei in
selected brain regions (mean ± SEM, n = 6/group). (A) Septal region; (B) hippocampal formation;
(C–E) cortical regions. See Figure 2 for the complete list of abbreviations. Cage control rats were not
submitted to any treatment before each daily training session. Sham-exposed rats were placed in the
rockets for 45 min without any EMF exposure immediately prior to each testing session. Experimental
animals were exposed to EMFs for 45 min at SARs of either 1 or 3.5 W/kg immediately prior to each
testing session. * p < 0.05 for exposed versus sham-exposed animals, ANOVA followed by Fisher’s
post hoc test.

To search for possible relationships between the SAR values and the cortical areas
exhibiting changes in c-Fos activation after EMF exposure, we referred to SARs levels
calculated in a non-homogeneous rat model with a 1 mm3 spatial resolution (detailed
in [51]). Figure 10A,B provide global views of the rat brain model (with the loop antenna
above) and show that the rat’s head absorbs 86% of the total power absorbed by the animal.
The whole-body SAR was estimated to be 0.13 ± 0.34 W/kg.

For eleven brain areas showing changes in c-Fos activation in our experiments (see
Supplementary Table S1), the Paxinos and Watson [55] coordinates were converted in
coordinates used for the rat brain model, and their local SARs were determined. Figure 10C
presents the SAR distribution in the rat brain from four sagittal sections and indicates the
location of four areas (black squares). It appears that the prelimbic and infralimbic areas
(locations 1 and 2) received low SAR values, whereas the two frontal areas M2 and M1
(locations 3 and 4) received high SAR values. Yet, these four areas exhibited changes in
c-Fos labeling during resting conditions (Experiment 1) and during behaviorally induced
c-Fos activation (Experiment 2). Thus, there was no evidence for systematic relationships
between the SAR level in the rat brain and the changes in c-Fos labeling after EMF exposure.
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Figure 10. Dosimetric analysis of specific absorption rates (SARs) in the rat brain during exposure to
GSM 900 MHz. The heterogeneous model of rat phantom and loop antenna described by Lévêque
et al. [51] was used to evaluate the local SAR in the brain with a 1 mm cubic mesh. As explained by
Lévêque et al. [51], an MRI of an adult rat (250 g) maintained in the rocket was carried out, and the
tissues (skin, skull, brain, marrow, fat, muscles) were segmented and assigned to different dielectric
properties. (A) Global view of the rat phantom in the rocket with the loop antenna above its head.
The area defined by the dotted line is shown in (B). (B) This view shows the interface between the
loop antenna and the rat’s head. It clearly indicates that the first millimeters of tissue below the loop
antenna (i.e., the skin, the skull, the dura mater, and the cortex) received the highest SAR values.
(C) Based on the relative location of the brain areas in the Paxinos and Watson atlas [55] and on their
corresponding locations in the model of the rat brain, values of SAR for the brain areas exhibiting
changes in c-Fos labeling were evaluated. The locations 1, 2, 3, and 4 depicted here correspond to
the position of the prelimbic, infralimbic, frontal M2, and frontal M1 areas, respectively. Note that
the two frontal areas (M1 and M2) received high SAR values, whereas the prelimbic and infralimbic
areas received low SAR values because they are located deeper in the brain. Despite this important
difference in terms of SAR values, they all expressed changes in c-Fos labeling.

4. Discussion

The aim of the present study was to evaluate, in a rat model, the potential consequences
(positive or negative) of exposure to 900 MHz GSM signals. To mimic as closely as possible
the use of cellular phones, we used a head-only exposure system allowing application of
calibrated intensities of EMFs at the vicinity of the animal’s head. Mapping of brain regions
affected by EMF exposure was achieved by measuring the expression of the activity-
dependent gene c-Fos, which is rapidly induced after external stimulation. As c-Fos
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expression and behavioral performance can both be affected by stressful conditions [56,57],
special care was taken to minimize as much as possible the stress effect induced by the
confinement in exposure rockets. In the two experiments, we progressively habituated the
animals to be restrained to reduce stress responses. This procedure was probably adequate
because in Experiment 2, no differences in c-Fos expression (in all but one brain area) and
in behavioral performance were found between cage control animals (maintained in their
home cage) and sham animals (placed in the rockets but not exposed to EMFs). Although
cage control animals were not used in Experiment 1, the extended habituation (two weeks
vs. one week in Experiment 2) should have largely reduced potential effects resulting from
the restrained conditions.

In the first experiment, a 2 h acute exposure to 900 MHz EMF differentially affected
the brain regions analyzed in animals at rest. Out of the 23 brain areas investigated, only
six showed significant changes in c-Fos labeling with a dose-dependent increase for five
of them at a BASAR of 1 W/kg. In the second experiment, after 10 or 14 days of 45 min
exposure to 900 MHz EMF delivered immediately before behavioral testing, six brain areas
displayed a significant decrease in c-Fos labeling. It is quite striking that four of these brain
areas were cortical areas exhibiting increases in c-Fos labeling after a 2 h acute exposure.
Surprisingly, our dosimetric analysis indicated that among the brain areas showing changes
in c-Fos labeling, some areas received high SAR values, whereas others corresponded to
low SAR values.

4.1. Relation with Previous Studies Evaluating the Effects of Acute Exposure to EMFs

Only a few studies have addressed the possibility that mobile phone radiations could
induce genomic responses in vivo. Using head-only exposures, a slight increased expres-
sion of c Fos messenger RNA was observed by Fritze and colleagues [28] in some brain
areas (cerebellum, neocortex, and piriform cortex) after 4 h of GSM 900MHz exposures to
various BASARs (0.3, 1.5, and 7.5 W/kg). As these increases were also detected on sham-
exposed animals, they most likely result from the restrained conditions used during EMF
exposure. Furthermore, hyperthermia that has been measured in most rats following whole-
body exposure to SAR > 5 W/kg could explain the prominent c-Fos protein expression
observed in several cortical and periventricular areas [58]. Different upstream regulatory
elements could mediate an increase in c-Fos expression: changes in neurotransmitters
releases, increase in Ca++ influx, or neurotrophic factors. Also, emerging evidence suggests
that c-Fos is essential in regulating neuronal cell survival versus death [59]. Previous
in vitro studies have reported that different microwave exposures (continuous or pulsed)
influence signal transduction pathways in brain tissue [60,61]. More recent studies have
also reported changes in gene expression after various types of EMF exposures [62–66].
However, the cellular mechanisms triggered by GSM exposure such as transcriptional
activity, activation of specific signaling pathways, or immune responses can differ between
rats and humans. But obviously, any potential effects observed in animals’ studies should
be used to guide the research in human subjects. Lastly, these experimental animal models
often used EMFs quite different from the GSM signals and, therefore, the results should be
interpreted with caution.

