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Abstract: Brain tissue may be especially sensitive to electromagnetic phenomena provoking signs
of neural stress in cerebral activity. Fifty-four adult female Sprague-Dawley rats underwent ELISA
and immunohistochemistry testing of four relevant anatomical areas of the cerebrum to measure
biomarkers indicating induction of heat shock protein 70 (HSP-70), glucocorticoid receptors (GCR) or
glial fibrillary acidic protein (GFAP) after single or repeated exposure to 2.45 GHz radiation in the
experimental set-up. Neither radiation regime caused tissue heating, so thermal effects can be ruled
out. A progressive decrease in GCR and HSP-70 was observed after acute or repeated irradiation in
the somatosensory cortex, hypothalamus and hippocampus. In the limbic cortex; however, values for
both biomarkers were significantly higher after repeated exposure to irradiation when compared to
control animals. GFAP values in brain tissue after irradiation were not significantly different or were
even lower than those of nonirradiated animals in all brain regions studied. Our results suggest that
repeated exposure to 2.45 GHz elicited GCR/HSP-70 dysregulation in the brain, triggering a state of
stress that could decrease tissue anti-inflammatory action without favoring glial proliferation and
make the nervous system more vulnerable.

Keywords: 2.45 GHz radiation; GFAP; glucocorticoid receptor; HSP-70; nonionizing radiation

1. Introduction

The use of radiofrequencies is increasing exponentially in different fields such as
medicine [1], wireless communication devices and networks, and even space missions [2].

Extensive, widespread use of 2.45 GHz radiation, in particular, is continuing to
grow [3], raising issues about potential health risks, especially to the nervous system [4-6].

Heat Shock Proteins (HSPs), also known as chaperones or stress proteins, are highly
conserved evolutionary proteins [7] found in almost all organisms. They are upregulated
in response to various stressors [8-10] for cytoprotection through the repair or degradation
of damaged proteins [11]. HSP-70 is the most common stress-induced protein in the HSP
families [12] and has key neuroprotective roles [11,13,14]. Radiofrequencies are known to
influence HSP-70 expression [15-18].
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Glucocorticoid receptors (GCRs) belong to the nuclear hormone receptor superfamily
of transcription factors. They regulate various cellular mechanisms by binding with
glucocorticoid (GC) hormones [19,20]. GCR is considered a cell-stress biomarker because
its expression level can be influenced by many factors, including gender, age [21], or
stress [22]. Along these lines, multiple GCR alterations have been observed in rat thymus
after exposure to 2.45 GHz signals [23]. GCR is expressed in almost all body organs,
including the brain [21,24]. To the best of our knowledge, the effects of such nonionizing
radiation on brain GCR have not yet been studied.

Astrocytes are also involved in several cerebral processes [25] and become reactive
through overexpression of glial fibrillary acidic protein (GFAP) [26] in cases of stress or
injury. GFAP is an intermediate filament protein [27] that is highly specific to astroglial
cells [28-32]. Enhanced GFAP expression levels constitute a reliable marker of brain
injury [33] and radiofrequencies have been reported to increase GFAP levels [34-36].

Several factors, including time, can cause the effects of nonionizing radiation in
the brain to vary. Some studies have found in vitro and in vivo expression of HSP-70
to be dependent on the duration of irradiation [37,38]. In another study, nonionizing
radiation-induced glia reactivity disappeared 6 and 10 days after exposure [39]. Sensitivity
to radiofrequency radiation also seems to vary in different brain regions. In our previous
research, the limbic areas showed high vulnerability to nonionizing radiation, causing
neuronal activity [40], astrocyte proliferation [41], and a decrease of chaperone HSP-90 [42].
Because these areas contain glucocorticoid receptors [43], we wondered if really the non-
ionizing radiation could be a physical stress stimulus and the relationship it establishes
with the glial population.

In the research presented here, we studied the evolution of HSP-70 and GCR cell-
stress biomarkers along with glial activation (GFAP) in rat brain in response to single
and repeated exposure to nonthermal 2.45 GHz radiation at different postexposure times:
90 min and 24 h after acute irradiation and 90 min after repeated irradiation. These
markers were analyzed using chemiluminescent enzyme-linked immunosorbent assay and
immunohistochemistry testing for four key brain regions: the somatosensory cortex, the
limbic cortex, the hypothalamus and the hippocampus.

2. Results
2.1. Heat Shock Protein (HSP) 70 Expression
2.1.1. HSP-70 in the Somatosensory Cortex

Effects in irradiated and control animals were not dependent on exposure frequency
or time after exposure. There was no statistically significant (p = 0.436) interaction between
differences in power levels and the effects of number of exposures and postexposure time.

Nonirradiated, single-exposure rats exhibited significantly (p = 0.0001) higher HSP-70
expression in the somatosensory cortex at 90 min postexposure than their control animals
24 h after exposure and repeated-exposure animals. There was no statistically significant
difference (p = 0.319) between single-exposure 24 h postexposure control animals and
repeated-exposure groups.

Irradiated rats exposed to a single dose expressed significantly (p = 0.0001) more
HSP-70 in the somatosensory cortex at 90 min postexposure than animals tested 24 h
after exposure to a single dose and repeated-exposure animals. There was no statistically
significant difference (p = 0.850) between rats at 24 h postexposure to a single dose and
repeated-exposure groups.

No significant differences were found among control animals, those tested at 90 min
postexposure to a single dose of irradiation (p = 0.548), 24 h (p = 0.988) and those given
repeated exposure (p = 0.236) (see Figure 1A).

The mean + SEM cellular immunoreactivity values for HSP-70 in the somatosensory
cortex of the different groups and the significant differences among them can be seen
in Table 1 and in the morphology presented in photos A.1, A2, A3, A4, A5 and A.6
of Figure 1.
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Figure 1. The histograms represent HSP-70 levels detected by ELISA in the somatosensory cortex
(A) and the limbic cortex (B), 1.5 h (Group A) and 24 h (Group B) after acute exposure and 1.5 h
after final repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each bar represents
mean + SEM (n = 24 samples/per group). Asterisks (*) indicate statistically significant differences
(p < 0.05) between the irradiated and control for each group. a, b, ¢ indicate statistically significant
differences (p < 0.05) between irradiated or nonirradiated animals comparing between the different
groups A, B, C, which were determined using two-way ANOVA followed by the Holm-Sidak test for
multiple comparisons The photographs show the HSP-70 immunomarkers for groups A, B and C in
the somatosensory cortex, control (A.1, A.3 and A.5) and irradiated animals (A.2, A.4 and A.6); in the
limbic cortex, control (B.1, B.3, B.5) and irradiated animals (B.2, B.4, B.6) (n = 15 samples/per group).
In the photographs it is indicate with the arrowhead and asterisk that means increase on regional

cytolocalization. Scale bar = 60 pm.
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Table 1. Mean values + SEM of cell counts that were positive for HSP-70 in brain areas: somatosen-
sory cortex (SMS CORTEX), limbic cortex (L. CORTEX), hypothalamus (HIPOTHA), and hippocam-
pus (HIPPCAM), with radiation and without radiation.

Single Exposure Single Exposure Repeated

(after 1.5 h) (after 24 h) Exposure

b,c a a

secomm NI mamipt o men
L. CORTEX Ngfg ’ 19293;:IE 11865: 632145 123aa 626523 ia
b,c a,c ab

R L L A
I T S T

Two-way ANOVA (radiation x time) for each area: somatosensory cortex (SMS CORTEX), limbic cortex (L. COR-
TEX), hypothalamus (HIPOTHA) and hippocampus (HIPPCAM) (n = 15 samples/per group). * indicates
significant differences between nonirradiated/irradiated animals within each column in each brain area studied.
abe indicate significant differences between nonirradiated /irradiated animals within each row in each brain area
after 1.5 h (a), 24 h (b) or with repeated exposure (c).

2.1.2. HSP-70 in the Limbic Cortex

The effect in irradiated and control rats was not dependent on exposure frequency
and postexposure period. There was no statistically significant interaction (p = 0.060).

Nonirradiated animals displayed a statistically significant (p = 0.0001) increase in
HSP-70 expression in the limbic cortex at 90 min postexposure compared to control animals
exposed to a single dose of 2.45 GHz irradiation exposure at 24 h postexposure and those
that underwent repeated exposure. However, no significant difference (p = 0.074) was
noted between control rats for single-exposure at 24 h and repeated-exposure groups.

Rats kept alive 90 min after single exposure to 2.45 GHz radiofrequencies showed
a statistically significant increase in HSP-70 expression in the limbic cortex compared to
single-exposure rats at 24 h postexposure (p = 0.022) and repeated-exposure rats (p = 0.005).

There was no significant difference (p = 0.462) between rats kept alive 24 h after acute
irradiation and those exposed to repeated irradiation.

In the limbic cortex, animals exposed repeatedly had significantly (p = 0.015) higher
HSP-70 expression than their corresponding controls. No statistically significant difference
in HSP-70 expression was found after 90 min (p = 0.389) or 24 h (p = 0.149) between
irradiated and control rats for single exposure to 2.45 GHz irradiation (see Figure 1B).

The mean £ SEM cellular immunoreactivity values for HSP-70 in the limbic cortex of
the different groups and the significant differences among them can be seen in Table 1 and
in the morphology presented in photos B.1, B.2, B.3, B.4, B.5 and B.6 of Figure 1.

2.1.3. HSP-70 in the Hypothalamus

The effect of radiation/no radiation was not dependent on 2.45 GHz radiation expo-
sure frequency or time after irradiation. There was no statistically significant interaction
between these factors (p = 0.798).

HSP-70 expression in the hypothalamus level was significantly higher in the control
group for acute exposure to 2.45 GHz radiation at 90 min postexposure than in control
groups for 24 h postexposure (p = 0.001) and repeated irradiation (p = 0.0001). There was
no statistically significant (p = 0.304) difference between nonirradiated animals 24 h after
single irradiation and those exposed repeatedly to 2.45 GHz radiation.

Acute exposure to 2.45 GHz radiation with 90 min postexposure time induced a
statistically significant (p = 0.0001) increase of HSP-70 in the hypothalamus compared to
groups exposed to single irradiation at 24 h postexposure and those exposed repeatedly to
2.45 GHz radiation. There was no significant (p = 0.966) difference between irradiated rats
after repeated exposure and those exposed to a single dose at 24 h postexposure.
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No statistically significant difference was observed between irradiated and control
rats for single exposure to 2.45 GHz signal at 90 min (p = 0.835), at 24 h (p = 0.735) or for
repeated exposure (p = 0.532) (see Figure 2C).

