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ABSTRACT 
Wi-Fi is a common source of radiofrequency electromagnetic field (RF-EMF) exposure, operating at 2.4 GHz and 5 
GHz frequencies. Increasing experimental evidence suggests that RF-EMF exposure during prenatal and early 
postnatal periods may influence neurodevelopment and behavior. This review examines the effects of RF-EMF 
exposure on learning, memory, anxiety-like behaviors, motor activity, and exploratory behaviors. The study is 
based on 65 experimental studies identified through a literature search conducted in PubMed, Web of Science, 
and Scopus databases. Mechanistic studies indicate that these effects are associated with increased oxidative 
stress, impaired synaptic plasticity, and modulation of neuronal signaling pathways, potentially affecting 
neurogenesis, dendritic spine formation, and the maturation of neural circuits. Findings from animal studies are 
heterogeneous; while some studies report mild cognitive and motor impairments, others do not observe 
significant behavioral changes. Human data remain limited and controversial, providing low-level evidence 
regarding cognitive and behavioral effects. Nevertheless, the sensitivity of the developing nervous system to such 
exposures is noteworthy. Current evidence suggests that RF-EMF exposure may affect neurodevelopment and 
behavior through neurobiological mechanisms. However, further standardized, long-term, and multidimensional 
studies are required to reach definitive conclusions regarding the direction and magnitude of these effects. 
Factors such as exposure duration, intensity, developmental stage, and sex appear to play critical roles.  
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ÖZ 
Wi-Fi, 2,4 GHz ve 5 GHz frekanslarında çalışan yaygın bir radyo frekansı elektromanyetik alan (RF-EMF) kaynağıdır. 
Artan deneysel bulgular, prenatal ve erken postnatal dönemde RF-EMF maruziyetinin nörogelişim ve davranış 
üzerinde etkili olabileceğini göstermektedir. Bu derleme, RF-EMF maruziyetinin öğrenme, hafıza, kaygı benzeri 
davranışlar, motor aktivite ve keşif davranışları üzerindeki etkilerini incelemektedir. Çalışma, PubMed, Web of 
Science ve Scopus veri tabanlarında yapılan literatür taraması sonucunda seçilen 65 deneysel araştırmaya 
dayanmaktadır. Mekanistik çalışmalar, bu etkilerin artmış oksidatif stres, bozulmuş sinaptik plastisite ve nöronal 
sinyal yolaklarının modülasyonu ile ilişkili olduğunu ve nörojenez, dendritik diken oluşumu ve sinir devrelerinin 
olgunlaşmasını etkileyebileceğine işaret etmektedir. Hayvan çalışmalarında bulgular heterojendir; bazı 
çalışmalarda hafif bilişsel ve motor bozukluklar gözlemlenirken, diğerlerinde anlamlı davranışsal değişiklikler rapor 
edilmemiştir. İnsan verileri sınırlı ve tartışmalı olup, bilişsel ve davranışsal etkilere dair düşük düzeyde kanıt 
sunmaktadır. Bununla birlikte, gelişmekte olan sinir sisteminin bu maruziyetlere karşı hassasiyeti dikkat 
çekmektedir. Mevcut bulgular RF-EMF maruziyetinin nörobiyolojik mekanizmalar aracılığıyla nörogelişim ve 
davranışı etkileyebileceğini düşündürmektedir. Ancak bu etkilerin yönü ve büyüklüğü konusunda kesin sonuçlara 
ulaşmak için standartlaştırılmış, uzun dönemli ve çok boyutlu çalışmalara ihtiyaç vardır. Maruziyet süresi, 
yoğunluğu, gelişimsel dönem ve cinsiyet gibi faktörler önemli rol oynamaktadır.  
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Introduction 
The widespread use of Wi-Fi (2.4–2.45 GHz) and other radiofrequency electromagnetic fields (RF EMFs) has 
raised concerns about potential impacts on developing organisms, which are particularly vulnerable 
because neurogenesis and synaptic maturation are still ongoing (Çelik et al. 2016, Deena et al. 2025). RF-
EMFs include various wireless signals, Wi-Fi operates within the 2.4–2.45 GHz frequency band, while newer 
technologies such as Wi-Fi 6/6E and higher frequency bands may increase cumulative exposure (Prlić et 
al. 2022). Experimental studies in rodents indicate that prenatal and early-life Wi-Fi exposure induces 
oxidative stress, elevates lipid peroxidation, decreases antioxidant defenses in the brain and liver, and 
increases reactive oxygen species (ROS) and apoptosis in neuronal cells and chick embryo brains (Çelik et 
al. 2016, Deena et al. 2025). 