As the c-Fos immediate early gene is not considered a marker of cerebral injury,
changes in c-Fos expression observed following EMF exposure do not necessarily indicate
a deleterious effect of EMFs on brain metabolism. Of note, however, and contrary to what
was initially believed, glial cells (including microglia, astrocytes, and oligodendrocytes)
have been found to express Fos proteins [67]. In astrocytes, c-Fos expression can thus be the
consequence of inflammatory processes via the recruitment of the ERK and/or p38MAPK
pathway and the subsequent phosphorylation of Elk1 at the c-Fos promoter, raising the
possibility that exposure to 900 MHz GSM signals may be perceived by the cerebral tissue
as a potentially harmful stimulus. Further investigation is needed, however, to unravel
in which cell types Fos expression occurs following EMF exposure. Other mechanisms
are also likely to contribute to increase Fos expression following EMF exposure. For
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instance, cerebral changes in heat shock protein (HSP) expression were reported in rats
exposed to GSM-900 MHz and GSM-1800 MHz signals [68], raising the possibility that
GSM-induced HSP signaling may upregulate Fos expression and contribute to the c-Fos
increases observed in Experiment 1. Functionally, these increases may underlie an adaptive
process of the brain tissue to stress. Nonetheless, it is important to mention at recent
in vitro electrophysiological studies [69,70] found decreases in spontaneous activity when
exposing neuronal cultures to 1800 MHz or 3.5 GHz signals. In addition, no alteration of
spontaneous and evoked activity was detected in vivo when healthy rats were exposed
for 2 h to 1800 MHz, whereas decreases were detected in under acute neuroinflammation
induced by lipopolysaccharide [71,72].

In a few in vivo studies using a head-only exposure system similar to ours, molecular
and cellular alterations of brain cells have been described after acute exposures to 900 MHz
GMS signals. First, a 2 h exposure at BASARs of 4 and 32 W/kg decreased the content in
gamma-aminobutyric acid (GABA) in the cerebellum [24]. Second, a significant reduction
in the number of NMDA receptors at the post-synaptic level has been observed in cortex
and striatum after a brief (15 min) exposure to 900 MHz GSM signals [27]. Also, increases in
glial immunoreactivity have been reported in the cortex, striatum, and cerebellum [26,27].
However, these latter effects were obtained at quite high BASAR levels (32 W/kg and
6 W/kg), out of the range of normal SAR delivered by cell phones. Some of these ef-
fects, particularly those on glial reactivity, were not replicated at lower BASAR values
of 2–3 W/kg. Indeed, in previous studies performed both in developing or in adult rats,
we did not observe tissue damage nor microglial or astroglial activation after a 2 h of
exposure to GSM in healthy animals [29,66,71,72]. In our experimental conditions, we
could not detect increases in local brain temperature (in area FR2) at a SAR of 1 W/kg and
only modest increases (less than 0.5 ◦C) at a SAR of 3.5 W/kg (Dubreuil, Jay, and Edeline,
unpublished results).

4.2. Relationship with Previous Studies Evaluating the Effects of Subchronic Exposure to EMFs

Though interesting, the effects observed following “acute” EMF exposure are not the
most relevant because EMF exposure through cell phones is almost universally chronic
(over years) in the human population. In fact, the immediate effects of acute EMF exposure
could dissipate quickly through compensatory mechanisms during long-term exposure,
and repeated exposure could itself induce homeostasis effects. Here, after daily 45 min
exposures to EMFs, behavioral performance was not impaired in a working memory
task, and the minor impairment observed in the reference memory task on a subset of
animals was not confirmed on a larger size population (n = 12 animals/group). These
data replicate our original observations [43], which have been corroborated by other
laboratories [39,40,42,45]. Exposing animals to behavioral tasks had two main advantages.
First, it allowed for the detection of possible decreases in c-Fos expression, which would
be otherwise difficult to observe in resting animals (because of floor effect). Second, it
allowed for the detection of changes in the capacity of certain brain regions to be activated
in response to cognitive demand. Regarding the first advantage, we observed that the level
of c-Fos expression in the sham-exposed rats differed in the acute versus the subchronic
exposure experiment. For example, the mean value obtained for the prelimbic area was
about 310 c-Fos-positive nuclei/mm2 in Experiment 1 (acute exposure), whereas it was
495 and 560 (in the working memory and in the reference memory task, respectively) in
Experiment 2 (subchronic exposure). These large increases (60% and 80%) in c-Fos labeling
in sham animals probably indicate the involvement of several brain areas in the behavioral
tasks during Experiment 2.

Two hypotheses could be proposed to account for the decrease in c-Fos labeling
observed in exposed animals during the second experiment. First, one could consider
that neurons, as any biological tissue [73,74], adapted to repeated exposure to EMF, as
well as responding differently to an acute vs. a subchronic exposure. Thus, although the
behavioral tasks increased c-Fos expression in all animals, this increase was attenuated
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in the animals exposed daily to the EMF because the repetition of exposures produced
opposite effects when compared with a single exposure. However, according to this
hypothesis, we should have obtained the same decreases after the two behavioral tasks,
which was not the case. A second explanation relies on the fact that performing a behavioral
task produced a “cognitive demand” triggering the activation of several cortical networks,
an activation which was attenuated by prior exposure to the GSM EMFs. This possibility
may explain why the results differed between the two behavioral tasks: In the easiest task,
the reference memory task, EMF-exposure-induced decreases were limited to temporal and
visual cortices. In contrast, in the working memory task, animals exposed to EMFs exhibited
a reduction in the number of c-Fos-positive nuclei in many cortical regions (prelimbic,
infralimbic, frontal, cingulated, perirhinal, and visual cortices; area CA1 in hippocampus),
suggesting the recruitment of a larger network of brain areas during this task.

As the c-Fos protein is widely considered as an indirect correlate of neuronal activa-
tion [67,75], the present data point out that daily exposure to GSM signals attenuates the
increase in neuronal activity normally observed in brain areas during a behavioral task.
However, this hypo-activity was not sufficient to induce detectable concomitant deficit
performance in the working and reference memory tasks used here. One may argue that
the use of more challenging behavioral tests might have revealed cognitive impairment
following EMF exposure. However, we could not find impairments either by using a more
complex working memory task (introducing a 10 s confinement between the visit of each
arm or a 15 min delay after four visited arms) or by increasing the temporal delay between
the acquisition and the testing period in an object recognition task [42]. Several additional
experiments would be necessary to totally discard the possibility that the decrease in c-Fos
labeling detected here does not lead to behavioral deficits. For example, the use of a longer
retention interval associated with a reference memory task (e.g., retention sessions given
several weeks after the end of acquisition) could reveal detectable retrieval deficits. It
is also possible that longer subchronic exposures (over weeks) might reveal behavioral
impairments with the same paradigms used here (see, for example, the results obtained
by [76–79]). However, we should also keep in mind that in some cases, positive effects
of EMF exposure have been detected after chronic EMF exposure both in normal and
pathological conditions [48,49].