Cc
HSP-70 IN THE HYPOTHALAMUS
250
] Control
Irradiated
200 -

g
|

Relative Light Units
- 3 8
I |
%
7T
o
=
=
e

HSP-70 IN THE HIPPOCAMPUS
250
Control
Trradiated
200 -A_L
E 150
=
H =B b
g 100
& C
% d
50 - ’l‘ %
0 T T T
> 2 o
@g & c&q
& & &

Figure 2. The histograms represent HSP-70 levels detected by ELISA in the hypothalamus (C) and
the hippocampus (D) 1.5 h (Group A) and 24 h (Group B) after acute exposure and 1.5 h after final
repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each bar represents mean = SEM
(n =24 samples/per group). Asterisks (*) indicate statistically significant differences (p < 0.05) between
the irradiated and control for each group. a, b, ¢, d indicate statistically significant differences (p < 0.05)
between irradiated or nonirradiated animals comparing between the different groups A, B, C, which
were determined using two-way ANOVA followed by the Holm-Sidak test for multiple comparisons.
The photographs show the HSP-70 immunomarkers for groups A, B and C in the hypothalamus,
control (C.1, C.3 and C.5) and irradiated animals (C.2, C.4 and C.6); in the hippocampus, control (D.1,
D.3 and D.5) and irradiated animals (D.2, D.4 and D.6) (1 = 15 samples/per group). In the photos it
is indicate with the arrowhead and asterisk that means increase on regional cytolocalization. Scale

bar = 60 um.
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The mean =+ SEM cellular immunoreactivity values for HSP-70 in the hypothalamus
of the different groups and the significant differences between them can be seen in Table 1
and in the morphology presented in photos C.1, C.2, C.3, C.4, C.5 and C.6 of Figure 2.

2.1.4. HSP-70 in the Hippocampus

The effect of different power levels (0 and 3 W) was not dependent on irradiation
frequency or postexposure time. Indeed, there was no statistically significant interaction
between the two (p = 0.079).

HSP-70 expression in the hippocampus level was significantly higher in control rats
for single exposure after 90 min than in nonirradiated animals 24 h after exposure (p = 0.006)
and controls for the repeated-exposure group (p = 0.0001).

In addition, nonirradiated animals given acute exposure with a 24 h postexposure period
expressed significantly (p = 0.001) more HSP-70 than those of the repeated-exposure group.

Animals kept alive 90 min after single exposure to 2.45 GHz irradiation displayed
a statistically significant (p = 0.002) increase in HSP-70 expression in the hippocampus
compared to the repeatedly exposed group. No significant difference was found between
acute-exposure rats at 24 h postexposure and those tested 90 min after acute (p = 0.062) or
repeated (p = 0.331) exposure to 2.45 GHz irradiation.

The rats sacrificed 90 min after acute irradiation expressed significantly (p = 0.018)
lower HSP-70 in the hippocampus compared to their controls. There was no significant
difference between irradiated and control rats exposed to a single dose of 2.45 GHz radia-
tion at 24 h postirradiation (p = 0.139) and those subjected to repeated exposure (p = 0.487)
(see Figure 2D).

The mean + SEM cellular immunoreactivity values for HSP-70 in the hippocampus of
the different groups and the significant differences among them can be seen in Table 1 and
in the morphology presented in photos D.1, D.2, D.3, D.4, D.5 and D.6 of Figure 2.

2.2. Glucocorticoid Receptor (GCR) Expression
2.2.1. GCR in the Somatosensory Cortex

The effect of irradiation/no irradiation was not dependent on irradiation frequency or
postexposure time, since no statistically significant interaction was found between the two
factors (p = 0.145)

Nonirradiated control animals for single exposure with 90 min postexposure showed
significantly higher (p = 0.011) GCR expression than control animals in the repeated irradi-
ation group. There was a statistically significant (p = 0.033) difference in GCR expression in
somatosensory cortex level between control rats tested 90 min after single exposure and
those tested 24 h after single exposure.

No significant difference (p = 0.527) was observed between control animals for 24 h
after acute exposure and those for repeated irradiation.

No statistically significant (p > 0.05) difference was found among any groups of
irradiated rats (repeat-exposure, single exposure at 90 min (p = 0.387) and at 24 h (p = 0.143).
More specifically, no significant differences were observed between animals sacrificed
90 min and 24 h after single exposure to 2.45 GHz radiation (p = 0.485).

The animals subjected to acute irradiation with a 2.45 GHz signal and kept alive
for 90 min postexposure showed a statistically significant (p = 0.037) decrease in GCR
expression in the somatosensory cortex compared to their corresponding controls. There
was no significant difference between irradiated animals and their controls 24 h after single
exposure to 2.45 GHz (p = 0.489) or after repeated irradiation (p = 0.810) (see Figure 3A).

The mean + SEM cellular immunoreactivity values for GCR in the somatosensory
cortex of the different groups and the significant differences among them can be seen in
Table 2 and in the comparative morphology presented in photos A.1, A.2, A.3, A4, A.5 and
A.6 of Figure 3.
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Figure 3. The histograms represent glucocorticoid receptor (GCR) levels detected by ELISA in the
somatosensory cortex (A) and the limbic cortex (B), 1.5 h (Group A) and 24 h (Group B) after acute
exposure and 1.5 h after repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each bar
represents mean & SEM (n = 24 samples/per group). Asterisks (*) indicate statistically significant
differences (p < 0.05) between the irradiated and control for each group. a, b, ¢, d indicate statistically
significant differences (p < 0.05) between irradiated or nonirradiated animals comparing between the
different groups A, B, C, which were determined using two-way ANOVA followed by the Holm-
Sidak test for multiple comparisons. The photographs show the GCR immunomarkers for groups A,
B and C in the somatosensory cortex, control (A.1, A.3 and A.5) and irradiated animals (A.2, A.4 and
A.6); in the limbic cortex, control (B.1, B.3 and B.5) and irradiated animals (B.2, B.4 and B.6) (n = 15
samples/per group). In the photos it is indicate with the arrowhead and asterisk that means increase
on regional cytolocalization. Scale bar = 60 pm.
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Table 2. Mean values & SEM of cell counts that were positive for glucocorticoid receptors (GCR)
in the following brain areas: somatosensory cortex (SMS CORTEX), limbic cortex (L. CORTEX),
hypothalamus (HIPOTHA) and hippocampus (HIPPCAM), with radiation and without radiation.

Single Exposure  Single Exposure Repeated

(after 1.5 h) (after 24 h) Exposure

awcoms NP PR mr o pe
b,c ac ab

veom QORI RIT
. ac a

mrpcam  NORAD o eldIste aoEl 27

Two-way ANOVA (radiation x time) for each area: somatosensory cortex (SMS CORTEX), limbic cortex (L. COR-
TEX), hypothalamus (HIPOTHA) and hippocampus (HIPPCAM) (n = 15 samples/per group). * indicates
significant differences between nonirradiated /irradiated animals within each column in each brain area studied.
abe jndicate significant differences between nonirradiated /irradiated animals within each row in each brain area
after 1.5 h (a), 24 h (b) or with repeated exposure (c).

2.2.2. GCR in the Limbic Cortex

The effect of different levels of irradiation/no irradiation was dependent on the level
of postexposure time. There was a statistically significant interaction between irradi-
ated /nonirradiated animals and postexposure time (p < 0.001).

Nonirradiated animals at 24 h after exposure showed significantly higher (p = 0.0001)
GCR expression than control animals in the repeated-exposure group or those tested 90 min
after exposure (p = 0.025). A statistically significant (p = 0.050) difference in GCR expression
in the limbic cortex was found between control rats tested 90 min after single exposure and
control rats for repeated exposure.

A statistically significant difference in GCR expression in the limbic cortex was ob-
served between repeatedly irradiated rats and those tested 90 min after exposure to acute
irradiation with a 2.45 GHz signal (p = 0.0001). A significant difference (p = 0.0001) in GCR
expression was also found between rats sacrificed 24 h and 90 m after acute irradiation
with a 2.45 GHz signal.

There was no significant difference between repeated-exposure rats and those tested
24 h after acute exposure to 2.45 GHz radiation (p = 0.073).

Repeated exposure to 2.45 GHz radiation induced a statistically significant (p = 0.0001)
increase in GCR compared to control rats. There was a significant difference between
nonirradiated and irradiated animals tested 90 min or 24 h after single exposure to a
2.45 GHz signal (p = 0.0001) (see Figure 3B).

The mean + SEM cellular immunoreactivity values for GCR in the limbic cortex of
the different groups and the significant differences among them can be seen in Table 2 and
in the morphology presented in photos B.1, B.2, B.3, B.4, B.5 and B.6 of Figure 3.

2.2.3. GCR in the Hypothalamus

The effect of irradiation/no irradiation was not dependent the number of exposures
or postexposure time, since no statistically significant interaction was found between the
two factors (p = 0.216).

Among control animals, GCR expression in the hypothalamus was significantly higher
in those tested 90 min after exposure than in those tested after 24 h (p = 0.0001) or repeated
irradiation (p = 0.005). GCR expression was significantly higher in nonirradiated control
animals for repeated exposure (p = 0.038) than in those tested 24 h after acute exposure.

No statistically significant differences in GCR expression in the hypothalamus were
observed among repeatedly exposed rats and those tested 90 min (p = 0.073) or 24 h
(p = 0.619) after single exposure to irradiation with a 2.45 GHz signal. However, there was
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a significant difference (p = 0.038) in GCR expression between rats sacrificed 90 min and
24 h after single exposure to a 2.45 GHz signal.

GCR expression in the hypothalamus diminished significantly (p = 0.005) in animals
tested 90 min after exposure to a single dose of irradiation from a 2.45 GHz signal, compared
to control animals.

There was no significant difference between irradiated and control groups tested
24 h after acute exposure to 2.45 GHz radiation (p = 0.799) and after repeated irradiation
(p = 0.070) (see Figure 4C).
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Figure 4. The histograms represent glucocorticoid receptor (GCR) levels detected by ELISA in the
hypothalamus (C) and the hippocampus (D) at 1.5 h (Group A) and 24 h (Group B) after acute
exposure and 1.5 h after final repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each
bar represents mean + SEM (n = 24 samples/per group). Asterisks (*) indicate statistically significant
differences (p < 0.05) between the irradiated and control for each group. a, b, c indicate statistically
significant differences (p < 0.05) between irradiated or nonirradiated animals comparing between the
different groups A, B, C, which were determined using two-way ANOVA followed by the Holm-
Sidak test for multiple comparisons. The photographs show the GCR immunomarkers for group A,
B and C in the hypothalamus, control (C.1, C.3 and C.5) and irradiated animals (C.2, C.4 and C.6)
in the hippocampus, control (D.1, D.3 and D.5) and irradiated animals (D.2, D.4 and D.6) (n = 15
samples/per group). In the photos it is indicate with the arrowhead and asterisk that means increase
on regional cytolocalization. Scale bar = 60 pm.
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The mean =+ SEM cellular immunoreactivity values for GCR in the hypothalamus of
the different groups and the significant differences among them can be seen in Table 2 and
in the morphology presented in photos C.1, C.2, C.3, C.4, C.5 and C.6 of Figure 4.