These molecular and cellular perturbations are linked to deficits in learning, memory, motor function, and 
exploratory behavior, and may also contribute to anxiety-like responses (Li et al. 2020, Wu et al. 2023). 
Maternal stress further exacerbates these outcomes (Othman et al. 2017, Wu et al. 2023). Studies also 
demonstrate that RF-EMF exposure can impair dendritic spine formation, synaptic receptor composition, 
and long-term potentiation, affecting neural circuitry critical for cognition and emotion (Kim et al. 2021, 
Eskandani and Zibaii 2024). Transgenerational effects have been observed, as adult zebrafish Wi-Fi 
exposure affects reproduction, development, and behavior (Mehta et al. 2025). 

Human observational studies suggest potential associations between prenatal RF-EMF exposure and 
subtle emotional or behavioral alterations, although evidence remains limited and heterogeneous (Ishihara 
et al. 2020, Benke et al. 2024). Mechanistic studies indicate that oxidative stress, DNA damage, apoptosis, 
and neuroinflammation operate together to mediate these neurodevelopmental effects (Yakymenko et al. 
2016, Vafaei et al. 2020, Kilic et al. 2023). Collectively, these findings highlight that RF-EMF exposure during 
critical developmental windows may modulate synaptic plasticity, neurogenesis, and cognitive-behavioral 
outcomes, with effects influenced by exposure parameters, developmental stage, and biological sex 
(Karimi et al. 2018, Cordelli et al. 2023). 

This review synthesizes mechanistic, behavioral, and epidemiological evidence, aiming to clarify the 
potential risks of early-life RF-EMF exposure and provide a foundation for future translational research 
and public health guidance (Bodewein et al. 2022, Lamzouri et al. 2025). 

Method 
This narrative review was conducted to synthesize experimental evidence on the neurodevelopmental and 
behavioral effects of prenatal and early-life exposure to Wi-Fi and other RF EMFs. Although narrative 
reviews do not typically follow systematic protocols, a structured approach was applied to enhance 
transparency and reproducibility. 

In literature search the following electronic databases were searched: PubMed, Web of Science, and 
Scopus. The search was conducted up to December 2025. Keywords and combinations included: “Wi-Fi,” 
“radiofrequency electromagnetic fields,” “RF-EMF,” “prenatal exposure,” “early-life exposure,” 
“neurodevelopment,” “behavior,” “cognition,” “anxiety,” “motor function,” and related terms. Boolean 
operators (AND, OR) were used to refine the search. 

Inclusion Criteria were; experimental studies investigating prenatal or early postnatal exposure to Wi-Fi or 
RF EMFs, studies reporting outcomes on neurodevelopment, cognitive function, motor behavior, anxiety-
like behavior, or related behavioral endpoints and human, animal and in vitro studies published in English. 
Non-English studies were excluded. 

For each included study, information on species/model, exposure frequency and intensity, duration, 
developmental stage, behavioral or molecular outcomes, and key findings was extracted and summarized. 
A total of 65 experimental studies were reviewed, including rodent models, zebrafish studies, and in vitro 
neuronal models, covering a wide range of RF EMF exposure parameters and behavioral endpoints. The 
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aim was to provide a comprehensive synthesis of potential neurodevelopmental and behavioral effects 
while acknowledging heterogeneity in experimental approaches. 

