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Brain development during prenatal and postnatal periods is critical, and external stressors such as electromagnetic fields 
can significantly influence this process. Although there are numerous studies on this topic, our understanding of how 
electromagnetic fields affect the central nervous system remains limited. In this study, we investigated the effects of 
extremely low-frequency magnetic fields (ELF-MF) on the developing brains of Sprague-Dawley rats. The rats were 
exposed to 50 Hz, 500 µT ELF-MF during prenatal, postnatal, or both periods. Using ELISA, we assessed inflammatory 
markers and synaptic protein levels in two brain regions. Combined prenatal and postnatal exposure to ELF-MF 
significantly increased IL-17A levels in the hippocampus and cortex and elevated IFN-γ levels in the cortex. However, there 
was no change in IL-4 levels. Additionally, in the combined prenatal and postnatal exposure group, ELF-MF significantly 
reduced PSD-95 levels in both the cortex and hippocampus, and Syn1 levels in the hippocampus. Our results suggest that 
ELF-MF may trigger inflammation in the brains of young rats, potentially impairing synaptic transmission, particularly in 
the hippocampus where reduced Syn1 may limit presynaptic neurotransmitter release. This study provides new insights into 
the impact of ELF-MF on brain development and underscores the need for further research in this field. 
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Brain development is a complex and critical process 
that begins in the prenatal period and continues until 
puberty, influenced by various physical and 
environmental factors¹,². During this time, neural 
progenitor cells play a vital role in the molecular and 
cellular differentiation necessary for proper brain 
formation. In the early stages of embryonic 
development, particularly during the first two weeks, 
there is a high proliferation of stem cells, including 
embryonic neuronal stem cells, which are essential for 
the formation of the fetal nervous system³. 

The differentiation of these stem cells into neuronal 
and glial cells is a crucial step in neurogenesis, with 
each stage being fundamental to the overall 
development and health of the nervous system. 
Disruptions during these stages can lead to 
neuroinflammation and subsequent cell death, 
highlighting the importance of each step in 
developmental neurogenesis4,5.  

Electromagnetic fields (EMFs) are environmental 
stressors of increasing concern due to their ubiquitous 
presence in modern life. Power-line freuency fields 
(50/60 Hz), known as extremely low-frequency 
magnetic fields (ELF-MF), are among the most 
widespread electromagnetic exposures in modern life6. 

Classified as a possible human carcinogen (Group 
2B) by the International Agency for Research on 
Cancer (IARC)7, 50 Hz ELF-MF are subject to 
occupational exposure limits recommended by 
International Commission on Non-Ionizing Radiation 
Protection (ICNIRP) and endorsed by the WHO8,9. 

The potential health risks associated with ELF-MF 
exposure first came to light following an 
epidemiological study that linked it to childhood 
leukemia¹⁰. 

This study prompted numerous in vivo and in vitro 
experiments to further investigate the effects of ELF-
MF¹¹-¹³. However, the mechanisms underlying these 
effects remain poorly understood, with research 
producing contradictory results¹³. Beyond cancer risk, 
there is growing interest in how ELF-MF exposure 
might affect neurodevelopment and cognitive function¹⁴.  

—————— 
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Neural progenitor cell differentiation into 
astrocytes and oligodendrocytes is highly sensitive to 
environmental stressors such as EMFs15, and 
disruptions during this process can have lasting 
consequences for brain development and function. 

ELF-MF exposure during the embryonic stage 
alters transcription of apoptosis-related genes in 
embryonic stem cell–derived neurons, underscoring 
their vulnerability to electromagnetic stress16-18. 
Moreover, ELF-MF exposure during embryonic 
development has been associated with growth 
retardation and an increased risk of congenital 
anomalies, suggesting potential toxic effects on the 
developing fetus¹⁹. 

Several animal studies have demonstrated that 
exposure to 50 Hz ELF-MF can negatively affect 
hippocampal neuronal structures and related cognitive 
functions, such as recognition memory and synaptic 
plasticity²⁰,²¹. Additionally, ELF-MF exposure has 
been linked to an increased incidence of brain 
tumors²² and a decrease in neuron numbers within the 
hippocampus of the central nervous system (CNS) in 
children²³,¹⁵. Prenatal ELF-MF exposure has been 
linked to cognitive and memory impairments in 
offspring, potentially disrupting hippocampal-
dependent functions during critical developmental 
windows21,24,25. Rodents exposed in utero to ELF-MF 
have shown deficits in spatial memory and reduced 
hippocampal neuron density, potentially due to 
impaired synaptic plasticity and long-term 
potentiation mechanisms²⁶. 