2.2.4. GCR in the Hippocampus

The effect of power levels (0 and 3 W) was not dependent on acute/repeated exposure
or postexposure period. Statistically, there was no significant interaction between these
factors (p = 0.713).

Control rats for acute exposure to 2.45 GHz irradiation and 90 min postexposure
time showed significantly higher GCR expression in the hippocampus than nonirradiated
control animals for single and 24 h after exposure (p = 0.001) and those for repeated
exposure (p = 0.024). No significant (p = 0.258) difference was observed between control
animals tested after repeated irradiation and those tested 24 h after acute exposure.

Rats exposed to a single dose of irradiation showed significantly (p = 0.003) higher
expression of GCR in the hippocampus at 90 min than at 24 h after irradiation. No
significant difference was detected between irradiated rats exposed repeatedly to 2.45 GHz
radiation and those exposed to a single dose and tested after 90 min (p = 0.208) or 24 h
(p =0.054).

There was no significant difference between irradiated and control rats among those
exposed to a single dose of 2.45 GHz radiation and tested at 90 min (p = 0.366) or 24 h
(p = 0.424) after exposure or after repeated irradiation (p = 0.903) (see Figure 4D).

The mean + SEM cellular immunoreactivity values for GCR in the hippocampus of
the different groups and the significant differences among them can be seen in Table 2 and
in the morphology presented in photos D.1, D.2, D.3, D.4, D.5 and D.6 of Figure 4.

2.3. Glial Fibrillary Acidic Protein (GFAP) Expression
2.3.1. GFAP in the Somatosensory Cortex

The effect of irradiation/no irradiation was not dependent on the number of exposures
or time after exposure, since no significant interaction was found between these factors
(p=0.361).

GFAP expression in the somatosensory cortex was significantly higher in control rats
for 24 h after single exposure than in control rats for 90 min after single exposure (p = 0.01)
and repeated irradiation (p = 0.025). There was no significant (p = 0.887) difference in GFAP
expression between nonirradiated animals after repeated exposure to a 2.45 GHz signal
and those exposed to a single dose and tested after 90 min.

There was no significant difference in GFAP expression in the somatosensory cortex
of repeatedly exposed rats compared to single-exposure groups that were kept alive for
90 min (p = 0.133) and 24 h (p = 0.315) prior to sacrifice. However, a significant difference
(p = 0.021) was detected between groups tested 90 min and 24 h after acute irradiation.

There was no significant difference (p > 0.05) (p = 0.804; p = 0.652 and p = 0.162) in
GFAP expression in the somatosensory cortex between irradiated and control rats at any
level of exposure to 2.45 GHz irradiation (90 min and 24 h after single exposure and after
repeated exposure, respectively) (see Figure 5A).

The mean + SEM cellular immunoreactivity values for GFAP in the somatosensory
cortex of the different groups and the significant differences among them can be seen
in Table 3 and in the morphology presented in photos A.1, A2, A3, A4, A5 and A.6
of Figure 5.

2.3.2. GFAP in the Limbic Cortex

The effect of irradiation/no irradiation was dependent on the number of irradiation
sessions and postexposure time. There was a statistically significant (p = 0.045) interaction
between these factors.
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Figure 5. Glial fibrillary acidic protein (GFAP) levels detected by ELISA in the somatosensory
cortex (A), the limbic cortex (B), 1.5 h (Group A) and 24 h (Group B) after acute exposure and 1.5 h
after final repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each bar represents
mean £ SEM. (n = 24 samples/per group) Asterisks (*) indicate statistically significant differences
(p < 0.05) between the irradiated and control for each group. a, b, ¢, d indicate statistically significant
differences (p < 0.05) between irradiated or nonirradiated animals comparing between the different
groups A, B, C, which were determined using two-way ANOVA followed by the Holm-Sidak test for
multiple comparisons. The photographs show the GFAP immunomarkers for groups A, B and C in
the somatosensory cortex, control (A.1, A.3 and A.5) and irradiated animals (A.2, A.4 and A.6); in the
limbic cortex, control (B.1, B.3 and B.5) and irradiated animals (B.2, B.4 and B.6) (n = 15 samples/per
group). In the photos it is indicate with the arrowhead and asterisk that means increase on regional

cytolocalization. Scale bar = 60 pum.
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Table 3. Mean values + SEM of cell counts that were positive for glial fibrillary acidic protein (GFAP)
in brain areas: somatosensory cortex (SMS CORTEX), limbic cortex (L. CORTEX), hypothalamus
(HIPOTHA) and hippocampus (HIPPCAM), with radiation and without radiation.

Single Exposure Single Exposure Repeated
(after 1.5 h) (after 24 h) Exposure
b a

sscomn NP 3en g m

C ac a)
L. CORTEX Nﬁfg P 3452135 c 5537175 c i?g i % b
O i o S e )
meeeav MOUP N RIS iae

Two-way ANOVA (radiation x time) for each area: somatosensory cortex (SMS CORTEX), limbic cortex (L. COR-
TEX), hypothalamus (HIPOTHA) and hippocampus (HIPPCAM) (n = 15 samples/per group). * indicates
significant differences between nonirradiated /irradiated animals within each column in each brain area studied.
abe indicate significant differences between nonirradiated /irradiated animals within each row in each brain area
after 1.5 h (a), 24 h (b) or with repeated exposure (c).

Nonirradiated rats of repeated exposure group showed significantly (p = 0.0001) higher
GFAP expression in their limbic cortex than control animals of acute exposure (followed by
90 min and 24 h) groups.

Repeatedly exposed rats to 2.45 GHz signal displayed statistically significant (p = 0.0001)
increase in GFAP expression than acutely irradiated rats with both 90 min and 24 h postex-
posure period. No significant (p = 0.055) difference was noticed between the rats subjected
to acute irradiation with 2.45 GHz signal and maintained alive 90 min and 24 h later.

There was no statistically significant difference in GFAP expression at limbic cortex
level between irradiated and control animals of single exposure to 2.45 GHz irradiation
followed by 90 min (p = 0.363) and 24 h (p = 0.535) postexposure time. GFAP expression in
limbic cortex was significantly (p = 0.023) diminished due to repeated exposure to 2.45 GHz
signal with regard to control group (see Figure 5B).

The mean £ SEM cellular immunoreactivity values for GFAP in the limbic cortex of
the different groups and the significant differences among them can be seen in Table 3 and
in the morphology presented in photos B.1, B.2, B.3, B.4, B.5 and B.6 of Figure 5.

2.3.3. GFAP in the Hypothalamus

The effect of irradiation/no irradiation was dependent on the number of irradiation
sessions and postexposure time, as there was a statistically significant interaction (p = 0.028).

Control rats in the repeated-exposure group showed a statistically significant (p = 0.0001)
increase in GFAP expression in the hypothalamus compared to nonirradiated animals
90 min and 24 h after single-exposure. Repeatedly irradiated rats expressed significantly
(p = 0.0001) more GFAP in the hypothalamus than rats exposed once to a 2.45 GHz signal
(and tested at 90 min and 24 h postexposure). Increase in GFAP expression was statistically
significant (p = 0.002) in rats tested 24 h after single exposure compared to those tested
90 min after single exposure to 2.45 GHz irradiation.

Only repeated exposure to 2.45 GHz irradiation triggered a statistically significant
decrease in GFAP expression compared to the nonirradiated group (p = 0.006). There was
no significant difference between irradiated and control animals tested at 90 min (p = 0.302)
and 24 h (p = 0.216) after acute exposure (see Figure 6C).

The mean £ SEM cellular immunoreactivity values for GFAP in the hypothalamus of
the different groups and the significant differences among them can be seen in Table 3 and
in the morphology presented in photos C.1, C.2, C.3, C.4, C.5 and C.6 of Figure 6.
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Figure 6. Glial fibrillary acidic protein (GFAP) levels detected by ELISA in the hypothalamus
(C) and the hippocampus (D) 1.5 h (Group A) and 24 h (Group B) after acute exposure and 1.5 h
after final repeated exposure (Group C) to a 2.45 GHz signal at 0 and 3 W. Each bar represents
mean + SEM (n = 24 samples/per group). Asterisks (*) indicate statistically significant differences
(p < 0.05) between the irradiated and control for each group. a, b, ¢, d indicate statistically significant
differences (p < 0.05) between irradiated or nonirradiated animals comparing between the different
groups A, B, C, which were determined using two-way ANOVA followed by the Holm-Sidak test for
multiple comparisons. The photographs show the GFAP immunomarkers for groups A, B and C in
hypothalamus, control (C.1, C.3 and C.5) and irradiated animals (C.2, C.4 and C.6); in hippocampus,
control (D.1, D.3 and D.5) and irradiated animals (D.2, D.4 and D.6) (n = 15 samples/per group). In the
photos it is indicate with the arrowhead and asterisk that means increase on regional cytolocalization.
Scale bar = 60 um.

2.3.4. GFAP in the Hippocampus

The effect of power levels (0 and 3 W) was dependent on the number of irradiation
sessions and postexposure time, as there was a statistically significant interaction (p = 0.005).
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Control animals for repeated exposure to 2.45 GHz irradiation showed a statistically
significant (p = 0.0001) increase in GFAP expression in the hippocampus compared to
nonirradiated animals tested 90 min and 24 h after single exposure. GFAP expression was
significantly (p = 0.025) higher in the hippocampus of control rats tested 24 h after single
exposure than in those tested 90 min after single exposure.

Repeatedly irradiated rats presented a significant (p = 0.0001) increase in GFAP ex-
pression in the hippocampus compared to rats kept alive for 90 min and 24 h after acute
irradiation. No significant (p = 0.928) difference was found between irradiated animals
tested 90 min and 24 h after single exposure to irradiation.

Only rats subjected to repeated exposure to 2.45 GHz irradiation showed a significant
(p = 0.0001) decrease in GFAP expression in the hippocampus compared to the nonirradi-
ated group. No significant difference was found between irradiated and control rats tested
90 min (p = 0.343) and 24 h (p = 0.197) after acute exposure (see Figure 6D).

The mean + SEM cellular immunoreactivity values for GFAP in the hippocampus of
the different groups and the significant differences among them can be seen in Table 3 and
in the morphology presented in photos D.1, D.2, D.3, D.4, D.5 and D.6 of Figure 6.