Table 1. Types of Radiofrequency Electromagnetic Fields (RF-EMFs) and exposure contexts relevant 
to neurodevelopmental studies 

RF-EMF Type 
/ Source 

Typical 
Frequenc
y Range 

Common 
Applications 

Exposure 
Characteristics 

Key Biological 
Considerations 

Representativ
e References 

Low-
frequency RF-
EMF (Mobile 
phone, 2G) 

~900 MHz GSM mobile 
phones 

Predominantly 
near-field exposure; 
localized exposure 
to head/body; 
intermittent use 

Deeper tissue penetration; 
associated with oxidative 
stress, altered neurogenesis, 
and learning-related 
changes in animal models 

Pooam et al. 
2022, Henz et 
al. 2018 

Intermediate-
frequency RF-
EMF (Mobile 
phone, GSM) 

~1800 
MHz 

GSM / early 
mobile 
networks 

Near-field 
exposure; variable 
SAR depending on 
device use 

Modulation of synaptic 
receptors, neuronal 
excitability, and exploratory 
behavior; effects depend on 
exposure duration and 
intensity 

Pooam et al. 
2022, Henz et 
al. 2018 

Wi-Fi RF-
EMF 

2.4 GHz 
Wi-Fi routers, 
wireless local 
area networks 

Far-field, low-
intensity, 
continuous or semi-
continuous 
background 
exposure 

Lower whole-body SAR; 
potential effects during 
chronic or developmental 
exposure windows 

Prlić et al. 
2022, Foster & 
Moulder, 2013 

Advanced Wi-
Fi (Wi-Fi 
5/6/6E) 

5–6 GHz 

Modern 
wireless 
communicatio
n systems 

Far-field 
environmental 
exposure; extended 
frequency bands 

More superficial energy 
deposition; limited long-term 
developmental data 
available 

Prlić et al. 
2022, Foster 
and Moulder 
2013 

Experimental 
RF-EMF 
Exposure 
Systems 

2.45 GHz, 
3 GHz, 
others 

Laboratory 
signal 
generators, 
exposure 
chambers 

Precisely controlled 
SAR, power 
density, and 
duration 

High reproducibility; limited 
ecological validity relative to 
real-world exposure 

Mevissen et al. 
2025, ICNIRP, 
2020 

GHz: gigahertz; GSM: Global System for Mobile Communications; RF-EMF: radiofrequency electromagnetic field; SAR: specific absorption rate 

Types of Radiofrequency Electromagnetic Fields and Exposure Context 
RF-EMFs encompass non-ionizing electromagnetic radiation within 30 kHz–300 GHz, generated by both 
natural and human-made sources and widely used in modern communication technologies (ICNIRP, 2020). 
Different RF-EMF sources vary in frequency, power, modulation, and exposure geometry, resulting in 
variable biological interactions (Pooam et al. 2022). Wi-Fi primarily operates at 2.4 GHz and 5 GHz, emitting 
continuous or semi-continuous background radiation, in contrast to mobile phones, which produce near-
field exposures (Dongus et al. 2022, Prlić et al. 2022). Emerging technologies, such as Wi-Fi 6/6E, extend 
into higher frequency bands, raising new questions regarding long-term exposure (Prlić et al. 2022). 
Experimental studies employ controlled exposure systems to regulate SAR, power density, and duration, 
although these may not fully replicate real-world conditions (ICNIRP 2020, Dongus et al. 2022). RF-EMFs 
also differ in tissue penetration and energy absorption, which are influenced by wavelength, tissue 
properties, and organism size (Karipidis et al. 2023). Variations in exposure duration, cumulative dose, and 
individual susceptibility further affect biological outcomes, highlighting the need for standardized 
protocols and careful consideration of real-world scenarios. The types of RF-EMF radiation and exposure 
levels addressed in neurodevelopmental studies are summarized in Table 1. 
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Biological Mechanisms of Wi-Fi and RF-EMF Impact on the Developing Brain 
Prenatal and early-life exposure to RF-EMFs, including Wi-Fi frequencies, has been reported to modulate 
neurodevelopment and behavior through a complex interplay of molecular and cellular mechanisms (Wu et 
al. 2023). Developing neural tissue is particularly vulnerable during critical windows of neurogenesis and 
synaptogenesis, and RF-EMF exposure may disrupt these processes at multiple levels (Chen et al. 2014). 