Additionally, ELF-MF exposure has been 
associated with increased permeability of the blood–
brain barrier (BBB), especially under vulnerable 
physiological conditions like diabetes, where leakage 
of albumin-bound dyes into brain tissue has been 
observed²⁷. Moreover, ELF-MF exposure has been 
shown to alter voltage-gated sodium and potassium 
channel currents in hippocampal CA1 pyramidal 
neurons, potentially disrupting ionic homeostasis and 
contributing to altered neural function²⁸.  

Understanding how ELF-MF exposure interacts 
with the developing immune and synaptic systems 
requires the careful selection of biologically 
meaningful markers. Given the sensitive nature of 
neural cells, this study investigated by analyzing the 
effects of continuous exposure to extremely low-
frequency magnetic fields (50 Hz, 500 µT). The 
magnetic flux density of 500 µT was selected to 
establish a controlled high-level experimental 

exposure model during sensitive developmental 
windows and to allow comparison with previous 
experimental ELF-MF studies investigating 
biological, inflammatory, and neurodevelopmental 
outcomes. This intensity is higher than typical 
residential or environmental ELF-MF exposure levels 
and exceeds the ICNIRP reference level for general 
public exposure at 50 Hz; however, it remains below 
the ICNIRP occupational reference level for 50 Hz 
magnetic field exposure. Therefore, 500 µT was not 
intended to represent ordinary daily environmental 
exposure, but rather to evaluate biological responses 
under sustained high-intensity exposure conditions 
that may be relevant to certain occupational or 
technical environments. The exposure was produced 
by a calibrated Merritt coil system during critical 
developmental periods: prenatal (gestational days  
0–21) and postnatal (PND 0–21).  

Interleukin-4 (IL-4), Interleukin-17A (IL-17A) and 
interferon-gamma (IFN-γ) were selected as 
representatives of the T helper 1 (Th1), T helper  
17 (Th17), and T helper 2 (Th2) pathways, given their 
established roles in neuroinflammation and ELF-MF–
related immune responses29-31. Postsynaptic density 
protein-95 (PSD-95) and Synapsin 1 (Syn1) were 
included as synaptic markers for postsynaptic 
integrity and presynaptic function, both sensitive to 
neuroinflammatory and electromagnetic stress32,33. 
Together, this panel enables a focused evaluation of 
ELF-MF–induced neuroinflammatory and synaptic 
changes in the developing brain. 
 
Materials and Methods 
 

Animal model 
This study was approved by the Ethics Committee 

of Bezmialem University (Approval ID 2020/25). 
Sprague-Dawley rats were purchased from the 
Bezmialem University Experimental Research 
Laboratory and the experiment was carried out in the 
same laboratory. 

The Control Group was formed and received no 
exposure at any period and duration, served as the 
sham group for the study. Combined Group was 
exposed both prenatally (from the first day of 
pregnancy to birth, i.e., the entire gestation period  
(21 days) and postnatally (the first 21 days after 
birth). Prenatal Group was exposed only prenatally, 
Postnatal Group only postnatally. All exposures were 
continuous (24 h/day) (Fig.1). Tissue collection was 
performed on PND21. 
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All animals were housed at 22°C±1 on a 12h/12h 
light-dark cycle and had ad libitum access to water 
and food. The experimental groups were formed as 
follows. Eight healthy female Sprague-Dawley rats 
aged 4 months were mated in separate cages. After 
confirmation of pregnancy, the pregnant dams were 
randomly assigned to four experimental groups, with 
two dams in each group: Control, Combined, 
Prenatal, and Postnatal groups. Thus, a total of four 
pregnant dams, corresponding to the Combined and 
Prenatal groups, were exposed to ELF-MF during 
gestation. The remaining four dams, corresponding to 
the Control and Postnatal groups, were not exposed 
during pregnancy. The average litter size was 
approximately seven to ten pups per dam. After birth, 
offspring were selected from the litters of the two 
dams assigned to each group in a balanced manner. 
The sample size indicated for each group refers to the 
number of offspring, not the number of dams. 
Accordingly, the offspring constituted the unit of 
analysis, while the dams were not included in the 
biochemical analyses. 