3. Discussion

We observed that the stress biomarkers HSP-70 and GCR exhibited parallel behavior in
most of the regions studied and presented lower levels than the GFAP astrocyte activation
biomarker after irradiation, but were not significantly different or even lower than those of
nonradiated animals in all the regions studied.

3.1. Influence and Temporal Evolution of 2.45 GHz Radiation on HSP-70 and GCR in
Brain Tissues

In this experimental study, we found signs of stress from repeated irradiation in the
limbic cortex, along with hypo-suppression and/or unresponsiveness due to decreases in
GCR and the chaperone that assists the intracellular trafficking of GCR/HSP-70 in all other
brain regions.

Changes in the pattern and intensity of GCR and HSP-70 after single or repeated
irradiation in the anatomical brain regions studied resembled what Filipovic [44] described
for acute and chronic stress in areas of the cerebrum.

High levels of this protein are reported for animals which have been suffering im-
mobilization (controls) after 90 min, descending after 24 h. This time after the stimulus,
as pointed out by some authors [45,46], can be relevant even if it has a different nature
(radiation or immobilization). In the same manner, the accustomization to the stress pro-
voked by the repeated immobilization or radiation can be clearly emphasized, motivated
on an important descend of the HSP-70 on each one of the studied areas [47]. These results
are in line with findings from our previous research on the thyroid gland, in which peak
expression of HSP-70 occurred 90 min after irradiation and recovery was generally estab-
lished after 24 h [48]. In another study, acute exposure to a 2.45 GHz signal at subthermal
SAR levels and at different powers triggered an imbalance in cerebral anatomical HSP-90
(alpha/beta) that was compensated by the antiapoptotic mechanism [42]. Findings from
other authors suggest that modulation of heat shock protein expression in neuronal cells
could be an early response to radiofrequency microwaves [49].

Repeated exposure to 2.45 GHz irradiation significantly (p = 0.015) elevated HSP-
70 levels in the limbic cortex of irradiated rats compared to nonirradiated rats. This
result indicates that although HSP-70 production in response to acute irradiation stress is
initially similar to the stress caused by immobilization in most rat brain areas, repeated
exposure to radiofrequencies limbic cortex caused an increase in cytoprotection compared
to nonirradiated animals. The vulnerability of the limbic cortex to nonionizing radiation
has been described in prior research [40]. The effects of the stress are more visible in this
anatomical area due to its GCR content [43]. Thus, increased numbers of GCR in the
limbic cortex may indicate future dysfunction, because GCR malfunction is involved in the
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pathogenesis of various diseases, including major depressive disorder [50] and cognitive
deficit [51].

In other research recovery of HSP-90 the limbic cortex occurred later than in the other
brain regions, at 24 h after irradiation at 2.45 GHz in rats [42]. However, repeated exposure
to mobile phone irradiation led to continuous expression of HSPs in exposed cells and
tissues, which affects their normal regulation and promotes cancer [52].

Interestingly, acute 2.45 GHz signal exposure induced a significant decrease (p = 0.018)
in HSP-70 expression in the hippocampus compared to nonirradiated animals. This effect
was also observed following acute stress [46,53], and 24 h after acute irradiation [42], in re-
lation to GCR in the brain of acutely stressed rats [44]. It could be due to the insufficient du-
ration of the radiofrequency stimulation to increase HSP-70 levels [37,38,54] and the greater
sensitivity of the hippocampus to other stress stimuli such as acute immobilization [55].

Our finding and those of other authors indicate that HSP-70 expression increased for
cytoprotection in most cerebral areas in rats tested 90 min after exposure to acute stress
from irradiation or immobilization for 1 h or 2 h [18,56].

Repeated exposure to irradiation; however, decreased HSP-70 expression compared to
single exposure. In related research, coordinated interactions between HSP-90 and HSP-70
also enhanced GCR stability, function and regulation [57] while chronic, unpredictable
stress dissociated the GCR-HSP complex in rat hippocampus [44].

Interestingly, we found that exposure to acute 2.45 GHz irradiation caused GCR levels
to decrease significantly in in both the somatosensory cortex and the hypothalamus of
irradiated rats with respect to immobilized ones. Neuroendocrine neurons respond to phys-
iological perturbations by releasing corticotropin-releasing factor (CRF) [58]. Furthermore,
vasopressin (AVP) is required for the HPA response to acute stimuli [59]. Both CRF and AVP
are essential for the coordination of behavioral and metabolic responses to stress [50]. Some
authors reported an influence of millimeter-wave electromagnetic emission on vasopressin
expression that was dependent on exposure to irradiation, which suggests that vasopressin
may act in the initial response to acute irradiation stimulation [60]. However, the stress
response in the female rats used in that experiment was described by other authors to be
different than in males [18,56]. This leads us to think that negative feedback may influence
the somatosensory cortex and hypothalamus via GCR in the acute response of female rats
to stress. This is evident in their increased corticoids and ACTH levels compared to males,
after exposure to multiple stressors with different modalities [61].

Hence, we can conclude that repeated exposures to 2.45 GHz radiation could favor
pathologies or decompensate physiological conditions [51,62-65].

3.2. The Influence and Temporal Evolution of 2.45 GHz Radiation on GFAP with the Decrease of
GCR/HSP-70

As for glia response, repeated exposure to 2.45 GHz signal induced a significant
increase in GFAP expression in the limbic cortex, the hypothalamus and the hippocampus
compared to single exposure at 90 min and 24 h, but not compared to controls.

Chronic exposure (for 1 and 3 months) to 835 MHz radiofrequencies increased GFAP
immunoreactivity in the hippocampus and changed the morphology of the astrocytes in
mice at SARs of 1.6 and 4 W/Kg, with a maximal effect at 4 W/Kg [66]. Such an increase
in irradiation-induced astrocyte reactivity may have various detrimental consequences,
including brain aging [67,68] and neural damage (cell death, synapse loss, axon and myelin
damage) [35].

In contrast, other researchers reported no effects from radiofrequencies on GFAP
expression after acute [69] or chronic [70] exposure at different rat ages and SARs. Astro-
cyte reactivation (GFAP upregulation) depended on age, gonadal hormones [69,71] and
glucocorticoid levels [72].

All classes of glia cells, including astrocytes, express GCR [73]. As a critical stress-
responding transcriptional factor in astrocytes, GCR may be crucially involved in astrocyte
activity and may mediate stress-induced adaptation [74].
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There is substantial evidence to indicate that glucocorticoid response and glia response
are negatively correlated [75]. Indeed, adrenalectomy was found to induce apoptosis and
increase glial response by augmenting GFAP expression in adult rats [68], while glucocor-
ticoids (corticosterone treatment) prevented apoptosis by decreasing glial activation [72].
Moreover, GFAP transcription is under the negative regulation of glucocorticoids, suggest-
ing that GCR might be used for in vivo inhibition of the GFAP gene to investigate the role
of GFAP in central nervous system damage [76].

We found increased astrocyte proliferation in the limbic cortex, the hypothalamus
and the hippocampus of repeatedly irradiated rats compared to acutely exposed rats (see
Figure 5). Like many signaling proteins, GCR depends on HSP-90 for in vivo function [77].

HSP-70 overproduction protects against multiple apoptotic stimuli [78] and influences
irradiation-induced immunomodulation [79]. However, our results showed decreased
HSP-70 levels in all brain areas tested except the limbic cortex. This indicates that the
autoimmunity generated by the cellular stress response to irradiation varies according to
the cell region affected.

Reactive astrocytosis involving the activation, hypertrophy and proliferation of as-
trocytes is a characteristic response of the central nervous system to inflammation or
injury [80]. It plays an important role as a source of inflammatory cytokines, including
TNF-oc and IL-1§3 [81]. This is necessary for maintaining the proper balance between
inflammatory responses, glial reactivity and brain repair [72].

4. Material and Methods
4.1. Experimental Radiation System Protocol

The experimental rat (R) was positioned in a region where maximum field uniformity
was guaranteed in the GTEM chamber. The rats were immobilized once or repeatedly in
a methacrylate holder for 30 min. The experimental system used for radiating the rats is
described in [42]. The SAR values were estimated with the aid of SEM-CAD X [82] and an
FDTD-based software tool.

The mean power absorbed by the rats in the four groups was estimated by Equations (1)-(3),
as well as the average weight, mean SAR £ SEM in brain and body, and peak SAR + SEM,
averaged for 1 g of brain or body and 2.45 GHz frequency in a Schaffner GTEM cell. The
field value E was specified by considering

E = \/ZoP/ () (1)

where, h is the septum height in the exposure zone (position of the MH), PtR is the input
power on the GTEM cell,
Prr = PN — Prer @

where Zg = 50 () the input impedance of the cell, and ( is coefficient which depend of the
ripple of the field in the position el MH, is set as 2 [42]. The simulations were performed
at 2.45 GHz (by use of a desktop PC with an Intel Core 2 Quad processor working at
2.40 GHz, and with 4 GB RAM available); the corresponding grid positions composed of
6,762,000 voxels (minimum grid step of 0.7 mm and maximum grid step of 3 mm), for
computation time of 3.5 h. The SARs were estimated by applying a correction factor to
the values obtained from the numerical simulations, in proportion to the ratio between
the weight of the model rat and the weights of the experimental rats, as specified by the
following expression:

SARg = SARg x Ws/Wg 3)

where SARg, is the estimated value of the experimental SAR, SARg the SAR obtained during
the simulation, Wg = 198.3 [g] the weight of the model rat (see above), and Wg [g] the
weight of the experimental rat.

Table 4 shows that mean and peak SAR values are directly proportional to the input
power for each subgroup. All SAR values were low, and all were below thermal value.
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Table 4. Brain and body SAR values for the experimental rats, calculated from the power (P) and
electrical field (E).

Experimental Measurement of Specific Absorption Rate by FDTD
SARg IN BRAIN SARg IN BODY

WEg Prr E Time Elapsed until
Ig] W] [V/m] Perfusion [h] Mean Peak 1 Mean Peak 1
[Wikg] g [Wikg] g
227.10 Single exposure 1.5 0.069420 0.085499 0.040445  0.199947
219.90 3.00 40.28 Single exposure 24 0.071551  0.088124 0.041687  0.206086
279.20 Repeated exposure 1.5  0.07509  0.09249  0.04375  0.21629

4.2. Experimental Design

All experiments were carried out in compliance with the Spanish Directive (RD53/2013),
the European Communities Council Directives (2010/63/EU and 86/609/CEE) [83], the
ARRIVE guidelines and the UK Animals (Scientific Procedures) Act of 1986 and associ-
ated guidelines. All experimental protocols were approved by the University of Santi-
ago de Compostela (USC) Committee on Institutional Bioethics of Animal Care and Use
(15005AE/11/FUN.01). Every effort was made to minimize the number of animals used in
the study and their suffering.