One of the primary mechanisms involves the impairment of neurite outgrowth and dendritic spine 
formation. Early postnatal hippocampal neurons exposed to RF EMF show reduced dendritic arborization, 
decreased density of mushroom-type spines, and lower postsynaptic density protein 95 (PSD95) 
expression, compromising synaptic connectivity and network functionality (Chen et al. 2014, Kim et al. 
2021, Nowak-Terpilowska et al. 2023, Kim et al. 2024). These structural changes are accompanied by 
altered cytoskeletal dynamics and downregulation of key guidance molecules such as ephrin type-A 
receptor 5 (EPHA5), as well as downstream effectors including cAMP response element-binding protein 
(CREB) and Ras homolog family member A (RhoA), which are essential for neurite extension and synaptic 
maturation (Kim et al. 2021, Eskandani and Zibaii 2024). 

In parallel, RF EMF exposure affects synaptic receptor composition and plasticity. Alterations in N-methyl-
D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor 
subunits, along with reduced levels of neuroligin and neurexin, impair excitatory neurotransmission and 
long-term potentiation (LTP), providing a mechanistic basis for deficits in learning and memory observed 
in experimental models. These effects were observed in studies where developing mice were exposed to 
RF‑EMF at 1850 MHz with a specific absorption rate (SAR) of 4.0 W/kg for 5 hours per day over 4 weeks (Kim 
et al. 2021, Kim et al. 2024). Electrophysiological studies in primary hippocampal neurons have further 
demonstrated that 3 GHz RF EMF exposure increases neuronal excitability, alters resting membrane 
potentials, and reduces action potential amplitudes, indicating direct disruption of ion channel function 
and neuronal signaling (Henz et al. 2018, Pophof et al. 2021, Echchgadda et al. 2022). These functional 
perturbations may destabilize developing neural circuits and contribute to cognitive and behavioral 
alterations. 

Oxidative stress represents another central pathway through which RF EMFs affect neurodevelopment. 
Exposure elevates ROS and lipid peroxidation while reducing antioxidant defenses such as glutathione 
(GSH) and superoxide dismutase (SOD), compromising cellular redox homeostasis (Yakymenko et al. 2016, 
Jeong et al. 2018, Narayanan et al. 2019, Hu et al. 2021, Kilic et al. 2023). Elevated ROS levels can impair 
mitochondrial function, activate stress-sensitive signaling cascades such as Mitogen-Activated Protein 
Kinase (MAPK) and nuclear factor kappa B (NF κB), and trigger apoptosis in neural progenitor cells. 
Mitochondria-mediated apoptotic pathways involve upregulation of pro-apoptotic proteins Bax and 
caspase-3 and downregulation of anti-apoptotic Bcl-2, reducing neuronal populations in critical brain 
regions such as the hippocampus and cortex (Kilic et al. 2023, Kim et al. 2024). Complementary studies 
have shown that RF EMF exposure also interferes with DNA repair processes in placental and neural tissue, 
which may further exacerbate developmental vulnerability (Vafaei et al. 2020). 

Neuroinflammatory mechanisms are increasingly recognized as modulators of RF EMF-induced 
neurodevelopmental changes. Offspring exposed to prenatal or early-life RF EMFs exhibit microglial 
activation and increased expression of pro-inflammatory cytokines, including TNF-α and IL-6, in 
hippocampal and cortical regions, which can synergize with oxidative stress to disrupt synaptic plasticity 
and neuronal connectivity (Foster and Moulder, 2013, Mevissen et al. 2025). These molecular and cellular 
alterations together contribute to long-term impairments in learning, memory, motor coordination, and 
anxiety-like behaviors observed in animal models. 