Cellular alterations of brain cells have been reported after subchronic exposures to
900 MHz GSM signals. A decrease in cytochrome oxydase activity was detected in several
cortical areas (including the frontal areas) after a 7 day exposure to BASARs of 6 W/kg
but not after a similar duration of exposure to BASARs of 1.5 W/kg [80,81]. Longer
exposures (5 days a week for 24 weeks) also induced increases in GFAP immunostaining
in several brain areas (frontal cortex, dentate gyrus, striatum) at a BASAR of 6 W/kg
but not at a BASAR of 1.5 W/kg [25,26]. Using low BASAR levels (1.5 and 3.5 W/kg),
the present data show that exposure to EMFs does have a biological effect on neurons
but also indicates that changes in neuronal activity (as revealed by c-Fos imaging) do
not necessarily lead to behavioral impairments. As cytochrome oxidase activity is an
endogenous metabolic marker, the effects that it can reveal (as well as those revealed by
GFAP immunostaining) might reflect more permanent changes obtained when the neural
tissue is chronically exposed to higher SARs (6 W/kg in the case of the studies by Ammari
and colleagues [25,80,81]). The main objective of our study was to track activity-dependent
changes induced by 900 MHz GSM exposures. We however acknowledge limitations
related to the use of our approach. For instance, we have not performed double-staining
and cannot determine whether c-Fos is differentially expressed across cell types (excitatory
or inhibitory neurons, glial or endothelial cells) following EMF exposure. A dedicated
transcriptomic analysis using single-cell RNA sequencing from different components of the
brain tissue would be worth considering in future studies. Also, our study was restricted to
male rats due to the impossibility of separately housing male and female rats during GSM
900 MHz exposure and behavioral testing. Whether female rats could be more sensitive to
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GSM 900 MHz exposure would deserve further investigation, although data from animal
and human studies have not pinpointed an apparent gender effect.

5. Conclusions and Open Questions

Several questions remain open after the present study. The first and more puzzling
one is the dose-dependent increase in c-Fos labeling observed in Experiment 1: in five
out of six brain areas, the BASAR level that produces an increase in c-Fos labeling was
not the highest BASAR tested (6 W/kg) but the BASAR of 1 W/kg. The existence of
windows for the effects of EMFs (either for the frequency, the duration, or the intensity
of the EMF) has long been debated, and the cellular bases of these effects are still unclear
(see for review [82–84]. In the range of SAR used here, it was shown that the incidence
of DMBA-induced mammary gland tumors was increased by subchronic exposure to
900 MHz GSM at a SAR of 1.4 W/kg but not at 2.2 or 3.5 W/kg [85]. In vitro studies
indicate (i) that neurons are at least 10 times more sensitive than previously thought to
weak electric fields [86,87]; (ii) that electrophysiological effects on neuronal activity can
be obtained at very low SARs (0.0016–0.0044 W/kg); and (iii) that within this range, the
effects can differ as a function of the field intensity [88]. The second unresolved question
is why some brain areas expressed changes in c-Fos labeling whereas others did not. The
dosimetric analysis allows for the discarding of the possibility that changes in c-Fos labeling
only occur in brain areas receiving the highest SARs. However, it is possible that unspecific
stimuli, such as local thermal stimuli occurring during exposure within the skin or the
dura, activated brain regions even if these brain regions did not receive the highest SARs.
This possibility should be kept in mind because many studies in humans have shown that
noxious or innocuous thermal stimuli activate cortical areas such as the anterior cingulate
cortex and other regions of the frontal cortex [89–92] that are similar to those showing
changes in c-Fos labeling in our experiments. Last, it is also possible that some brain
areas are more sensitive to EMF than others. In this context, it is important to mention
that, in humans, a 30 min exposure to 900 MHz GSM signals (BASAR 1 W/kg) has been
shown to increase the relative regional cerebral blood flow in the dorsolateral prefrontal
cortex on the side of exposure [93]. Even the low-field magnetic stimulation (920 Hz)
used in echo planar imaging for functional MRI studies seems capable of modifying brain
glucose metabolism in localized brain regions including frontal and parietal cortices [94].
By showing that significant effects can be obtained at low SAR levels, the present results,
as well as other animals studies reviewed in [95,96], obviously call for more systematic
investigations looking for changes in neuronal activity after long-duration exposures to
low SAR levels.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biomedicines12091954/s1.

Author Contributions: Conceptualization, T.M.J., B.B. and J.-M.E.; methodology, B.B., D.D. and P.L.;
software, P.L, D.D. and B.B.; validation, T.M.J., B.B. and J.-M.E.; formal analysis, D.D., P.L. and B.B.;
investigation, D.D. and B.B.; resources, D.D. and B.B.; data curation, D.D. and B.B.; writing—original
draft preparation, T.M.J., B.B. and J.-M.E.; writing—review and editing, J.-M.E. and B.B.; visualization,
P.L., B.B. and D.D.; supervision, T.M.J. and J.-M.E.; project administration, T.M.J. and J.-M.E.; funding
acquisition, T.M.J., B.B. and J.-M.E. All authors have read and agreed to the published version of
the manuscript.

Funding: The present work was supported by the COMOBIO project carried out within the RTRN
research program (National Network for Research in Telecommunication). D.D. was supported by
France Telecom R&D. B.B. was supported by an ANR grant #ANR-10-CESA-002 and funding from
the CNRS and the University of Bordeaux. Our funding sources had no involvement in the collection,
analysis, and interpretation of the data; in the writing of the manuscript; or in the decision to submit
the paper for publication.

https://www.mdpi.com/article/10.3390/biomedicines12091954/s1
https://www.mdpi.com/article/10.3390/biomedicines12091954/s1


Biomedicines 2024, 12, 1954 20 of 23

Institutional Review Board Statement: The experiments were performed under the national license
A-91-557 (project 2000-29, authorization 05202.09) and using the procedures No. 32-2011 and 34-2012
validated by the Ethics Committee 59 (CEEA Paris Centre et Sud). All procedures were performed
in accordance with the guidelines established by the European Communities Council Directive
(2010/63/EU Council Directive Decree).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We thank Rachid Anane for his help during some experiments performed in
Bordeaux. We thank Michel Mallat for insightful advice on the revised version of this paper.

Conflicts of Interest: The authors have no conflicts of interest to declare. The funders had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Ahlbom, I.C.; Cardis, E.; Green, A.; Linet, M.; Savitz, D.; Swerdlow, A.; ICNIRP (International Commission for Non-Ionizing

Radiation Protection) Standing Committee on Epidemiology. Review of the epidemiologic literature on EMF and Health. Environ.
Health Perspect. 2001, 109, 911–933. [CrossRef] [PubMed]

2. Hermann, D.M.; Hossmann, K.-A. Neurological effects of microwave exposure related to mobile communication. J. Neurol. Sci.
1997, 152, 1–14. [CrossRef]

3. Hossmann, K.; Hermann, D. Effects of electromagnetic radiation of mobile phones on the central nervous system. Bioelectromag-
netics 2002, 24, 49–62. [CrossRef] [PubMed]

4. Caplan, L.S.; Schoenfeld, E.R.; O’Leary, E.S.; Leske, M. Breast Cancer and Electromagnetic Fields—A Review. Ann. Epidemiol.
2000, 10, 31–44. [CrossRef] [PubMed]

5. Hardell, L.; Mild, K.H.; Carlberg, M. Case-control study on the use of cellular and cordless phones and the risk for malignant
brain tumours. Int. J. Radiat. Biol. 2002, 78, 931–936. [CrossRef]

6. Richter, E.D.; Berman, T.; Levy, O. Brain Cancer with Induction Periods of Less Than 10 Years in Young Military Radar Workers.
Arch. Environ. Health Int. J. 2002, 57, 270–272. [CrossRef]