A total of 54 adult female Sprague-Dawley rats were used in this study. They were
randomly assigned to 3 groups (1 = 18), each of which was divided each into 2 subgroups
(n =9) as follows:

Group A: Rats in one subgroup, nonirradiated (control group) dose of 0 W, while
the other subgroup was exposed to 3.0 W of 2.45 GHz radiation for 30 min. Both groups
were euthanized after 1.5 h (90 min) for tissue extraction. An injectable (i.p.) euthana-
sia agent (sodium pentobarbital) was administered (the euthanasia dose is 3 times the
anesthetic dose).

Group B: One subgroup of nonirradiated rats (control group) dose 0 W and other to
3.0 W radiation at a frequency of 2.45 GHz for 30 min. The rats were kept alive for 24 h and
then euthanized by means of an injectable (i.p.) euthanasia agent (sodium pentobarbital,
the euthanasia dose is 3 times the anesthetic dose) prior to tissue extraction.

Group C: One subgroup of rats was not irradiated (control group) dose 0 W and other
to 3 W of 2.45 GHz radiation for 30 min per day and for 10 days in a period of two weeks.
Radiating the animals 5 days per week and resting on the weekends of the exposure. On
the last day, the rats were kept alive for 1.5 h (90 min) after irradiation. Then, an injectable
(i.p.) euthanasia agent (sodium pentobarbital) was administered (the euthanasia dose is
3 times the anesthetic dose) prior to tissue extraction.

A diagram of the experimental design is shown in Figure 7.

rGrou VExposure to 2.45 GHz radiation | Post-exposure * CLIAELISA and
P ) (30 min/session) time * Immunohistochemistry
test )
Y !
A Acute ex;?osure 90 minutes / HSP-70 \
) (1 session) GCR
GFAP
f T Acute exposure A in
B : 24 hours
(1 session) ) Somatosensory cortex
| ..
Limbic cortex
- v
Repeated exposure . Hypothalamus
a (10 sessions) R Hippocampus ~/
|- . >

Figure 7. Experimental design. HSP-70: Heat shock protein-70, GCR: glucocorticoid receptor, GFAP:
Glial fibrillary acidic protein, CLIA: Chemiluminescent Enzyme-Linked Immunosorbent Assay,

Immunohistochemistry.
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4.2.1. Tissue Extraction and Preparation of Cell Extracts for the ELISA Technique

After exposure to radiation, the rats were kept alive for the specified amounts of
time and then given a lethal dose of Pentothal. Tissue samples from the somatosensory
cortex, limbic cortex, hypothalamus and hippocampus were then dissected out under
a stereomicroscope (Nikon Eclipse CFI60). The samples were placed in 500 uL of phos-
phate buffer (PBS; 0.015 M phosphate buffer, 0.15 M NaCl, pH 7.2) containing 0.1 mM
pepstatin A, 0.02 mM N-(trans-Epoxysuccinyl)-L-leucine-4 guanidinobutylamide (E-64),
1 mM phenylmethanesulfonyl fluoride (PMSF) and 2 mM ethylenediaminetetraacetic acid
(EDTA) protease inhibitors (all from Sigma-Aldrich, Munich, Germany). The samples were
disaggregated and homogenized in a Polytron tissue homogenizer (Kinematica AG, Littau,
Luzern, Switzerland) at 35,000 r.p.m. for 5 min on ice, and then ultrasonically lysed in a
Branson W-250 sonifier (Branson Ultrasonic Corporation, Brookfield, CT, USA) by means
of five 10-pulse sonication cycles with a 50% duty cycle output. The whole process was
performed on ice. The lysate obtained was centrifuged at 15,000 g for 10 min at 4 °C. The
supernatant was then aliquoted and frozen at —80 °C until use.

Determination of Protein Concentration

Protein concentration in the tissue extracts was determined by the Bradford method
and a Bio-Rad Protein Assay kit (BioRad Laboratories, Feldkirchen, Germany), using BSA
(Sigma-Aldrich, Munich, Germany) as standard.

Chemiluminescent Enzyme-Linked Immunosorbent Assay (CLIA ELISA)

A CLIA test was applied to detect HSP-70, GCR and GFAP. One-microgram (ug)
aliquots of protein extract in 100 uL of carbonate-bicarbonate buffer (pH 9.6) were placed in
the 96 wells of standard ELISA microplates (Greiner Bio-One High-Binding) and incubated
overnight at 4 °C. The plates were then washed three times with TBS (50 mM Tris, 0.15 M
NaCl, pH 7.4), blocked for 1 h with TBS containing 0.2% Tween 20 (TBS-T1) and 5% nonfat
dry milk, incubated for 2 h at 37 °C with 100 pL of a 1:100 dilution (in TBS-T1 contain-
ing 1% nonfat dry milk) of rabbit polyclonal antibodies, antiHSP-70 and glucocorticoid
receptor (Santa Cruz Biotechnology, Dallas, Texas, USA) and GFAP (DAKO, Glostrup,
Hovedstaden, Denmark), then washed five times with TBS containing 0.05% Tween 20. To
detect rabbit immunoglobulins (Ig), 100 pL of polyclonal antibody peroxidase-conjugated
goat antirabbit Ig (DAKO) was diluted 1:1000 in TBS-T1and incubated for 1 h at 37 °C. The
wells were washed five times in TBS, then treated with 100 uL of enhanced luminol-based
chemiluminescent substrate to detect horseradish peroxidase (Pierce ECL Werten Blotting
substrate, Thermo Scientific, Waltham, Massachusetts, USA). After incubation for 3 min
at 37 °C, plate luminescence was read in a fluorometer/luminometer (FLx800, Biotek,
Winooski, VT, USA), and the results were expressed in relative light units (RLU).

4.2.2. Morphological Studies with Immunohistochemistry
Perfusion and Tissue Processing

Once the animals were profoundly anesthetized with Pentothal, they were transcar-
dially perfused via the ascending aorta, first with 0.9% saline at 37 °C for 30 s to wash the
blood vessels and after with cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.
The brains were extracted, washed and cryoprotected with a 20-30% of sucrose (in 0.1 M
phosphate buffer, pH 7.4'), then sliced into 40-micron sections using a freezing microtome.

Immunohistochemistry

First, the sections were preincubated for one hour in a normal serum of the same
animal species from which the secondary serum had been obtained (horse), diluted to 10%
in 0.02 M potassium phosphate buffered saline (KPBS) with 0.25% or 0.30% Triton X-100.
The sections were then incubated all night with the primary antibody: rabbit polyclonal
serums HSP-70 (1:500), glucocorticoid antireceptors (1:100) or antiGFAP (1:1000). The
next day, the samples were rinsed three times with KPBS, incubated for 30 min with an
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avidin-biotin—peroxidase complex prepared according to the manufacturer’s instructions
(DAKO) or an EnVision Doublestain System Rabbit/Mouse kit (DAKO) and labeled with
3,3-diaminobenzidine (DAB) in imidazole-HCl-buffered H202 solution (DAKO). Finally,
the sections were mounted on slides, dehydrated with 70°, 96° and 100° alcohol, submerged
in Xylol, covered and code-labelled pending microscope examination.

4.2.3. Quantification and Statistical Analysis

Cellular expression (HSP-70, GCR and GFAP) was measured at the 9.2-mm level
(interaural coordinates) in cortical areas (somatosensory and limbic), at a transverse section
of rat brain, at 7.20 mm interaural coordinates showing the areas within the paraventricular
nucleus (PVN) of the hypothalamus, and at the 5.7-mm level in hippocampal areas (dentate
gyrus) (Paxinos and Watson, 1986). The researchers who took the positive cell counts were
blind to exposure conditions. Three or four brain sections of each of the cortical areas,
hypothalamus and hippocampal structures (dentate gyrus) from each rat were examined.
To examine localized cellular expression in each area, cells were counted in a magnified
20x using a Nikon Eclipse E200 microscope connected to a computer with morphometric
software Counts per field in each of the areas were expressed as the averages of individual
animals or experiments EEM per group.

The results shown in the text and in Figures 1-6 are expressed as means £ SEM;
significant differences (p < 0.05).

The CLIA ELISA and Immunohistochemistry results (Figures 1-6) to detect HSP-70,
GCR and GFAP in four brain regions, as well as polyclonal antibody were determined by
two-way ANOVA, based on protein radiation concentration and considering irradiation
(no irradiation, irradiation) and time (90 min, 24 h and 10 days) separately for each area (so-
matosensory cortex, limbic cortex, hypothalamus and hippocampus). The Holm-Sidak test
for multiple comparisons was subsequently applied. Natural logarithm transformations
were applied to the data as needed to obtain normality and homoscedasticity.

5. Conclusions

In conclusion, our results showed that repeated exposure to 2.45 GHz caused dysregu-
lation of GCR/HSP-70, triggering a state of stress that could decrease anti-inflammatory
action without favoring glial proliferation. Further research is needed to determine whether
the dysfunction generated by repeated irradiation at 2.45 GHz may be a causal factor in
the pathogenesis of nervous system disorders.

Author Contributions: Conceptualization: E.L.-M. and F.A.-P.; methodology: E.L.-M. and ] M.L.-V,;
software: A.A.S.-S.; validation: H.O., A.L.-F. and J.M.L.-V,; formal analysis: H.O. and E.L.-M.; investi-
gation: H.O. and A.L.-F,; resources: ] M.L.-V,, FA.-P. and E.L.-M.; data curation: H.O., A.L.-F. and
A.AS-S; writing—original draft preparation: H.O.; writing—review and editing: All authors; visual-
ization: H.O. and E.L.-M,; supervision: E.L.-M., EA.-P,, M.A., M.S. and H.A.; project administration:
E.L-M. and FEA -P; funding acquisition: EA.-P,, E.L.-M., M.S., M.A. and H.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported in part by the FEDER/Ministerio de Ciencia, Innovacién
y Universidades-Agencia Estatal de Investigacion under Project TEC2017-86110-R. The work of
A.AS.-S. is supported by the Xunta de Galicia Postdoctoral Fellowship, reference ED481B 2018/008.
The financial support of the Tunisian Ministry of Higher Education and Scientific Research is grate-
fully acknowledged. Financial disclosures: none declared.