Overall, the evidence indicates that Wi-Fi and RF EMF exposure during critical developmental periods can 
perturb neuronal morphology, synaptic connectivity, electrophysiological properties, oxidative balance, 
apoptotic pathways, and neuroinflammatory signaling. These mechanisms operate in concert to modulate 
neural circuit formation and function, providing a mechanistic foundation for the behavioral and cognitive 
deficits documented in prenatal and early-life exposure studies. The severity and nature of these effects 
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are influenced by exposure parameters, developmental timing, and additional environmental stressors, 
underscoring the importance of standardized experimental protocols to fully elucidate the neurobiological 
impact of RF EMFs (Chen et al. 2014, Jeong et al. 2018, Narayanan et al. 2019, Hu et al. 2021, Nowak-
Terpilowska et al. 2023). 

Table 2. Molecular and cellular mechanisms of RF-EMF effects on the developing brain 

Mechanism Molecular/Cellular 
Changes 

Affected Brain 
Processes 

Observed 
Outcomes 

Key References 

Impaired Neurite 
Outgrowth and 
Synaptogenesis 

↓ Dendritic 
arborization, ↓ 
mushroom spine 
density, ↓ PSD95, ↓ 
EPHA5, ↓ CREB, ↓ 
RhoA 

Neuronal 
differentiation, 
synapse formation 

Reduced synaptic 
connectivity, 
impaired network 
function 

Chen et al. 2014, Kim 
et al. 2021, Nowak-
Terpilowska et al. 
2023, Kim et al. 2024 

Altered Synaptic 
Plasticity 

Changes in NMDA and 
AMPA receptor 
subunits, ↓ neuroligin 
and neurexin 

Long-term 
potentiation 
(LTP), excitatory 
neurotransmission 

Learning and 
memory deficits 

Kim et al. 2021, Kim 
et al. 2024 

Electrophysiological 
Disruption 

↑ neuronal excitability, 
altered resting 
membrane potential, ↓ 
action potential 
amplitude 

Ion channel 
function, neuronal 
signaling 

Circuit instability, 
altered neural 
communication 

Henz et al. 2018, 
Echchgadda et al. 
2022, Pophof et al. 
2021 

Oxidative Stress ↑ ROS, ↑ lipid 
peroxidation, ↓ GSH, ↓ 
SOD 

Cellular redox 
balance, 
mitochondrial 
function 

Cellular damage, 
impaired 
neurodevelopment 

Yakymenko et al. 
2016, Jeong et al. 
2018, Narayanan et 
al. 2019, Hu et al. 
2021, Kilic et al. 2023 

Mitochondrial 
Dysfunction and 
Apoptosis 

↑ Bax, ↑ caspase-3, ↓ 
Bcl-2 

Cell survival 
pathways 

Increased neuronal 
cell death 
(hippocampus, 
cortex) 

Kilic et al. 2023, Kim 
et al. 2024 

DNA Damage and 
Impaired Repair 

Disruption of DNA 
repair mechanisms 

Genomic stability Increased 
developmental 
vulnerability 

Vafaei et al. 2020 

Neuroinflammation Microglial activation, ↑ 
TNF-α, ↑ IL-6 

Immune signaling 
in brain, synaptic 
modulation 

Disrupted 
connectivity, 
behavioral 
alterations 

Foster and Moulder, 
2013, Mevissen et al. 
2025 

Cytoskeletal 
Alterations 

Changes in cytoskeletal 
dynamics 

Neurite extension, 
structural integrity 

Impaired neuronal 
morphology 

Kim et al. 2021, 
Eskandani and Zibaii, 
2024 

Combined/System-
Level Effects 

Interaction of oxidative 
stress, inflammation, 
apoptosis, synaptic 
dysfunction 