7. Juutilainen, J.; Pukkala, E.; Läärä, E. Incidence of leukaemia and brain tumours in Finnish workers exposed to ELF magnetic
fields. Int. Arch. Occup. Environ. Health 1990, 62, 289–293. [CrossRef]

8. Rothman, K.J.; Chou, C.-K.; Morgan, R.; Balzano, Q.; Guy, A.W.; Funch, D.P.; Preston-Martin, S.; Mandel, J.; Steffens, R.; Carlo,
G. Assessment of Cellular Telephone and Other Radio Frequency Exposure for Epidemiologic Research. Epidemiology 1996, 7,
291–298. [CrossRef]

9. Preece, A.W. Effect of a 915-MHz simulated mobile phone signal on cognitive function in man. Int. J. Radiat. Biol. 1999, 75,
447–456. [CrossRef]

10. Koivisto, M.; Krause, C.M.; Revonsuo, A.; Laine, M.; Hämäläinen, H. The effects of electromagnetic field emitted by GSM phones
on working memory. NeuroReport 2000, 11, 1641–1643. [CrossRef]

11. A Borbély, A.; Huber, R.; Graf, T.; Fuchs, B.; Gallmann, E.; Achermann, P. Pulsed high-frequency electromagnetic field affects
human sleep and sleep electroencephalogram. Neurosci. Lett. 1999, 275, 207–210. [CrossRef]

12. Croft, R. Acute mobile phone operation affects neural function in humans. Clin. Neurophysiol. 2002, 113, 1623–1632. [CrossRef]
13. Krause, L.S.C.M. Effects of electromagnetic fields emitted by cellular phones on the electroencephalogram during a visual

working memory task. Int. J. Radiat. Biol. 2000, 76, 1659–1667. [CrossRef]
14. Krause, C.M.; Sillanmäki, L.; Koivisto, M.; Häggqvist, A.; Saarela, C.; Revonsuo, A.; Laine, M.; Hämäläinen, H. Effects of

electromagnetic field emitted by cellular phones on the EEG during a memory task. NeuroReport 2000, 11, 761–764. [CrossRef]
[PubMed]

15. Huber, R.; Treyer, V.; Borbély, A.A.; Schuderer, J.; Gottselig, J.M.; Landolt, H.; Werth, E.; Berthold, T.; Kuster, N.; Buck, A.; et al.
Electromagnetic fields, such as those from mobile phones, alter regional cerebral blood flow and sleep and waking EEG. J. Sleep
Res. 2002, 11, 289–295. [CrossRef] [PubMed]

16. Huber, R.; Graf, T.; Cote, K.A.; Wittmann, L.; Gallmann, E.; Matter, D.; Schuderer, J.; Kuster, N.; Borbély, A.A.; Achermann,
P. Exposure to pulsed high-frequency electromagnetic field during waking affects human sleep EEG. NeuroReport 2000, 11,
3321–3325. [CrossRef] [PubMed]

17. Frey, A.H. Headaches from cellular telephones: Are they real and what are the implications? Environ. Health Perspect. 1998, 106,
101–103. [CrossRef] [PubMed]

18. Hocking, B.; Westerman, R. Neurological abnormalities associated with CDMA exposure. Occup. Med. 2001, 51, 410–413.
[CrossRef]

19. Beason, R.C.; Semm, P. Responses of neurons to an amplitude modulated microwave stimulus. Neurosci. Lett. 2002, 333, 175–178.
[CrossRef]

https://doi.org/10.1289/ehp.109-1240626
https://www.ncbi.nlm.nih.gov/pubmed/11744509
https://doi.org/10.1016/S0022-510X(97)00140-8
https://doi.org/10.1002/bem.10068
https://www.ncbi.nlm.nih.gov/pubmed/12483665
https://doi.org/10.1016/S1047-2797(99)00043-5
https://www.ncbi.nlm.nih.gov/pubmed/10658687
https://doi.org/10.1080/09553000210158038
https://doi.org/10.1080/00039890209601409
https://doi.org/10.1007/BF00640835
https://doi.org/10.1097/00001648-199605000-00013
https://doi.org/10.1080/095530099140375
https://doi.org/10.1097/00001756-200006050-00009
https://doi.org/10.1016/S0304-3940(99)00770-3
https://doi.org/10.1016/S1388-2457(02)00215-8
https://doi.org/10.1080/09553000050201154
https://doi.org/10.1097/00001756-200003200-00021
https://www.ncbi.nlm.nih.gov/pubmed/10757515
https://doi.org/10.1046/j.1365-2869.2002.00314.x
https://www.ncbi.nlm.nih.gov/pubmed/12464096
https://doi.org/10.1097/00001756-200010200-00012
https://www.ncbi.nlm.nih.gov/pubmed/11059895
https://doi.org/10.1289/ehp.98106101
https://www.ncbi.nlm.nih.gov/pubmed/9441959
https://doi.org/10.1093/occmed/51.6.410
https://doi.org/10.1016/S0304-3940(02)00903-5


Biomedicines 2024, 12, 1954 21 of 23

20. Chance, W.; Grossman, C.; Newrock, R.; Bovin, G.; Yerian, S.; Schmitt, G.; Mendenhall, C. Effects of electromagnetic fields and
gender on neurotransmitters and amino acids in rats. Physiol. Behav. 1995, 58, 743–748. [CrossRef]

21. Lai, H.; Carino, M.A.; Wen, Y.F.; Horita, A.; Guy, A.W. Naltrexone pretreatment blocks microwave–induced changes in central
cholinergic receptors. Bioelectromagnetics 1991, 12, 27–33. [CrossRef]

22. Lai, H.; Carino, M.A.; Horita, A.; Guy, A.W. Single vs. Repeated microwave exposure: Effects on benzodiazepine receptors in the
brain of the rat. Bioelectromagnetics 1992, 13, 57–66. [CrossRef] [PubMed]

23. Lai, H.; Carino, M.A.; Horita, A.; Guy, A.W. Effects of a 60 Hz magnetic field on central cholinergic systems of the rat. Bioelectro-
magnetics 1993, 14, 5–15. [CrossRef] [PubMed]

24. Mausset, A.-L.; de Seze, R.; Montpeyroux, F.; Privat, A. Effects of radiofrequency exposure on the GABAergic system in the rat
cerebellum: Clues from semi-quantitative immunohistochemistry. Brain Res. 2001, 912, 33–46. [CrossRef] [PubMed]

25. Ammari, M.; Brillaud, E.; Gamez, C.; Lecomte, A.; Sakly, M.; Abdelmelek, H.; de Seze, R. Effect of a chronic GSM 900MHz
exposure on glia in the rat brain. Biomed. Pharmacother. 2008, 62, 273–281. [CrossRef] [PubMed]

26. Brillaud, E.; Piotrowski, A.; de Seze, R. Effect of an acute 900MHz GSM exposure on glia in the rat brain: A time-dependent study.
Toxicology 2007, 238, 23–33. [CrossRef]

27. Maussetbonnefont, A.; Hirbec, H.; Bonnefont, X.; Privat, A.; Vignon, J.; Deseze, R. Acute exposure to GSM 900-MHz elec-
tromagnetic fields induces glial reactivity and biochemical modifications in the rat brain. Neurobiol. Dis. 2004, 17, 445–454.
[CrossRef]