Institutional Review Board Statement: All experiments were carried out in accordance with the Span-
ish (RD53/2013) and European Communities Council Directive (2010/63/EU and 86/609/CEE) [83]
and the ARRIVE guidelines and were performed in accordance with the UK Animals (Scientific
Procedures) Act, 1986, and associated guidelines. All experimental protocols were approved by the
UNIVERSITY OF SANTIAGO DE COMPOSTELA (USC) Committee on Institutional Bioethics of
Animal Care and Use (15005AE/11/FUN.01). In addition, every effort was made to minimize the
number of animals used in the study and their suffering.



Int. J. Mol. Sci. 2021, 22, 5103 20 of 23

Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article.
Acknowledgments: The authors wish to thank Rafael Fuentes, for help and technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Arendash, G.W.; Mori, T.; Dorsey, M.; Gonzalez, R.; Tajiri, N.; Borlongan, C. Electromagnetic treatment to old Alzheimer’s mice
reverses 3-amyloid deposition, modifies cerebral blood flow, and provides selected cognitive benefit. PLoS ONE 2012, 7, e35751.
[CrossRef] [PubMed]

Abdollahi, H.; Teymouri, M.; Khademi, S. Radiofrequency radiation may help astronauts in space missions. J. Med. Hypotheses
Ideas 2012, 6, 66—69. [CrossRef]

Michaloliakos, A.; Rogalin, R.; Zhang, Y.; Psounis, K.; Caire, G. Performance modeling of next-generation WiFi networks. Comput.
Netw. 2016, 105, 150-165. [CrossRef]

Megha, K.; Deshmukh, P.S.; Banerjee, B.D.; Tripathi, A.K.; Ahmed, R.; Abegaonkar, M.P. Low intensity microwave radi-
ation induced oxidative stress, inflammatory response and DNA damage in rat brain. Neurotoxicology 2015, 51, 158-165.
[CrossRef] [PubMed]

Deshmukh, P.S.; Megha, K.; Nasare, N.; Banerjee, B.D.; Ahmed, R.S.; Abegaonkar, M.P.; Mediratta, PK. Effect of Low Level
Subchronic Microwave Radiation on Rat Brain. Biomed. Environ. Sci. 2016, 29, 858-867. [CrossRef] [PubMed]

Celik, 0O.; Kahya, M.C.; Naziroglu, M. Oxidative stress of brain and liver is increased by Wi-Fi (2.45 GHz) exposure of rats during
pregnancy and the development of newborns. J. Chem. Neuroanat. 2016, 75, 134-139. [CrossRef]

Ritossa, F. A new puffing pattern induced by temperature shock and DNP in Drosophila. Experientia 1962, 18, 571-573. [CrossRef]
Maroni, P,; Bendinelli, P; Tiberio, L.; Rovetta, F; Piccoletti, R.; Schiaffonati, L. In vivo heat-shock response in the brain: Signalling
pathway and transcription factor activation. Brain Res. Mol. Brain Res. 2003, 119, 90-99. [CrossRef]

Sun, X.C.; Xian, X.H.; Li, W.B,; Li, L.; Yan, C.Z,; Li, Q.J.; Zhang, M. Activation of p38 MAPK participates in brain ischemic
tolerance induced by limb ischemic preconditioning by up-regulating HSP 70. Exp. Neurol. 2010, 224, 347-355. [CrossRef]
Achanta, P; Thompson, K.J.; Fuss, M.; Martinez, ].L. Gene expression changes in the rodent hippocampus following whole brain
irradiation. Neurosci. Lett. 2007, 418, 143-148. [CrossRef]

Ohtsuka, K.; Suzuki, T. Roles of molecular chaperones in the nervous system. Brain Res. Bull. 2000, 53, 141-146. [CrossRef]
Musch, M.W.; Petrof, E.O.; Kojima, K.; Ren, H.; McKay, D.M.; Chang, E.B. Bacterial superantigen-treated intestinal epithelial cells
upregulate heat shock proteins 25 and 72 and are resistant to oxidant cytotoxicity. Infect. Immun. 2004, 72, 3187-3194. [CrossRef]
Sinn, D.I; Chu, K; Lee, S.T; Song, E.C.; Jung, K.H.; Kim, E.H.; Roh, J. Pharmacological induction of heat shock protein exerts
neuroprotective effects in experimental intracerebral hemorrhage. Brain Res. 2007, 1135, 167-176. [CrossRef]

Kim, N.; Kim, J.Y.; Yenari, M.A. Pharmacological induction of the 70-kDa heat shock protein protects against brain injury.
Neuroscience 2015, 284, 912-919. [CrossRef]

Lee, S.; Johnson, D.; Dunbar, K.; Dong, H.; Ge, X.; Kim, Y.C.; Gerber, H.L. 2.45 GHz radiofrequency fields alter gene expression in
cultured human cells. FEBS Lett. 2005, 579, 4829-4836. [CrossRef]

Cotgreave, I.A. Biological stress responses to radio frequency electromagnetic radiation: Are mobile phones really so (heat)
shocking? Arch. Biochem. Biophys. 2005, 435, 227-240. [CrossRef]

WHO International EMF Project. WHO Research Agenda for Radio Frequency Fields. Geneva Switzerland: WHO International
EMF Project. 2006. Available online: https://www.who.int/peh-emf/research/rf_research_agenda_2006.pdf?ua=1 (accessed on
28 December 2020).

Yang, X.S.; He, G.L.; Hao, Y.T,; Xiao, Y.; Chen, C.H.; Zhang, G.B.; Yu, Z.P. Exposure to 2.45 GHz electromagnetic fields elicits an
HSP-related stress response in rat hippocampus. Brain Res. Bull. 2012, 88, 371-378. [CrossRef]

Wang, S.C.M.; Myers, S.; Dooms, C.; Capon, R.; Muscat, G.E. An ERR(3 /7y agonist modulates GRo expression, and glucocorticoid
responsive gene expression in skeletal muscle cells. Mol. Cell. Endocrinol. 2010, 315, 146-152. [CrossRef] [PubMed]

Oakley, R.H.; Cidlowski, J.A. Cellular processing of the glucocorticoid receptor gene and protein: New mechanisms for generating
tissue-specific actions of glucocorticoids. . Biol. Chem. 2011, 286, 3177-3184. [CrossRef] [PubMed]

Wang, Q.; Van Heerikhuize, J.; Aronica, E.; Kawata, M.; Seress, L.; Joels, M.; Lucassen, P.J. Glucocorticoid receptor protein
expression in human hippocampus; stability with age. Neurobiol. Aging 2013, 34, 1662-1673. [CrossRef] [PubMed]

Saaltink, D.J.; Vreugdenhil, E. Stress, glucocorticoid receptors, and adult neurogenesis: A balance between excitation and
inhibition? Cell. Mol. Life Sci. 2014, 71, 2499-2515. [CrossRef]

Misa-Agustifio, M.].; Leiro-Vidal, ].M.; Gomez-Amoza, ].L.; Jorge-Mora, M.T.; Jorge-Barreiro, FJ.; Salas-Sanchez, A.A.; Lopez-
Martin, E. EMF radiation at 2450 MHz triggers changes in the morphology and expression of heat shock proteins and glucocorti-
coid receptors in rat thymus. Life Sci. 2015, 127, 1-11. [CrossRef] [PubMed]

Sarabdjitsingh, R.A.; Meijer, O.C.; de Kloet, E.R. Specificity of glucocorticoid receptor primary antibodies for analysis of receptor
localization patterns in cultured cells and rat hippocampus. Brain Res. 2010, 1331, 1-11. [CrossRef] [PubMed]

Murphy-Royal, C.; Dupuis, J.; Groc, L.; Oliet, S.H. Astroglial glutamate transporters in the brain: Regulating neurotransmitter
homeostasis and synaptic transmission. J. Neurosci. Res. 2017, 95, 2140-2151. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0035751
http://www.ncbi.nlm.nih.gov/pubmed/22558216
http://doi.org/10.1016/j.jmhi.2012.08.001
http://doi.org/10.1016/j.comnet.2016.05.024
http://doi.org/10.1016/j.neuro.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26511840
http://doi.org/10.3967/bes2016.115
http://www.ncbi.nlm.nih.gov/pubmed/28081746
http://doi.org/10.1016/j.jchemneu.2015.10.005
http://doi.org/10.1007/BF02172188
http://doi.org/10.1016/j.molbrainres.2003.08.018
http://doi.org/10.1016/j.expneurol.2010.04.009
http://doi.org/10.1016/j.neulet.2007.03.029
http://doi.org/10.1016/S0361-9230(00)00325-7
http://doi.org/10.1128/IAI.72.6.3187-3194.2004
http://doi.org/10.1016/j.brainres.2006.11.098
http://doi.org/10.1016/j.neuroscience.2014.11.010
http://doi.org/10.1016/j.febslet.2005.07.063
http://doi.org/10.1016/j.abb.2004.12.004
https://www.who.int/peh-emf/research/rf_research_agenda_2006.pdf?ua=1
http://doi.org/10.1016/j.brainresbull.2012.04.002
http://doi.org/10.1016/j.mce.2009.07.012
http://www.ncbi.nlm.nih.gov/pubmed/19631715
http://doi.org/10.1074/jbc.R110.179325
http://www.ncbi.nlm.nih.gov/pubmed/21149445
http://doi.org/10.1016/j.neurobiolaging.2012.11.019
http://www.ncbi.nlm.nih.gov/pubmed/23290588
http://doi.org/10.1007/s00018-014-1568-5
http://doi.org/10.1016/j.lfs.2015.01.027
http://www.ncbi.nlm.nih.gov/pubmed/25731700
http://doi.org/10.1016/j.brainres.2010.03.052
http://www.ncbi.nlm.nih.gov/pubmed/20307510
http://doi.org/10.1002/jnr.24029
http://www.ncbi.nlm.nih.gov/pubmed/28150867

Int. J. Mol. Sci. 2021, 22, 5103 21 0f23

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Nabhirnyj, A.; Livne-Bar, I.; Guo, X.; Sivak, ].M. ROS detoxification and proinflammatory cytokines are linked by p38 MAPK
signaling in a model of mature astrocyte activation. PLoS ONE 2013, 8, e83049. [CrossRef]

Schiffer, D.; Giordana, M.T.; Migheli, A.; Giaccone, G.; Pezzotta, S.; Mauro, A. Glial fibrillary acidic protein and vimentin in the
experimental glial reaction of the rat brain. Brain Res. 1986, 374, 110-118. [CrossRef]

Eng, L.F. Glial fibrillary acidic protein (GFAP): The major protein of glial intermediate filaments in differentiated astrocytes. J.
Neuroimmunol. 1985, 8, 203-214. [CrossRef]

Eng, L.F. Regulation of glial intermediate filaments in astrogliosis. In The Biochemical Pathology of Astrocytes; Norenberg, M.D.,
Hertz, L., Schousboe, A., Eds.; Liss: New York, NY, USA, 1988; Volume 39, pp. 79-90.