Neural circuit 
formation and 
maturation 

Cognitive deficits, 
anxiety-like 
behavior, motor 
impairments 

Wu et al. 2023, 
Nowak-Terpilowska 
et al. 2023 

AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid); Bax (Bcl-2-associated X protein); Bcl-2 (B-cell lymphoma 2); CREB (cAMP response 
element-binding protein); EPHA5 (ephrin type-A receptor 5); GSH (glutathione); IL-6 (interleukin-6); LTP (long-term potentiation); NMDA (N-methyl-D-
aspartate); PSD95 (postsynaptic density protein 95); RF-EMF (radiofrequency electromagnetic field); RhoA (Ras homolog family member A); ROS (reac-
tive oxygen species); SOD (superoxide dismutase); TNF-α (tumor necrosis factor-alpha) 
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The key molecular and cellular effects of RF-EMF exposure on the developing brain are summarized in 
Table 2, highlighting mechanisms such as oxidative stress, apoptosis, synaptic plasticity impairment, and 
neuroinflammation that contribute to neurodevelopmental and behavioral outcomes 

Developmental, Cognitive, and Behavioral Outcomes of Prenatal and Early-
Life RF-EMF Exposure 

Embryo / Neurodevelopmental Effects 

Prenatal and early postnatal exposure to Wi‑Fi and other RF‑EMFs has been reported to influence embryo 
development and neurodevelopment through multiple cellular and molecular pathways. Experimental 
studies indicate that oxidative stress is a key mediator of these effects. Prenatal exposure to 2.45 GHz 
Wi‑Fi in rats significantly increased ROS and lipid peroxidation in both brain and liver tissues of offspring, 
while decreasing key antioxidants such as GSH and SOD, indicating heightened vulnerability of developing 
neural tissue (Çelik et al. 2016). Complementary studies demonstrated that short-term 2.4 GHz exposure 
elevated ROS and apoptosis in SH‑SY5Y neuronal cells and in developing chick embryo brains, suggesting 
that oxidative stress directly impacts cellular viability during critical developmental windows (Deena et al. 
2025). Similarly, Global System for Mobile Communications electromagnetic waves (GSM EMW) exposure in 
fetal rat liver increased oxidative stress markers, further supporting the sensitivity of fetal tissues to 
RF‑EMFs (Salameh et al. 2023). 

RF‑EMF exposure can also impair DNA repair mechanisms and induce apoptosis, as observed in pregnant 
mouse placenta, where Wi‑Fi exposure reduced DNA repair gene expression and increased apoptotic 
markers, potentially compromising fetal development (Vafaei et al. 2020). Epigenetic regulation may also 
be involved, with evidence suggesting that electromagnetic fields can modulate gene expression and 
developmental programming, potentially affecting neurobehavioral outcomes (Sage and Burgio, 2018). 

At the neurodevelopmental level, RF EMFs have been shown to disrupt neurogenesis and synaptic 
plasticity, which are critical for cognitive and behavioral functions. Rats exposed prenatally to 2.45 GHz 
microwave radiation exhibited hippocampal synaptic dysfunction, impaired long-term potentiation, and 
deficits in learning and memory tasks, indicating disruption of neural circuitry formation (Karimi et al. 
2018). In contrast, early postnatal exposure to radiofrequency in mice has been shown to induce synaptic 
dysfunction in cortical neurons, resulting in learning and memory alterations during the neonatal period 
(Kim et al. 2024). These neurodevelopmental deficits correspond with reduced granule cell numbers in the 
hippocampal dentate gyrus, implicating impaired neurogenesis in memory- and learning-related 
behavioral outcomes (Sienkiewicz et al. 2005, Odacı et al. 2008). Electrophysiological studies in primary 
hippocampal neurons further demonstrated altered excitability after 3.0 GHz RF exposure, indicating 
functional changes at the neuronal level that may underlie cognitive deficits (Echchgadda et al. 2022). 