Control Group (n=14): No ELF-MF exposure 
(sham group). 

Combined Group (n=14): Exposed to ELF-MF 

both before birth (prenatal) and after birth (postnatal) 
for 21 days each (21d+21d=42 days). 

Prenatal Group (n=10): Exposed to ELF-MF only 
before birth for 21 days. 

Postnatal Group (n=10): Exposed to ELF-MF 
only after birth for 21 days. 

The number of animals in the groups differed as 
allowed by the ethics committee and depended on the 
numbers obtained from births. All offspring were 
sacrificed 3 weeks after birth. The mothers were not 
included in the study but were kept with their 
offspring throughout the experiment. 
 
ELF-MF Exposure 

Rats were exposed to ELF-MF using a Merritt coil 
system as shown in Fig. 2. The uniform magnetic 
field strength produced by the Merritt coil system34,35 

was confirmed using a calibrated gaussmeter and 
adjusted to 500 µT at the center of the exposure 
chamber. 

The first drawing shows the height, depth and 
width of the Merritt coil system setup (175 cm,  
125 cm, and 125 cm, respectively). Four square coils 
were used to generate 50 Hz, 500 µT ELF-MF.  
The “26/11/11/26” notation indicates the number  
of windings in the 1st through 4th square coils, 
respectively. Cages were used to house the animals in 
the system. Shelves used for cage placement are 
spaced at 47 cm – 32 cm – 47 cm from top to bottom 
to ensure symmetric positioning within the uniform 
magnetic field region. 

Animals were housed in individual Plexiglas cages 
(42.7 × 28.7=1225 cm² floor area), with two to three 
animals per cage. These cages were placed on the 
shelves (90 × 90 cm each) of a custom-designed 
Merritt coil system composed of four square coils. 
The inner coils had 11 turns, and the outer coils had 
26 turns, wound using AWG 5 enamel-coated solid 
copper wire (radius = 0.462 cm). A variac-controlled 

 
 

Fig. 1 — Experimental design illustrating the periods and
durations of extremely low frequency magnetic field (ELF-MF)
(50 Hz, 500 µT) exposure.  

 
 

Fig. 2 — Schematic representation and actual image of the Merritt coil system used for ELF-MF exposure. 
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AC power supply was used to generate a continuous, 
sinusoidal 50 Hz magnetic field with a flux density of 
500 ± 8 µT, applied 24 h/day throughout the exposure 
period. Exposure durations were 21 days during 
gestation (prenatal) and/or 21 days postnatally, 
depending on the group.  

The magnetic field distribution was verified using a 
Narda EHD50D probe with 6-minute averaging, and 
background field measurements in the same room 
were 10–12 µT with the coils turned off. All animals 
were exposed simultaneously and housed within their 
own cages inside the coil system throughout the 
exposure period. The layout and positioning of the 
cages within the field are shown in Fig. 2. No increase 
in temperature was detected in the wires or the 
environment during operation. Relative humidity and 
ambient temperature were kept constant at 50 ± 10% 
and 22 ± 1°C, respectively. No other magnetic  
field-generating equipment was present in the 
exposure room, and the use of a Faraday cage was 
deemed unnecessary due to its ineffectiveness at 
shielding low-frequency magnetic fields. The induced 
electric field was measured as ~0.0031 V/m, 
remaining well below the ICNIRP basic restriction 
limit (0.1 V/m) for CNS exposure8. 
 
Homogenate preparation 

Cerebral cortex and hippocampus were dissected 
from offspring brains immediately after sacrifice. 
Brain tissues from the Control and ELF-MF groups 
were rapidly removed, placed on ice, and the 
hippocampus and cortex were separated. Each tissue 
homogenate was washed in ice-cold phosphate-
buffered saline to remove residual blood and weighed 
prior to homogenization. Tissues were minced with a 
scalpel on an ice-cold surface and homogenized using 
a motorized homogenizer in ice-cold lysis buffer  
(pH 7.4) at a tissue-to-buffer ratio of 1:9 (w:v). The 
lysis buffer contained 50 mM Tris-HCl, 150 mM 
NaCl, 1% Triton X-100, 0.1% SDS, and was 
supplemented immediately before use with a 
commercial protease inhibitor cocktail (Sigma-
Aldrich) to prevent protein degradation. All 
homogenization procedures were carried out on ice to 
maintain protein integrity. Homogenates were 
centrifuged at 15,000 rpm for 15 min at 4°C, and the 
resulting supernatants were collected. Supernatants 
were either used immediately for Enzyme-Linked 
Immuno-Sorbent Assay (ELISA) assays or aliquoted 
and stored at −80°C until analysis to avoid repeated 
freeze–thaw cycles. 