28. Fritze, K.; Wiessner, C.; Kuster, N.; Sommer, C.; Gass, P.; Hermann, D.; Kiessling, M.; Hossmann, K.-A. Effect of global system for
mobile communication microwave exposure on the genomic response of the rat brain. Neuroscience 1997, 81, 627–639. [CrossRef]

29. Watilliaux, A.; Edeline, J.-M.; Lévêque, P.; Jay, T.M.; Mallat, M. Effect of Exposure to 1,800 MHz Electromagnetic Fields on Heat
Shock Proteins and Glial Cells in the Brain of Developing Rats. Neurotox. Res. 2010, 20, 109–119. [CrossRef]

30. Finnie, J.W.; Blumbergs, P.C.; Manavis, J.; Utteridge, T.D.; Gebski, V.; Davies, R.A.; Vernon-Roberts, B.; Kuchel, T.R. Effect of
long-term mobile communication microwave exposure on vascular permeability in mouse brain. Pathology 2002, 34, 344–347.
[CrossRef]

31. de Gannes, F.P.; Billaudel, B.; Taxile, M.; Haro, E.; Ruffié, G.; Lévêque, P.; Veyret, B.; Lagroye, I. Effects of Head-Only Exposure of
Rats to GSM-900 on Blood-Brain Barrier Permeability and Neuronal Degeneration. Radiat. Res. 2009, 172, 359–367. [CrossRef]
[PubMed]

32. Salford, L.G.; Brun, A.; Sturesson, K.; Eberhardt, J.L.; Persson, B.R.R. Permeability of the blood–brain barrier induced by 915
MHz electromagnetic radiation, continuous wave and modulated at 8, 16, 50, and 200 Hz. Microsc. Res. Tech. 1994, 27, 535–542.
[CrossRef] [PubMed]

33. Salford, L.G.; Brun, A.; Eberhardt, J.L.; Persson, R.R. Permeability of the blood–brain barrier induced by 915 MHz electromagnetic
permeability of the blood–brain barrier induced by 915 MHz electromagnetic radiation, continuous wave and modulated at 8, 16,
50, and 200 Hz. Bioelectrochem. Bioenerg. 1993, 30, 293–301. [CrossRef]

34. Nittby, H.; Brun, A.; Eberhardt, J.; Malmgren, L.; Persson, B.R.; Salford, L.G. Increased blood–brain barrier permeability in
mammalian brain 7 days after exposure to the radiation from a GSM-900 mobile phone. Pathophysiology 2009, 16, 103–112.
[CrossRef]

35. Stam, R. Electromagnetic fields and the blood–brain barrier. Brain Res. Rev. 2010, 65, 80–97. [CrossRef] [PubMed]
36. Lai, H. Spatial learning deficit in the rat after exposure to a 60 Hz magnetic field. Bioelectromagnetics 1996, 17, 494–496. [CrossRef]
37. Lai, H.; Horita, A.; Guy, A.W. Microwave irradiation affects radial–arm maze performance in the rat. Bioelectromagnetics 1994, 15,

95–104. [CrossRef]
38. Lai, H.; A Carino, M.; Ushijima, I. Acute exposure to a 60 Hz magnetic field affects rats’ water-maze performance. Bioelectromag-

netics 1998, 19, 117–122. [CrossRef]
39. Cassel, J.-C.; Cosquer, B.; Galani, R.; Kuster, N. Whole-body exposure to 2.45 GHz electromagnetic fields does not alter radial-maze

performance in rats. Behav. Brain Res. 2004, 155, 37–43. [CrossRef]
40. Cobb, B.L.; Jauchem, J.R.; Adair, E.R. Radial arm maze performance of rats following repeated low level microwave radiation

exposure. Bioelectromagnetics 2003, 25, 49–57. [CrossRef]
41. Davis, H.P.; Mizumori, S.J.Y.; Allen, H.; Rosenzweig, M.R.; Bennett, E.L.; Tenforde, T.S. Behavioral studies with mice exposed to

DC and 60-Hz magnetic fields. Bioelectromagnetics 1984, 5, 147–164. [CrossRef]
42. Dubreuil, D.; Jay, T.; Edeline, J.-M. Head-only exposure to GSM 900-MHz electromagnetic fields does not alter rat’s memory in

spatial and non-spatial tasks. Behav. Brain Res. 2003, 145, 51–61. [CrossRef]
43. Dubreuil, D.; Jay, T.; Edeline, J.-M. Does head-only exposure to GSM-900 electromagnetic fields affect the performance of rats in

spatial learning tasks? Behav. Brain Res. 2002, 129, 203–210. [CrossRef] [PubMed]
44. Hong, C.; Huestis, P.; Thompson, R.; Yu, J. Learning ability of young rats is unaffected by repeated exposure to a static

electromagnetic field in early life. Bioelectromagnetics 1988, 9, 269–273. [CrossRef]
45. Sienkiewicz, Z.J.; Blackwell, R.P.; Haylock, R.G.; Saunders, R.D.; Cobb, B.L. Low-level exposure to pulsed 900 MHz microwave

radiation does not cause deficits in the performance of a spatial learning task in mice. Bioelectromagnetics 2000, 21, 151–158.
[CrossRef]

46. Sienkiewicz, Z.J.; Haylock, R.G.; Saunders, R.D. Acute exposure to power–frequency magnetic fields has no effect on the
acquisition of a spatial learning task by adult male mice. Bioelectromagnetics 1996, 17, 180–186. [CrossRef]

https://doi.org/10.1016/0031-9384(95)00090-6
https://doi.org/10.1002/bem.2250120105
https://doi.org/10.1002/bem.2250130107
https://www.ncbi.nlm.nih.gov/pubmed/1312845
https://doi.org/10.1002/bem.2250140104
https://www.ncbi.nlm.nih.gov/pubmed/8442782
https://doi.org/10.1016/S0006-8993(01)02599-9
https://www.ncbi.nlm.nih.gov/pubmed/11520491
https://doi.org/10.1016/j.biopha.2008.03.002
https://www.ncbi.nlm.nih.gov/pubmed/18424058
https://doi.org/10.1016/j.tox.2007.05.019
https://doi.org/10.1016/j.nbd.2004.07.004
https://doi.org/10.1016/S0306-4522(97)00228-5
https://doi.org/10.1007/s12640-010-9225-8
https://doi.org/10.1080/003130202760120517
https://doi.org/10.1667/RR1578.1
https://www.ncbi.nlm.nih.gov/pubmed/19708785
https://doi.org/10.1002/jemt.1070270608
https://www.ncbi.nlm.nih.gov/pubmed/8012056
https://doi.org/10.1016/0302-4598(93)80088-C
https://doi.org/10.1016/j.pathophys.2009.01.001
https://doi.org/10.1016/j.brainresrev.2010.06.001
https://www.ncbi.nlm.nih.gov/pubmed/20550949
https://doi.org/10.1002/(SICI)1521-186X(1996)17:6%3C494::AID-BEM9%3E3.0.CO;2-Z
https://doi.org/10.1002/bem.2250150202
https://doi.org/10.1002/(SICI)1521-186X(1998)19:2%3C117::AID-BEM10%3E3.0.CO;2-N
https://doi.org/10.1016/j.bbr.2004.03.031
https://doi.org/10.1002/bem.10148
https://doi.org/10.1002/bem.2250050204
https://doi.org/10.1016/S0166-4328(03)00100-1
https://doi.org/10.1016/S0166-4328(01)00344-8
https://www.ncbi.nlm.nih.gov/pubmed/11809512
https://doi.org/10.1002/bem.2250090308
https://doi.org/10.1002/(SICI)1521-186X(200004)21:3%3C151::AID-BEM1%3E3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1521-186X(1996)17:3%3C180::AID-BEM3%3E3.0.CO;2-%23