Eng, L.F; Ghirnikar, R.S.; Lee, Y.L. Glial fibrillary acidic protein: GFAP thirty-one years (1969-2000). Neurochem. Res. 2000, 25,
1439-1451. [CrossRef]

Reeves, S.A.; Helman, L.J.; Allison, A.; Israel, M.A. Molecular cloning and primary structure of human glial fibrillary protein.
Proc. Natl. Acad. Sci. USA 1989, 86, 5178-5182. [CrossRef]

Norton, W.T.; Aquino, D.A.; Hozumi, I.; Chiu, F.C.; Brosnan, C.F. Quantitative aspects of reactive gliosis: A review. Neurochem.
Res. 1992, 17, 877-885. [CrossRef]

Sofroniew, M.V.; Vinters, H.V. Astrocytes: Biology and pathology. Acta Neuropathol. 2010, 119, 7-35. [CrossRef] [PubMed]
Ammari, M,; Brillaud, E.; Gamez, C.; Lecomte, A.; Sakly, M.; Abdelmelek, H.; De Seze, R. Effect of a chronic GSM 900 MHz
exposure on glia in the rat brain. Biomed. Pharmacother. 2008, 62, 273-281. [CrossRef] [PubMed]

Ammari, M.; Gamez, C.; Lecomte, A.; Sakly, M.; Abdelmelek, H.; De Seze, R. GFAP expression in the rat brain following
sub-chronic exposure to a 900 MHz electromagnetic field signal. Int. . Radiat. Biol. 2010, 86, 367-375. [CrossRef]

Barthélémy, A.; Mouchard, A.; Bouji, M.; Blazy, K.; Puigsegur, R.; Villégier, A.S. Glial markers and emotional memory in rats
following acute cerebral radiofrequency exposures. Environ. Sci. Pollut. Res. Int. 2016, 23, 25343-25355. [CrossRef] [PubMed]
Franzellitti, S.; Valbonesi, P.; Contin, A.; Biondi, C.; Fabbri, E. HSP70 expression in human trophoblast cells exposed to different
1.8 GHz mobile phone signals. Radiat. Res. 2008, 17, 488—497. [CrossRef] [PubMed]

Gerner, C.; Haudek, V,; Schandl, U.; Bayer, E.; Gundacker, N.; Hutter, H.P.; Mosgoeller, W. Increased protein synthesis by cells
exposed to a 1800-MHz radio-frequency mobile phone electromagnetic field, detected by proteome profiling. Int. Arch. Occup.
Environ. Health 2010, 83, 691-702. [CrossRef]

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]

Lopez-Martin, E.; Bregains, J.; Relova-Quinteiro, J.L.; Cadarso-Sudrez, C.; Jorge-Barreiro, E]J.; Ares-Pena, FJ. The action of
pulse-modulated GSM radiation increases regional changes in brain activity and c-Fos expression in cortical and subcortical areas
in a rat model of picrotoxin-induced seizure proneness. J. Neurosci. Res. 2009, 87, 1484-1499. [CrossRef]

Carballo-Quintas, M.; Martinez-Silva, I.; Cadarso-Suarez, C.; Alvarez-Folgueiras, M.; Ares-Pena, FJ.; Lopez-Martin, E. A study of
biomarkers after acute exposure to GSM radiation at 900 MHz in the picrotoxin model of rat brain. NeuroToxicology 2011, 32,
478-494. [CrossRef]

Jorge-Mora, T.; Alvarez Folgueiras, M.; Leiro-Vidal, ].M.; Jorge-Barreiro, E]J.; Ares-Pena, FJ.; Lopez-Martin, E. Exposure to
2.45 GHz microwave radiation provokes cerebral changes in induction of HSP-90 o/ 3 heat shock protein in rat. Prog. Electromagn.
Res. 2010, 100, 351-379. [CrossRef]

Chao, H.M.; Choo, PH.; McEwen, B.S. Glucocorticoid and mineralocorticoid receptor mRNA expression in rat brain. Neuroen-
docrinology 1989, 50, 365-371. [CrossRef]

Filipovi¢, D.; Gavrilovi¢, L.; Dronjak, S.; Radoj¢i¢, M.B. Brain glucocorticoid receptor and heat shock protein 70 levels in rats
exposed to acute, chronic or combined stress. Neuropsychobiology 2005, 51, 107-114. [CrossRef]

Cullinan, W.E.; Herman, J.P; Battaglia, D.F,; Akil, H.; Watson, S.J. Pattern and time course of immediate early gene expression in
rat brain following acute stress. Neuroscience 1995, 64, 477-505. [CrossRef]

Hoppenrath, K.; Funke, K. Time-course of changes in neuronal activity markers following iTBS-TMS of the rat neocortex. Neurosci.
Lett. 2013, 536, 19-23. [CrossRef]

Girotti, M.; Pace, TW.; Gaylord, R.I; Rubin, B.A.; Herman, J.P,; Spencer, R.L. Habituation to repeated restraint stress is associated
with lack of stress-induced c-fos expression in primary sensory processing areas of the rat brain. Neuroscience 2006, 138,
1067-1081. [CrossRef]

Misa-Agustifio, M.].; Leiro, ]. M.; Jorge-Mora, M.T.; Rodriguez-Gonzalez, J.A.; Jorge Barreiro, FJ.; Ares-Pena, EJ.; Lopez-Martin, E.
Electromagnetic fields at 2.45 GHz trigger changes in heat shock proteins 90 and 70 without altering apoptotic activity in rat
thyroid gland. Biol. Open 2012, 1, 831-838. [CrossRef] [PubMed]

Calabro, E.; Condello, S.; Curro, M.; Ferlazzo, N.; Caccamo, D.; Magazu, S.; Ientile, R. Modulation of heat shock protein response
in SH-SY5Y by mobile phone microwaves. World ]. Biol. Chem. 2012, 263, 34-40. [CrossRef]

De Kloet, E.R.; Joéls, M.; Holsboer, F. Stress and the brain: From adaptation to disease. Nat. Rev. Neurosci. 2005, 6, 463—475.
[CrossRef] [PubMed]

Gao, W.; Xu, H,; Liang, M.; Huang, ].H.; He, X. Association between reduced expression of hippocampal glucocorticoid receptors
and cognitive dysfunction in a rat model of traumatic brain injury due to lateral head acceleration. Neurosci. Lett. 2013, 533, 50-54.
[CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0083049
http://doi.org/10.1016/0006-8993(86)90399-9
http://doi.org/10.1016/S0165-5728(85)80063-1
http://doi.org/10.1023/A:1007677003387
http://doi.org/10.1073/pnas.86.13.5178
http://doi.org/10.1007/BF00993263
http://doi.org/10.1007/s00401-009-0619-8
http://www.ncbi.nlm.nih.gov/pubmed/20012068
http://doi.org/10.1016/j.biopha.2008.03.002
http://www.ncbi.nlm.nih.gov/pubmed/18424058
http://doi.org/10.3109/09553000903567946
http://doi.org/10.1007/s11356-016-7758-y
http://www.ncbi.nlm.nih.gov/pubmed/27696165
http://doi.org/10.1667/RR1405.1
http://www.ncbi.nlm.nih.gov/pubmed/19024656
http://doi.org/10.1007/s00420-010-0513-7
http://doi.org/10.1016/j.tox.2007.05.019
http://doi.org/10.1002/jnr.21951
http://doi.org/10.1016/j.neuro.2011.04.003
http://doi.org/10.2528/PIER09102804
http://doi.org/10.1159/000125250
http://doi.org/10.1159/000084168
http://doi.org/10.1016/0306-4522(94)00355-9
http://doi.org/10.1016/j.neulet.2013.01.003
http://doi.org/10.1016/j.neuroscience.2005.12.002
http://doi.org/10.1242/bio.20121297
http://www.ncbi.nlm.nih.gov/pubmed/23213477
http://doi.org/10.4331/wjbc.v3.i2.34
http://doi.org/10.1038/nrn1683
http://www.ncbi.nlm.nih.gov/pubmed/15891777
http://doi.org/10.1016/j.neulet.2012.11.020
http://www.ncbi.nlm.nih.gov/pubmed/23200726

Int. J. Mol. Sci. 2021, 22, 5103 22 0f 23

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

French, PW.; Penny, R.; Laurence, J.A.; McKenzie, D.R. Mobile phones, heat shock proteins and cancer. Differentiation 2001, 67,
93-97. [CrossRef] [PubMed]

Filipovi¢, D.; Gavrilovi¢, L.; Dronjak, S.; Radojc¢i¢, M.B. The effect of repeated physical exercise on hippocampus and brain cortex
in stressed rats. Ann. N. Y. Acad. Sci. 2007, 1096, 207-219. [CrossRef]

Valbonesi, P.; Franzellitti, S.; Bersani, F.; Contin, A.; Fabbri, E. Effects of the exposure to intermittent 1.8 GHz radio frequency
electromagnetic fields on HSP70 expression and MAPK signaling pathways in PC12 cells. Int. . Radiat. Biol. 2014, 90, 382-391.
[CrossRef] [PubMed]

Fukudo, S.; Abe, K,; Itoyama, Y.; Mochizuki, S.; Sawai, T.; Hongo, M. Psychophysiological stress induces heat shock cognate
protein 70 messenger RNA in the hippocampus of rats. Neuroscience 1999, 91, 1205-1208. [CrossRef]

Lopez-Furelos, A.; Leiro-Vidal, ].M.; Salas-Sanchez, A.A.; Ares-Pena, FJ; Lépez-Martin, MLE. Evidence of cellular stress and
caspase-3 resulting from a combined two-frequency signal in the cerebrum and cerebellum of Sprague-Dawley rats. Oncotarget
2016, 7, 64674. [CrossRef] [PubMed]

Kirschke, E.; Goswami, D.; Southworth, D.; Griffin, PR.; Agard, D.A. Glucocorticoid receptor function regulated by coordinated
action of the Hsp90 and Hsp70 chaperone cycles. Cell 2014, 157, 1685-1697. [CrossRef] [PubMed]

Coverias, R.; de Ledn, M.; Cintra, A.; Bjelke, B.; Gustafsson, ].A.; Fuxe, K. Coexistence of c-Fos and glucocorticoid receptor
immunoreactivities in the CRF immunoreactive neurons of the paraventricular hypothalamic nucleus of the rat after acute
immobilization stress. Neurosci. Lett. 1993, 149, 149-152. [CrossRef]

Zelena, D.; Domokos, A.; Jain, S.K.; Jankord, R.; Filaretova, L. The stimuli specific role of vasopressin in the hypothalamus-
pituitary—adrenal axis response to stress. J. Endocrinol. 2009, 202, 263-278. [CrossRef] [PubMed]

Molodtsova, I.D.; Medvedev, D.S.; Poliakova, V.O.; Lin’kova, N.S.; Gurko, G.I. Influence of millimeter-wave electromagnetic
emission on Nitric Oxid synthesis during vessel endothelium aging in vitro. Adv. Gerontol. 2014, 28, 68-71.