Measurement of cytokine and synaptic protein levels 
IL-4, IL-17A and IFN-γ cytokine quantification 

analyses of the homogenates were performed using an 
ELISA kit (Bioassay Technology Laboratory, China) 
according to the manufacturer’s instructions.  
All reagents were kept at room temperature. 
Homogenates, diluted standards and the detection 
antibody were added to the plate. Then 50 µl of 
Streptavidin-HRP solution was added to all the wells. 
After 1 h incubation at 37°C, the wells were washed 
and the substrate solutions (Substrate A and B) were 
added and plates were maintained at 37°C for  
10 minutes in the dark before the addition of stop 
solution. The absorbance was read at 450 nm using a 
microplate reader. Syn1 and PSD-95 analyses of the 
homogenates were performed using the ELISA kit 
(Bioassay Technology Laboratory, China) according 
to the manufacturer’s instructions.  
 
Statistical Analysis 

Normality of data distribution for each group  
was assessed using the Shapiro–Wilk and 
D’Agostino–Pearson tests in GraphPad Prism (v10). 
Datasets that did not meet normality assumptions 
were analyzed using the Kruskal-Wallis test followed 
by Dunn’s multiple comparisons test, whereas 
datasets that passed normality were analyzed using 
one-way ANOVA followed by Tukey’s post hoc test. 
All data are presented as mean ± SEM, and a 
significance level of p < 0.05 was considered 
statistically significant. To explore predictive  
links between cytokine levels (IL-17A, IFN-γ, IL-4) 
and synaptic protein expression (PSD-95, Syn1) in  
the cortex and hippocampus, we performed 
correlation and linear regression analyses, with 
cytokine levels as independent variables (X) and 
synaptic protein values as dependent variables (Y). 
We used Pearson’s correlation when both variables 
passed normality tests and Spearman’s rank 
correlation otherwise. Linear regression was fitted to 
each cytokine–protein pair, and 95% confidence 
intervals (CI) were reported for the slope and 
intercept. GraphPad Prism (v10) was used to compare 
regression slopes and intercepts across groups  
within an ANCOVA framework, and goodness of  
fit was expressed as R². Assumptions of normality 
and homogeneity of variance were tested prior  
to analysis. Data were analyzed separately for  
the cortex and hippocampus regions, and scatter  
plot graphs were used to summarize group-wise 
comparisons. 
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Results 
 

Cytokine and Synaptic Protein Levels 
IL-17A levels in the cortex were highest in 

Combined Group (100.71 ± 3.63 ng/L), followed by 
Prenatal Group (89.27 ± 2.15 ng/L), Postnatal Group 
(85.76 ± 4.37 ng/L), and the Control Group  
(82.99 ± 4.58 ng/L). Ordinary one-way ANOVA with 
Tukey’s post hoc tests revealed a significant increase 
in Combined Group compared to the Control Group 
(p = 0.0127, Mean Diff: 17.73; 95% CI: 3.238 to 
32.22). IL-4 levels in the cortex were relatively 
similar across all groups: Control Group (88.07 ±  
4.90 ng/L), Prenatal Group (84.46 ± 5.17 ng/L), 
Combined Group (82.47 ± 3.94 ng/L), and Postnatal 
Group (82.41 ± 4.87 ng/L). No statistically significant 
differences were observed between the groups.  
IFN-γ levels in the cortex were highest in Combined 
Group (43.82 ± 2.43 ng/L), followed by  
Postnatal Group (35.85 ± 3.80 ng/L), Prenatal Group 
(34.05 ± 3.70 ng/L), and the Control Group  
(30.64 ± 3.32 ng/L). Group differences were analyzed 
using the Kruskal–Wallis test followed by Dunn’s 
post hoc for multiple comparisons, which revealed a 
significant increase in Combined Group compared to 
the Control Group (p = 0.028, IQR:11.62, Dunn test).  