Biomedicines 2024, 12, 1954 22 of 23

47. Sienkiewicz, Z.J.; Bartram, R.; Haylock, R.G.; Saunders, R.D. Single, brief exposure to a 50 Hz magnetic field does not affect the
performance of an object recognition task in adult mice. Bioelectromagnetics 2000, 22, 19–26. [CrossRef]

48. Kumlin, T.; Iivonen, H.; Miettinen, P.; Juvonen, A.; van Groen, T.; Puranen, L.; Pitkäaho, R.; Juutilainen, J.; Tanila, H. Mobile
Phone Radiation and the Developing Brain: Behavioral and Morphological Effects in Juvenile Rats. Radiat. Res. 2007, 168, 471–479.
[CrossRef]

49. Arendash, G.W.; Sanchez-Ramos, J.; Mori, T.; Mamcarz, M.; Lin, X.; Runfeldt, M.; Wang, L.; Zhang, G.; Sava, V.; Tan, J.; et al.
Electromagnetic Field Treatment Protects Against and Reverses Cognitive Impairment in Alzheimer’s Disease Mice. J. Alzheimer’s
Dis. 2010, 19, 191–210. [CrossRef]

50. Dragicevic, N.; Bradshaw, P.; Mamcarz, M.; Lin, X.; Wang, L.; Cao, C.; Arendash, G. Long-term electromagnetic field treatment
enhances brain mitochondrial function of both Alzheimer’s transgenic mice and normal mice: A mechanism for electromagnetic
field-induced cognitive benefit? Neuroscience 2011, 185, 135–149. [CrossRef]

51. Leveque, P.; Dale, C.; Veyret, B.; Wiart, J. Dosimetric analysis of a 900-MHz rat head exposure system. IEEE Trans. Microw. Theory
Tech. 2004, 52, 2076–2083. [CrossRef]

52. Dubreuil, D.; Tixier, C.; Dutrieux, G.; Edeline, J.-M. Does the radial-arm maze necessarily test spatial memory? Neuro-Biol. Learn.
Mem. 2003, 79, 109–117. [CrossRef] [PubMed]

53. Delatour, B.; Gisquet-Verrier, P. Functional role of rat prelimbic-infralimbic cortices in spatial memory: Evidence for their
involvement in attention and behavioural flexibility. Behav. Brain Res. 2000, 109, 113–128. [CrossRef] [PubMed]

54. Lavenex, P.; Schenk, F. Influence of local environmental olfactory cues on place learning in rats. Physiol. Behav. 1995, 58, 1059–1066.
[CrossRef]

55. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates; Academic Press, Inc.: San Diego, CA, USA, 1998.
56. Sharp, F.; Sagar, S.; Hicks, K.; Lowenstein, D.; Hisanaga, K. c-fos mRNA, Fos, and Fos-related antigen induction by hypertonic

saline and stress. J. Neurosci. 1991, 11, 2321–2331. [CrossRef]
57. Armario, A.; Vallès, A.; Dal-Zotto, S.; Márquez, C.; Belda, X. A Single Exposure to Severe Stressors Causes Long-term Desensitisa-

tion of the Physiological Response to the Homotypic Stressor. Stress 2004, 7, 157–172. [CrossRef]
58. Mickley, G.; Cobb, B.L.; Mason, P.A.; Farrell, S. Disruption of a putative working memory task and selective expression of brain

c-fos following microwave-induced hyperthermia. Physiol. Behav. 1994, 55, 1029–1038. [CrossRef]
59. Zhang, J.; Zhang, D.; McQuade, J.S.; Behbehani, M.; Tsien, J.Z.; Xu, M. c-fos regulates neuronal excitability and survival. Nat.

Genet. 2002, 30, 416–420. [CrossRef]
60. Blackman, C.F.; Benane, S.G.; Elder, J.A.; House, D.E.; Lampe, J.A.; Faulk, J.M. Induction of calcium-ion efflux from brain tissue by

radiofrequency radiation: Effect of sample number and modulation frequency on the power-density window. Bioelectromagnetics
1980, 1, 35–43. [CrossRef]

61. Gandhi, C.R.; Ross, D.H. Microwave induced stimulation of32Pi incorporation into phosphoinositides of rat brain synaptosomes.
Radiat. Environ. Biophys. 1989, 28, 223–234. [CrossRef] [PubMed]

62. McNamee, J.P.; Bellier, P.V.; Konkle, A.T.; Thomas, R.; Wasoontarajaroen, S.; Lemay, E.; Gajda, G.B. Analysis of gene expression in
mouse brain regions after exposure to 1.9 GHz radiofrequency fields. Int. J. Radiat Biol. 2016, 92, 338–350. [CrossRef]

63. Bektas, H.; Algul, S.; Altindag, F.; Yegin, K.; Akdag, M.Z.; Dasdag, S. Effects of 3.5 GHz radiofrequency radiation on ghrelin,
nesfatin-1, and irisin level in diabetic and healthy brains. J. Chem. Neuroanat. 2022, 126, 102168. [CrossRef]

64. Dasgupta, S.; Leong, C.; Simonich, M.T.; Truong, L.; Liu, H.; Tanguay, R.L. Transcriptomic and Long-Term Behavioral Deficits
Associated with Developmental 3.5 GHz Radiofrequency Radiation Exposures in Zebrafish. Environ. Sci. Technol. Lett. 2022, 12,
327–332. [CrossRef]

65. Wang, Y.; Zhang, H.; Zhang, Z.; Sun, B.; Tang, C.; Zhang, L.; Jiang, Z.; Ding, B.; Liao, Y.; Cai, P. Simulated mobile communication
frequencies (3.5 GHz) emitted by a signal generator affects the sleep of Drosophila melanogaster. Environ. Pollut. 2021, 283,
117087. [CrossRef] [PubMed]

66. Lameth, J.; Arnaud-Cormos, D.; Lévêque, P.; Boillée, S.; Edeline, J.-M.; Mallat, M. Effects of a Single Head Exposure to GSM-1800
MHz Signals on the Transcriptome Profile in the Rat Cerebral Cortex: Enhanced Gene Responses Under Proinflammatory
Conditions. Neurotox. Res. 2020, 38, 105–123. [CrossRef] [PubMed]

67. Aparicio, S.Y.L.; Fierro, D.J.L.; Abreu, G.E.A.; Cárdenas, R.T.; Hernández, L.I.G.; Ávila, G.A.C.; Durán, F.R.; Aguilar, M.E.H.;
Denes, J.M.; Chi-Castañeda, L.D.; et al. Current Opinion on the Use of c-Fos in Neuroscience. NeuroSci 2022, 3, 687–702. [CrossRef]