Heck, A.L.; Handa, R.J. Sex differences in the hypothalamic-pituitary-adrenal axis’ response to stress: An important role for
gonadal hormones. Neuropsychopharmacology 2019, 44, 45-58. [CrossRef]

Salmaso, N.; Stevens, H.E.; McNeill, J.; El Sayed, M.; Ren, Q.; Maragnoli, M.E.; Vaccarino, EM. Fibroblast growth factor 2
modulates hypothalamic pituitary axis activity and anxiety behavior through glucocorticoid receptors. Biol. Psychiatry 2016, 80,
479-489. [CrossRef]

Chen, D.Y.; Bambah-Mukku, D.; Pollonini, G.; Alberini, C.M. Glucocorticoid receptors recruit the CaMKII [alpha]-BDNF-CREB
pathways to mediate memory consolidation. Nat. Neurosci. 2012, 15, 1707-1714. [CrossRef]

Moraitis, A.G.; Block, T.; Nguyen, D.; Belanoff, ].K. The role of glucocorticoid receptors in metabolic syndrome and psychiatric
illness. J. Steroid Biochem. Mol. Biol. 2017, 165, 114-120. [CrossRef]

Oakley, R.H.; Cidlowski, J.A. The biology of the glucocorticoid receptor: New signaling mechanisms in health and disease. J.
Allergy Clin. Immunol. 2013, 132, 1033-1044. [CrossRef] [PubMed]

Maskey, D.; Kim, H.J.; Kim, H.G.; Kim, M.J. Calcium-binding proteins and GFAP immunoreactivity alterations in murine
hippocampus after 1 month of exposure to 835MHz radiofrequency at SAR values of 1.6 and 4.0 W/kg. Neurosci. Lett. 2012, 506,
292-296. [CrossRef]

Nichols, N.R;; Day, ].R.; Laping, N.J.; Johnson, S.A.; Finch, C.E. GFAP mRNA increases with age in rat and human brain. Neurobiol.
Aging 1993, 14, 421-429. [CrossRef]

Nichols, N.R.; Finch, C.E.; Nelson, J.F. Food restriction delays the age-related increase in GFAP mRNA in rat hypothalamus.
Neurobiol. Aging 1998, 16, 105-110. [CrossRef]

Bouji, M.; Lecomte, A.; Hode, Y.; De Seze, R.; Villégier, A.S. Effects of 900 MHz radiofrequency on corticosterone, emotional
memory and neuroinflammation in middle-aged rats. Exp. Gerontol. 2012, 47, 444-451. [CrossRef] [PubMed]

Court-Kowalski, S.; Finnie, ].W.; Manavis, J.; Blumbergs, P.C.; Helps, S.C.; Vink, R. Effect of long-term (2 years) exposure of mouse
brains to global system for mobile communication (GSM) radiofrequency fields on astrocytic immunoreactivity. Bioelectromagnetics
2015, 36, 245-250. [CrossRef]

Chisholm, N.C.; Sohrabyji, F. Astrocytic response to cerebral ischemia is influenced by sex differences and impaired by aging.
Neurobiol. Dis. 2016, 85, 245-253. [CrossRef] [PubMed]

Nichols, N.R.; Agolley, D.; Zieba, M.; Bye, N. Glucocorticoid regulation of glial responses during hippocampal neurodegeneration
and regeneration. Brain Res. Brain Res. Rev. 2005, 48, 287-301. [CrossRef]

Vielkind, U.; Walencewicz, A.; Levine, ].M.; Bohn, M.C. Type II glucocorticoid receptors are expressed in oligodendrocytes and
astrocytes. J. Neurosci. Res. 1990, 27, 360-373. [CrossRef]

Unemura, K.; Kume, T.; Kondo, M.; Maeda, Y.; Izumi, Y.; Akaike, A. Glucocorticoids decrease astrocyte numbers by reducing
glucocorticoid receptor expression in vitro and in vivo. J. Pharmacol. Sci. 2012, 119, 30-39. [CrossRef] [PubMed]

Crossin, K.L.; Tai, M.H.; Krushel, L.A.; Mauro, V.P,; Edelman, G.M. Glucocorticoid receptor pathways are involved in the
inhibition of astrocytes proliferation. Proc. Natl. Acad. Sci. USA 1997, 94, 2687-2692. [CrossRef] [PubMed]

Nichols, N.R.; Osterburg, H.H.; Masters, ].N.; Millar, S.L.; Finch, C.E. Messenger RNA for glial fibrillary acidic protein is decreased
in rat brain following acute and chronic corticosterone treatment. Brain Res. Mol. Brain Res. 1990, 7, 1-7. [CrossRef]


http://doi.org/10.1046/j.1432-0436.2001.670401.x
http://www.ncbi.nlm.nih.gov/pubmed/11683499
http://doi.org/10.1196/annals.1397.087
http://doi.org/10.3109/09553002.2014.892225
http://www.ncbi.nlm.nih.gov/pubmed/24512569
http://doi.org/10.1016/S0306-4522(99)00069-X
http://doi.org/10.18632/oncotarget.11753
http://www.ncbi.nlm.nih.gov/pubmed/27589837
http://doi.org/10.1016/j.cell.2014.04.038
http://www.ncbi.nlm.nih.gov/pubmed/24949977
http://doi.org/10.1016/0304-3940(93)90758-D
http://doi.org/10.1677/JOE-09-0096
http://www.ncbi.nlm.nih.gov/pubmed/19460853
http://doi.org/10.1038/s41386-018-0167-9
http://doi.org/10.1016/j.biopsych.2016.02.026
http://doi.org/10.1038/nn.3266
http://doi.org/10.1016/j.jsbmb.2016.03.023
http://doi.org/10.1016/j.jaci.2013.09.007
http://www.ncbi.nlm.nih.gov/pubmed/24084075
http://doi.org/10.1016/j.neulet.2011.11.025
http://doi.org/10.1016/0197-4580(93)90100-P
http://doi.org/10.1016/0197-4580(95)80013-H
http://doi.org/10.1016/j.exger.2012.03.015
http://www.ncbi.nlm.nih.gov/pubmed/22507567
http://doi.org/10.1002/bem.21891
http://doi.org/10.1016/j.nbd.2015.03.028
http://www.ncbi.nlm.nih.gov/pubmed/25843666
http://doi.org/10.1016/j.brainresrev.2004.12.019
http://doi.org/10.1002/jnr.490270315
http://doi.org/10.1254/jphs.12047FP
http://www.ncbi.nlm.nih.gov/pubmed/22641130
http://doi.org/10.1073/pnas.94.6.2687
http://www.ncbi.nlm.nih.gov/pubmed/9122257
http://doi.org/10.1016/0169-328X(90)90066-M

Int. J. Mol. Sci. 2021, 22, 5103 23 0f 23

77.

78.

79.

80.
81.

82.

83.

Owens-Grillo, J.K.; Hoffmann, K.; Hutchison, K.A.; Yem, A.W.; Deibel, M.R.; Handschumacher, R.E.; Pratt, W.B. The cy-
closporin A-binding immunophilin CyP-40 and the FK506-binding immunophilin hsp56 bind to a common site on hsp90
and exist in independent cytosolic heterocomplexes with the untransformed glucocorticoid receptor. . Biol. Chem. 1995, 270,
20479-20484. [CrossRef]

Beere, H.M.; Green, D.R. Stress management-heat shock protein-70 and the regulation of apoptosis. Trends Cell Biol. 2001, 11,
6-10. [CrossRef]

Multhoff, G.; Pockley, A.G.; Schmid, T.E.; Schilling, D. The role of heat shock protein 70 (Hsp70) in radiation-induced im-
munomodulation. Cancer Lett. 2015, 368, 179-184. [CrossRef] [PubMed]

Chen, Y.; Swanson, R.A. Astrocytes and brain injury. J. Cereb. Blood Flow. Metab. 2003, 23, 137-149. [CrossRef]

Xu, J.; Drew, P.D. 9-Cis-retinoic acid suppresses inflammatory responses of microglia and astrocytes. J. Neuroimmunol. 2006, 171,
135-144. [CrossRef] [PubMed]

SPEAG, Schmid & Partner Engineering AG. Reference Manual for the SEMCAD Simulation Platform for Electromagnetic
Compatibility, Antenna Design and Dosimetry. Available online: https://speag.swiss/products/semcad/solutions (accessed on
28 December 2020).

Directive 2010/63/UE of European Parliament and the Council 22 de September (2010). Concerning the protection of animals
used for scientific purposes. Off. J. Eur. Union 2010, 276, 33-79.


http://doi.org/10.1074/jbc.270.35.20479
http://doi.org/10.1016/S0962-8924(00)01874-2
http://doi.org/10.1016/j.canlet.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25681671
http://doi.org/10.1097/01.WCB.0000044631.80210.3C
http://doi.org/10.1016/j.jneuroim.2005.10.004
http://www.ncbi.nlm.nih.gov/pubmed/16303184
https://speag.swiss/products/semcad/solutions

	Introduction 
	Results 
	Heat Shock Protein (HSP) 70 Expression 
	HSP-70 in the Somatosensory Cortex 
	HSP-70 in the Limbic Cortex 
	HSP-70 in the Hypothalamus 
	HSP-70 in the Hippocampus 

	Glucocorticoid Receptor (GCR) Expression 
	GCR in the Somatosensory Cortex 
	GCR in the Limbic Cortex 
	GCR in the Hypothalamus 
	GCR in the Hippocampus 

	Glial Fibrillary Acidic Protein (GFAP) Expression 
	GFAP in the Somatosensory Cortex 
	GFAP in the Limbic Cortex 
	GFAP in the Hypothalamus 
	GFAP in the Hippocampus 


	Discussion 
	Influence and Temporal Evolution of 2.45 GHz Radiation on HSP-70 and GCR in Brain Tissues 
	The Influence and Temporal Evolution of 2.45 GHz Radiation on GFAP with the Decrease of GCR/HSP-70 

	Material and Methods 
	Experimental Radiation System Protocol 
	Experimental Design 
	Tissue Extraction and Preparation of Cell Extracts for the ELISA Technique 
	Morphological Studies with Immunohistochemistry 
	Quantification and Statistical Analysis 


	Conclusions 
	References