IL-17A levels in the hippocampus were highest in 
Combined Group (77.50 ± 4.08 ng/L), followed by 
Postnatal Group (63.13 ± 4.75 ng/L), Prenatal Group 
(61.02 ± 4.67 ng/L), and the Control Group (62.16 ± 
3.60 ng/L). Ordinary one-way ANOVA with Tukey’s 

post hoc tests revealed a significant increase in 
Combined Group compared to the Control Group  
(p = 0.024; Mean Diff: 15.34; 95% CI: 0.1217 to 30.57).  

IL-4 levels in the hippocampus were similar  
across all groups: Control Group (62.15 ± 3.22 ng/L), 
Prenatal Group (61.85 ± 3.65 ng/L), Postnatal  
Group (60.82 ± 4.00 ng/L), and Combined Group 
(60.18 ± 3.63 ng/L), with no statistically significant 
differences observed. 

IFN-γ levels in the hippocampus were slightly 
elevated in Combined Group (44.14 ± 8.52 ng/L), 
compared to Prenatal Group (40.36 ± 2.51 ng/L), 
Postnatal Group (39.69 ± 3.00 ng/L), and the Control 
Group (38.98 ± 1.88 ng/L), but the differences  
were not statistically significant. As shown in Fig. 3, 
in the comparison of cytokine levels, IL-17A and 
IFN-γ levels were significantly increased in the cortex 
of the group exposed to magnetic field in the 
combined periods, and only IL-17A levels were 
significantly higher in the hippocampus compared to 
the Control Group. 

Data are presented as mean ± SEM, with all ELISA 
measurements performed in duplicate. Normality was 
assessed using the Shapiro Wilk test. Datasets that did 
not meet normality assumptions IFN-γ in the cortex 
and IL-4 in the hippocampus were analyzed using the 
Kruskal–Wallis test, followed by Dunn’s multiple 
comparisons test. All remaining datasets met 
normality criteria and were analyzed using one-way 
ANOVA, followed by Tukey’s post hoc test.  

 
 

Fig. 3 — Effects of ELF-MF exposure on IL-17A, IL-4 and IFN-γ concentrations (ng/L) in the cortex; (a) and hippocampus, (b) of rat
offspring. Combined: prenatal + postnatal ELF-MF (n = 14), Prenatal: prenatal ELF-MF (n = 10), Postnatal: postnatal ELF-MF (n = 10), 
and Control (sham) group (n = 14).  
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Syn1 and PSD-95 concentration graphs for the 
hippocampus region are presented in Fig. 4. Syn1 
levels in the hippocampus were highest in the Control 
Group (1.41 ± 0.05 ng/L), followed by Prenatal Group 
(1.28 ± 0.07 ng/L), Postnatal Group (1.26 ± 0.08 
ng/L), and Combined Group (1.16 ± 0.05 ng/L). 
Ordinary one-way ANOVA with Tukey’s post hoc 
tests revealed a significant reduction in Combined 
Group compared to the Control Group (p = 0.035; 
Mean Diff: -0.2502; 95% CI: -0.4687 to -0.03160). 
PSD-95 levels in the hippocampus were highest in  
the Control Group (1.92 ± 0.17 ng/L), followed  
by Postnatal Group (1.81 ± 0.15 ng/L), Prenatal 
Group (1.74 ± 0.16 ng/L), and Combined Group  
(1.29 ± 0.10 ng/L). Group differences were analyzed 
using the Kruskal–Wallis test followed by Dunn’s 
post hoc test for multiple comparisons, tests revealed 
a significant reduction in Combined Group compared 
to the Control Group (p = 0.037, IQR=1.29).  
As shown in Fig. 4, in the comparison of synaptic 
protein levels, Syn1 and PSD-95 levels were 
significantly decreased in the hippocampus of the 
group exposed to the magnetic field during combined 
period compared to the Control Group. 

Syn1 and PSD-95 concentration graphs for the 
cortex region are presented in Fig. 5. Syn1 levels in 
the cortex were highest in the Control Group  
(1.20 ± 0.08 ng/L), followed by Postnatal Group  
(1.16 ± 0.09 ng/L), Prenatal Group (1.16 ± 0.07 ng/L), 
and Combined Group (1.15 ± 0.04 ng/L). The 

differences between groups were not statistically 
significant. PSD-95 levels in the cortex were highest 
in the Control Group (2.37 ± 0.24 ng/L), followed by 
Prenatal Group (1.84 ± 0.27 ng/L), Postnatal  
Group (1.79 ± 0.26 ng/L), and Combined Group  
(1.40 ± 0.15 ng/L). Dunn post hoc tests revealed a 
significant decrease in Combined Group compared to 
the Control Group (p = 0.025: IQR: 1.067). As shown 
in the bar graph in Fig. 5, Syn1 levels in the cortex 
did not differ significantly between groups, whereas 
PSD-95 levels were significantly reduced in 
combined compared to the Control Group. 