68. Lagroye, I.; Laclau, M.; Leveque, P.; De Gannes, F.P.; Billaudel, B.; Haro, E.; Taxile, M.; Ruffie, G.; Veyret, B. Exposure to
Radiofrequency Fields and Heat Shock Protein (Hsp) Expression in the Rat Brain. Radioprotection 2008, 43, 066. [CrossRef]

69. El Khoueiry, C.; Moretti, D.; Renom, R.; Camera, F.; Orlacchio, R.; Garenne, A.; De Gannes, F.P.; Poque-Haro, E.; Lagroye, I.;
Veyret, B.; et al. Decreased spontaneous electrical activity in neuronal networks exposed to radiofrequency 1,800 MHz signals. J.
Neurophysiol. 2018, 120, 2719–2729. [CrossRef]

70. Canovi, A.; Orlacchio, R.; de Gannes, F.P.; Lévêque, P.; Arnaud-Cormos, D.; Lagroye, I.; Garenne, A.; Percherancier, Y.; Lewis, N.
In vitro exposure of neuronal networks to the 5G-3.5 GHz signal. Front. Public Health 2023, 11, 1231360. [CrossRef]

71. Occelli, F.; Lameth, J.; Adenis, V.; Huetz, C.; Lévêque, P.; Jay, T.M.; Edeline, J.-M.; Mallat, M. A Single Exposure to GSM-1800 MHz
Signals in the Course of an Acute Neuroinflammatory Reaction can Alter Neuronal Responses and Microglial Morphology in the
Rat Primary Auditory Cortex. Neuroscience 2018, 385, 11–24. [CrossRef]

https://doi.org/10.1002/1521-186X(200101)22:1%3C19::AID-BEM3%3E3.0.CO;2-0
https://doi.org/10.1667/RR1002.1
https://doi.org/10.3233/JAD-2010-1228
https://doi.org/10.1016/j.neuroscience.2011.04.012
https://doi.org/10.1109/TMTT.2004.831984
https://doi.org/10.1016/S1074-7427(02)00023-0
https://www.ncbi.nlm.nih.gov/pubmed/12482685
https://doi.org/10.1016/S0166-4328(99)00168-0
https://www.ncbi.nlm.nih.gov/pubmed/10699663
https://doi.org/10.1016/0031-9384(95)02002-0
https://doi.org/10.1523/JNEUROSCI.11-08-02321.1991
https://doi.org/10.1080/10253890400010721
https://doi.org/10.1016/0031-9384(94)90384-0
https://doi.org/10.1038/ng859
https://doi.org/10.1002/bem.2250010104
https://doi.org/10.1007/BF01211259
https://www.ncbi.nlm.nih.gov/pubmed/2552495
https://doi.org/10.3109/09553002.2016.1159353
https://doi.org/10.1016/j.jchemneu.2022.102168
https://doi.org/10.1021/acs.estlett.2c00037
https://doi.org/10.1016/j.envpol.2021.117087
https://www.ncbi.nlm.nih.gov/pubmed/33894629
https://doi.org/10.1007/s12640-020-00191-3
https://www.ncbi.nlm.nih.gov/pubmed/32200527
https://doi.org/10.3390/neurosci3040050
https://doi.org/10.1051/radiopro:2008741
https://doi.org/10.1152/jn.00589.2017
https://doi.org/10.3389/fpubh.2023.1231360
https://doi.org/10.1016/j.neuroscience.2018.06.002


Biomedicines 2024, 12, 1954 23 of 23

72. Souffi, S.; Lameth, J.; Gaucher, Q.; Arnaud-Cormos, D.; Lévêque, P.; Edeline, J.-M.; Mallat, M. Exposure to 1800 MHz LTE
electromagnetic fields under proinflammatory conditions decreases the response strength and increases the acoustic threshold of
auditory cortical neurons. Sci. Rep. 2022, 12, 1–14. [CrossRef]

73. Di Carlo, A.; Mullins, J.; Litovitz, T. Electromagnetic field-induced protection of chick embryos against hypoxia exhibits
characteristics of temporal sensing. Bioelectrochemistry 2000, 52, 17–21. [CrossRef]

74. Di Carlo, A.; White, N.; Litovitz, T. Mechanical and electromagnetic induction of protection against oxidative stress. Bioelectro-
chemistry 2001, 53, 87–95. [CrossRef] [PubMed]

75. Sagar, S.M.; Sharp, F.R.; Curran, T. Expression of c- fos Protein in Brain: Metabolic Mapping at the Cellular Level. Science 1988,
240, 1328–1331. [CrossRef] [PubMed]

76. Nittby, H.; Grafström, G.; Tian, D.P.; Malmgren, L.; Brun, A.; Persson, B.R.; Salford, L.G.; Eberhardt, J. Cognitive impairment in
rats after long-term exposure to GSM-900 mobile phone radiation. Bioelectromagnetics 2008, 29, 219–232. [CrossRef]

77. Fragopoulou, A.; Miltiadous, P.; Stamatakis, A.; Stylianopoulou, F.; Koussoulakos, S.; Margaritis, L. Whole body exposure with
GSM 900MHz affects spatial memory in mice. Pathophysiology 2010, 17, 179–187. [CrossRef]

78. Narayanan, S.N.; Kumar, R.S.; Potu, B.K.; Nayak, S.; Bhat, P.G.; Mailankot, M. Effect of radio-frequency electromagnetic radiations
(RF-EMR) on passive avoidance behaviour and hippocampal morphology in Wistar rats. Upsala J. Med Sci. 2010, 115, 91–96.
[CrossRef] [PubMed]

79. Narayanan, S.N.; Kumar, R.S.; Potu, B.K.; Nayak, S.; Mailankot, M. Spatial memory performance of Wistar rats exposed to mobile
phone. Clinics 2009, 64, 231–234. [CrossRef]

80. Ammari, M.; Lecomte, A.; Sakly, M.; Abdelmelek, H.; De-Seze, R. Exposure to GSM 900MHz electromagnetic fields affects
cerebral cytochrome c oxidase activity. Toxicology 2008, 250, 70–74. [CrossRef]

81. Ammari, M.; Jacquet, A.; Lecomte, A.; Sakly, M.; Abdelmelek, H.; de Seze, R. Effect of head-only sub-chronic and chronic exposure
to 900-MHz GSM electromagnetic fields on spatial memory in rats. Brain Inj. 2008, 22, 1021–1029. [CrossRef]

82. Adair, R. Hypothetical Biophysical Mechanisms for the Action of Weak Low Frequency Electromagnetic Fields at the Cellular
Level. Radiat. Prot. Dosim. 1997, 72, 271–278. [CrossRef]

83. Adey, W.R. Biological effects of electromagnetic fields. J. Cell. Biochem. 1993, 51, 410–416. [CrossRef] [PubMed]
84. Berg, H. Problems of weak electromagnetic field effects in cell biology. Bioelectrochem. Bioenerg. 1999, 48, 355–360. [CrossRef]

[PubMed]
85. Anane, R.; Dulou, P.-E.; Taxile, M.; Geffard, M.; Crespeau, F.-L.; Veyret, B. Effects of GSM-900 Microwaves on DMBA-Induced