To explore predictive relationships between 
inflammatory mediators and synaptic proteins, we 
conducted linear regression analyses in the cortex and 
hippocampus. In the cortex (Fig. 6A), IL-17A levels 
positively correlated with PSD-95 expression in 
Combined Group. The regression slope was 
significant (β = 0.0241, 95% CI 0.0039–0.0444,  
R² = 0.359, p = 0.0235). This means higher IL-17A 
concentrations predicted increased PSD-95 levels. In 
the hippocampus (Fig. 6B), IFN-γ levels showed a 
significant negative correlation with Syn1 in Prenatal 
Group (β = –0.0133, 95% CI –0.0243 to –0.0023,  
R² = 0.491, p = 0.0240). In other words, increased 
IFN-γ and decreased Syn1 expression are correlated. 
Also, in the hippocampus (Fig. 6C), IL-4 showed a 
significant negative relationship with Syn1 in Prenatal 
Group (β = –0.0142, 95% CI –0.0254 to –0.0030,  
R² = 0.519, p = 0.0189). This indicates that higher  
IL-4 levels predicted decreased Syn1 expression. 

 
 

Fig. 4 — Effects of ELF-MF exposure on Syn1 and PSD-95
concentrations (ng/L) in the hippocampus of rat offspring from
four groups: Combined Group (prenatal + postnatal ELF-MF)
(n=14), Prenatal Group (prenatal ELF-MF) (n=10), Postnatal
Group (postnatal ELF-MF) (n=10), and Control Group
(sham control) (n=14). Data are presented as mean ± SEM, with
all ELISA measurements performed in duplicate. A) Syn1 levels
were significantly reduced in the hippocampus of Combined
Group compared to the Control Group (p = 0.035). B) PSD-95
levels were also significantly decreased in the hippocampus
of Combined Group compared to the Control Group (p = 0.037).
* p < 0.05 compared with the Control Group. 

 
 

Fig. 5 — Effects of ELF-MF exposure on Syn1 and PSD-95 
concentrations (ng/L) in the cortex of rat offspring from four
groups: Combined Group (prenatal + postnatal ELF-MF) (n=14),
Prenatal Group (prenatal ELF-MF) (n=10), Postnatal Group 
(postnatal ELF-MF) (n=10), and Control Group (sham control)
(n=14). Data are presented as mean ± SEM, and with all ELISA
measurements performed in duplicate. A) Syn1 levels in the 
cortex did not show a significant difference between groups. B)
PSD-95 levels were significantly decreased in the cortex of
combined compared to the Control Group (p = 0.025). * p < 0.05  
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Overall, these analyses show that cytokine–synaptic 
protein interactions vary by region and group. 
Positive associations occur in the cortex, while 
negative ones occur in the hippocampus with 
increased inflammatory signaling. Although IL-4 
levels did not differ between groups, exploratory 
regression suggested that within Prenatal Group 
higher IL-4 values were associated with lower Syn1 
indicating that even subtle shifts in cytokine balance 
may affect presynaptic proteins. 
 
Discussion 

This study investigated the neurological effects of 
continuous exposure to ELF-MF at 500 µT and 50 Hz 
during the developmental stages of Sprague Dawley 
rats. Our objective was to establish a controlled  
high-level experimental exposure model by applying 
a homogeneous, sinusoidal magnetic field during 
critical periods of brain development: prenatal and 
early postnatal. Unlike previous studies that primarily 
focus on postnatal or adult periods13,14, our 
experimental design enabled us to assess the 
combined effects of both prenatal and postnatal ELF-
MF exposure on cytokine levels and synaptic proteins 
in the cortex and hippocampus36. One notable finding 
in our study was that only the group exposed to ELF-
MF both before and after birth (Combined Group) 
showed significant changes in inflammatory and 
synaptic markers. In contrast, exposure during 
prenatal (Prenatal Group) or postnatal (Postnatal 
Group) period did not have similar effects. This 
suggests that the timing and total amount of exposure 
are both crucial in determining how susceptible the 
brain is to ELF-MF during development36. 

In the combined exposure group, we detected a 
significant increase in IL-17A levels in both the cortex 
and hippocampus, alongside a slight rise in IFN-γ 
levels, particularly in the cortex. The increase in IFN-γ 
in the hippocampus did not reach statistical 
significance. These results may suggest a shift toward 
Th17- and Th1-related inflammatory signaling in the 
developing brain. IL-17A is known to play a crucial 
role in central nervous system inflammation, disrupting 
BBB integrity and affecting cortical lamination18,36-39. 
In models of maternal immune activation, elevated  
IL-17A has been linked to increased microglial 
clustering, accelerated phagocytosis of progenitor cells, 
and lasting behavioral changes in cortical circuits.  
Our findings suggest that ELF-MF may foster a  
Th17-dominated inflammatory environment during 
critical neurodevelopmental periods37,39. Our findings 
resonate with earlier research revealing ELF-MF's 
impact on the Th1/Th17 response. Öztürk et al.31, 
uncovered that prenatal and postnatal ELF-MF 
exposure increased IL-17A and IFN-γ levels in rats, 
while IL-4 levels stayed the same. In line with this, 
Salehi et al.29, and Sobhanifard et al.30, demonstrated 
ELF-MF's role in reshaping the cytokine profile, 
favoring a Th1/Th17 rather than Th2 response.  
This immune transformation has been consistently 
linked to neurodevelopmental disorders, cognitive 
decline, and behavioral changes 21,23,24.  

Our study's lack of increased IL-4 in the cortex 
further underscores that the inflammatory response 
did not shift toward a Th2-related profile, indicating a 
persistent Th1/Th17-skewed immune profile rather 
than a Th2 response. The combined elevation of  
IL-17A and IFN-γ in the cortex may exacerbate 

 
 

Fig. 6 — Regression analyses of cytokine levels and synaptic protein expression in cortex and hippocampus. A) In the cortex, IL-17A 
levels were significantly associated with PSD-95 expression, with higher IL-17A predicting increased PSD-95. B) In the 
hippocampus, IFN-γ levels showed a negative relationship with Syn1 levels, which reached statistical significance. C) In the
hippocampus, IL-4 levels were significantly and inversely associated with Syn1 indicating that higher IL-4 predicted reduced 
Syn1 expression. Each dot represents data from an individual animal. Solid lines indicate best-fit linear regression; dotted lines represent
95% confidence intervals of the regression. 
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neuroinflammation by enhancing microglial 
activation. IL-17A is known to stimulate 
microglia36,40, while IFN-γ directs them towards a 
neurotoxic phenotype through iNOS production, 
increased nitric oxide, and oxidative stress41-43.  
The more pronounced increase in IFN-γ in the cortex 
compared to the hippocampus suggests regional 
differences in glial cell responses to environmental 
stimuli40,42. This type of regional variability may help 
explain why specific brain regions exhibit greater 
susceptibility to inflammation. Evidence from both 
animal and human studies indicates that exposure to 
ELF-MF affects the permeability of the BBB and 
influence on oxidative stress, and the activation of 
peripheral cytokines. The BBB immaturity during 
prenatal and early postnatal periods may increase its 
vulnerability to elevated cytokine levels impacting 
brain tissue39,44,45. IL-17A has been shown to facilitate 
immune cell migration into the brain by 
compromising tight junctions38,39. A study on power 
plant workers reported that ELF-MF exposure 
increases circulating levels of proinflammatory 
markers such as IL-1β and IL-646,47. In line with  
this, Korenevskiy and colleagues48,49 observed that 
long-term occupational exposure to 50 Hz 
electromagnetic fields is linked to elevated free 
radical generation, oxidative stress, and impaired 
immune function. Together, these data place our 
findings within a broader context of ELF-MF–related 
biological vulnerability. 

Alongside inflammatory changes, we noted 
significant disruptions in synaptic proteins. Combined 
prenatal and postnatal ELF-MF exposure (Combined 
Group) was associated with decreased PSD-95 levels 
in the cortex and hippocampus and reduced Syn1 
levels in the hippocampus. PSD-95 is a crucial 
scaffolding protein in the postsynaptic density that 
stabilizes glutamatergic synapses33,50. Lower levels of 
this protein have been associated with impaired 
dendritic spine maturation, altered plasticity, and 
diminished cognitive performance51,52. Syn1 regulates 
presynaptic vesicle dynamics, and its reduction may 
hinder neurotransmitter release32,42,53. Taken together, 
our findings suggest that ELF-MF may affect both 
pre- and postsynaptic components of synaptic 
structure.  