Mammary Gland Tumors in Female Sprague-Dawley Rats. Radiat. Res. 2003, 160, 492–497. [CrossRef] [PubMed]
86. Francis, J.T.; Gluckman, B.J.; Schiff, S.J. Sensitivity of Neurons to Weak Electric Fields. J. Neurosci. 2003, 23, 7255–7261. [CrossRef]

[PubMed]
87. Bertagna, F.; Lewis, R.; Silva, S.R.P.; McFadden, J.; Jeevaratnam, K. Effects of electromagnetic fields on neuronal ion channels: A

systematic review. Ann. N. Y. Acad. Sci. 2021, 1499, 82–103. [CrossRef]
88. Tattersall, J.E.; Scott, I.R.; Wood, S.J.; Nettell, J.J.; Bevir, M.K.; Wang, Z.; Somasiri, N.P.; Chen, X. Effects of low intensity

radiofrequency electromagnetic fields on electrical activity in rat hippocampal slices. Brain Res. 2001, 904, 43–53. [CrossRef]
89. Gündel, H.; Valet, M.; Sorg, C.; Huber, D.; Zimmer, C.; Sprenger, T.; Tölle, T.R. Altered cerebral response to noxious heat

stimulation in patients with somatoform pain disorder. Pain 2008, 137, 413–421. [CrossRef]
90. Kwan, C.L.; Crawley, A.P.; Mikulis, D.J.; Davis, K.D. An fMRI study of the anterior cingulate cortex and surrounding medial wall

activations evoked by noxious cutaneous heat and cold stimuli. Pain 2000, 85, 359–374. [CrossRef]
91. Moulton, E.A.; Keaser, M.L.; Gullapalli, R.P.; Greenspan, J.D. Regional Intensive and Temporal Patterns of Functional MRI

Activation Distinguishing Noxious and Innocuous Contact Heat. J. Neurophysiol. 2005, 93, 2183–2193. [CrossRef] [PubMed]
92. Seifert, F.; Jungfer, I.; Schmelz, M.; Maihöfner, C. Representation of UV-B-induced thermal and mechanical hyperalgesia in the

human brain: A functional MRI study. Hum. Brain Mapp. 2007, 29, 1327–1342. [CrossRef]
93. Huber, R.; Treyer, V.; Schuderer, J.; Berthold, T.; Buck, A.; Kuster, N.; Landolt, H.P.; Achermann, P. Exposure to pulse-modulated

radio frequency electromagnetic fields affects regional cerebral blood flow. Eur. J. Neurosci. 2005, 21, 1000–1006. [CrossRef]
[PubMed]

94. Volkow, N.D.; Tomasi, D.; Wang, G.-J.; Fowler, J.S.; Telang, F.; Wang, R.; Alexoff, D.; Logan, J.; Wong, C.; Pradhan, K.; et al. Effects
of low-field magnetic stimulation on brain glucose metabolism. NeuroImage 2010, 51, 623–628. [CrossRef] [PubMed]

95. Sienkiewicz, Z.; van Rongen, E. Can Low-Level Exposure to Radiofrequency Fields Effect Cognitive Behaviour in Laboratory
Animals? A Systematic Review of the Literature Related to Spatial Learning and Place Memory. Int. J. Environ. Res. Public Health
2019, 16, 1607. [CrossRef] [PubMed]

96. Narayanan, S.N.; Jetti, R.; Kesari, K.K.; Kumar, R.S.; Nayak, S.B.; Bhat, P.G. Radiofrequency electromagnetic radiation-induced
behavioral changes and their possible basis. Environ. Sci. Pollut. Res. 2019, 26, 30693–30710. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41598-022-07923-9
https://doi.org/10.1016/S0302-4598(00)00077-5
https://doi.org/10.1016/S0302-4598(00)00116-1
https://www.ncbi.nlm.nih.gov/pubmed/11206929
https://doi.org/10.1126/science.3131879
https://www.ncbi.nlm.nih.gov/pubmed/3131879
https://doi.org/10.1002/bem.20386
https://doi.org/10.1016/j.pathophys.2009.11.002
https://doi.org/10.3109/03009730903552661
https://www.ncbi.nlm.nih.gov/pubmed/20095879
https://doi.org/10.1590/S1807-59322009000300014
https://doi.org/10.1016/j.tox.2008.05.019
https://doi.org/10.1080/02699050802530599
https://doi.org/10.1093/oxfordjournals.rpd.a032099
https://doi.org/10.1002/jcb.2400510405
https://www.ncbi.nlm.nih.gov/pubmed/8388394
https://doi.org/10.1016/S0302-4598(99)00012-4
https://www.ncbi.nlm.nih.gov/pubmed/10379554
https://doi.org/10.1667/RR3052
https://www.ncbi.nlm.nih.gov/pubmed/12968925
https://doi.org/10.1523/JNEUROSCI.23-19-07255.2003
https://www.ncbi.nlm.nih.gov/pubmed/12917358
https://doi.org/10.1111/nyas.14597
https://doi.org/10.1016/S0006-8993(01)02434-9
https://doi.org/10.1016/j.pain.2007.10.003
https://doi.org/10.1016/S0304-3959(99)00287-0
https://doi.org/10.1152/jn.01025.2004
https://www.ncbi.nlm.nih.gov/pubmed/15601733
https://doi.org/10.1002/hbm.20470
https://doi.org/10.1111/j.1460-9568.2005.03929.x
https://www.ncbi.nlm.nih.gov/pubmed/15787706
https://doi.org/10.1016/j.neuroimage.2010.02.015
https://www.ncbi.nlm.nih.gov/pubmed/20156571
https://doi.org/10.3390/ijerph16091607
https://www.ncbi.nlm.nih.gov/pubmed/31071933
https://doi.org/10.1007/s11356-019-06278-5
https://www.ncbi.nlm.nih.gov/pubmed/31463749


Supplementary	Figure	S1:		
Performance	in	radial-arm	maze	(working	memory	task)		for	the	total	popula?on	of	animals	(n=12/group):	
(A) The	mean	number	of	errors	decreased	from	day	to	day	for	all	the	treatment
groups.	There	was	no	significant	difference	between	the	groups.
(B) The	rank	of	the	first	error	increased	from	day	to	day	for	all	groups.
The	learning	curves	of	exposed	and	non-exposed	rats	are	similar.	As
assessed	by	the	number	of	errors	and	the	rank	of	the	first	error,	all
groups	learned	in	a	similar	way.



Supplementary	Figure	S2:	Performance	of	the	whole	popula?on	of	rats	(n=12/group	in	the	reference	memoy	task.	
(A)	The	number	of	hits	increased	over	the	whole	training	period	for	all	the	groups.	There	was	no	significant	difference	
between	the	learning	performance	of	the	treatment	groups.	(B)	The	number	of	errors	decreased	during	the	training	period	for	all	groups.	There	
was	no	significant	difference	between	the	learning	performances	of	the	treatment	groups.	(C)	The	latencies	decreased	similarly	for	all	treatment	
groups.	(D)	The	latency	of	the	first	trial	was	always	longer	than	the	other	trial	latencies	(warm-up	decrement	effect).	The	difference	between	the	
latency	of	the	first	trial	and	the	other	latencies	diminished	over	the	days	and	this	aOenua?on	was	similar	for	the	treatment	groups.		
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