The interplay between neuroinflammation and 
synaptic dysfunction has been highlighted in a 
growing body of work. IL-17A and IFN-γ, for 
example, can influence synaptic protein expression 

through NF-κB–dependent and calcium-regulated 
signaling pathways42,43,54. Several studies have also 
reported that ELF-MF exposure interferes with 
neuronal calcium balance25,55, a change that may 
heighten the impact of inflammatory mediators.  
In this context, elevated IL-17A and IFN-γ together 
with altered calcium homeostasis might contribute to 
synaptic alterations, although in our sample IL-17A 
levels showed a positive association with PSD-95 in 
the cortex, suggesting a more complex relationship. 
The positive association between IL-17A and PSD-95 
within the Combined Group may reflect a context-
dependent role of IL-17A at the synaptic level rather 
than straightforward pro-inflammatory suppression. 
However, causal inference is not possible from these 
correlational data, and this finding warrants further 
investigation36,42,56. 

However, this study has some limitations. First, 
cytokine and synaptic protein levels were measured 
exclusively by ELISA. Although ELISA provides 
quantitative information on protein concentrations, it 
does not allow confirmation of protein expression 
patterns or regional/cellular localization within brain 
tissue. Therefore, future studies incorporating 
complementary approaches such as Western blotting, 
immunohistochemistry, or immunofluorescence 
would provide further validation of these findings at 
both the protein expression and spatial distribution 
levels. Furthermore, while the elevated IL-17A and 
IFN-γ levels suggest involvement of Th1/Th17-
mediated neuroinflammatory signaling, the 
measurement of only three cytokines constitutes a 
limitation, and the present findings therefore reflect a 
partial view of the inflammatory response. Broader 
cytokine panels or multiplex approaches in future 
studies would be necessary to more comprehensively 
characterize the neuroinflammatory milieu and 
strengthen mechanistic interpretations. In addition, 
although the observed reductions in PSD-95 and Syn1 
may indicate alterations in synaptic protein regulation, 
this study did not include behavioral testing, 
electrophysiological recordings, or direct functional 
assessments of synaptic transmission. Therefore, 
conclusions regarding cognitive function or synaptic 
activity should be interpreted with caution. It should 
be noted that new projects addressing these 
limitations, including broader cytokine profiling, 
complementary protein expression analyses, and 
behavioral and electrophysiological assessments, are 
currently ongoing in our laboratory. Future studies 
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combining molecular analyses with behavioral and 
electrophysiological approaches are needed to 
determine the functional consequences of ELF-MF 
exposure during brain development. 
 
Conclusion 

In conclusion, our data show that continuous 
exposure to 50 Hz, 500 µT ELF-MF during prenatal 
and postnatal periods leads to higher IL-17A levels in 
the cortex and hippocampus, higher IFN-γ levels in 
the cortex, and decreased PSD-95 levels in both the 
cortex and hippocampus, together with reduced Syn1 
levels in the hippocampus. These changes indicate 
that ELF-MF may promote a pro-inflammatory 
environment in the developing brain and negatively 
affect synaptic function by disrupting brain 
development. The most significant changes occur 
when exposure spans both developmental periods, 
revealing the cumulative impact of prolonged 
exposure. The increases in IL-17A in both the cortex 
and hippocampus and in IFN-γ in the cortex, with no 
change in IL-4, suggest a shift toward a Th1/Th17 
immune profile. This shift may weaken synaptic 
structure and presynaptic vesicle regulation in early 
development due to the decrease in PSD-95 structure 
and Syn1 levels in the hippocampus.  

 Although our exposure model represents higher 
magnetic field levels, closer to former occupational 
exposure limits than to typical environmental doses, 
the findings suggest that strong or prolonged ELF-MF 
exposure may pose a risk to neurodevelopmental 
processes. As stated before, until we have a clearer 
understanding of how developmental stages influence 
sensitivity to ELF-MF, it may be prudent to limit 
high-level exposure during pregnancy and early 
childhood. A better grasp of potential regional 
differences in brain susceptibility will contribute to 
more reliable public health recommendations in the 
future. As research in this area progresses, identifying 
the periods when the developing brain is most 
vulnerable will allow exposure guidelines to be 
shaped with greater confidence. 
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