Prenatal and early-life Wi‑Fi exposure also affected neurodevelopmental milestones and behavior in rats, 
including subtle motor and cognitive alterations, potentially mediated by oxidative stress, apoptosis, and 
disrupted synaptic maturation (Wu et al. 2023). Altered hippocampal neurotransmitter receptor expression 
and synaptic proteins underlie changes in cognitive processing, attention, and exploratory behavior (Li et 
al. 2020), while changes in BDNF levels and other neurotrophic factors suggest disruption of synaptic 
plasticity and neural network development (DastAmooz et al. 2023). 

Transgenerational and long-term effects of RF‑EMFs have been reported in animal models. Systematic 
reviews and meta-analyses indicate that exposure during critical developmental windows can increase the 
risk of structural and functional abnormalities in offspring, including growth retardation and altered 
neurobehavioral outcomes (Kashani et al. 2023, Lamzouri et al. 2025). These findings are corroborated by 
studies in zebrafish, where parental RF‑EMF exposure impaired progeny development and behavior, 
emphasizing the potential for long-lasting and multigenerational effects (Wu et al. 2023). 

Collectively, these studies provide strong evidence that Wi‑Fi and RF‑EMF exposure during embryonic and 
early postnatal development can modulate oxidative stress, DNA repair, apoptosis, neurogenesis, synaptic 
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plasticity, and neurotransmission, establishing a mechanistic link to observed behavioral and cognitive 
alterations. The severity and nature of these effects are influenced by exposure frequency, duration, 
developmental stage, and the presence of additional environmental stressors. 

Some studies report minimal, neutral, or even adaptive effects of developmental RF‑EMF exposure. For 
instance, Wu et al. (2023 observed enhanced spatial learning and memory in male offspring, along with 
increased hippocampal BDNF and p-CREB levels, without evidence of neurodegeneration (Wu et al. 2023). 
Similarly, Poulletier de Gannes et al. (2012) reported reported no significant pre- or postnatal 
developmental toxicity in rats exposed to Wi-Fi at standard SAR levels. Adaptive cellular responses have 
also been documented, such as increased antioxidant enzyme activity following low-level RF exposure, 
suggesting potential protective mechanisms against oxidative stress (Mortazavi et al. 2017). In mice, Zheng 
et al. (2023) found minimal effects on spatial memory and limited alterations in anxiety-like behaviors after 
2650 MHz EMR exposure, with no impact on depression-related behaviors. These findings highlight that 
RF‑EMF effects are context-dependent and may vary according to exposure parameters, developmental 
timing, and sex. 

Cognitive and Behavioral Effects 

Prenatal and early‑life exposure to RF‑EMFs, including Wi‑Fi frequencies, has been studied for potential 
impacts on behavioral development in animal models. Although the literature exhibits heterogeneity in 
outcomes, experimental studies provide evidence that developmental RF‑EMF exposure can modulate 
cognitive, motor, and emotional behaviors in offspring through neurobiological alterations (Broom et al. 
2019, Li et al. 2020, Wu et al. 2023,). While multiple studies report behavioral alterations following prenatal 
and early-life RF EMF exposure, the outcomes vary depending on species, exposure frequency, duration, 
and assessment methods. Therefore, the literature should be interpreted with careful consideration of 
these methodological factors. 

Experimental evidence indicates that prenatal RF‑EMF exposure may alter learning and memory 
processes. Li et al. (2020) demonstrated that rats exposed to both 1800 MHz and 2.4 GHz Wi‑Fi RF‑EMF in 
exhibited changes in hippocampal N-methyl-D-aspartate receptor (NMDAR) subunit expression, with 
down-regulation of NR2A and NR2B and up-regulation of NR1, NR2C, NR2D, NR3A, and NR3B, patterns 
associated with altered synaptic transmission and cognitive function. These molecular changes were 
accompanied by behavioral differences in Y‑maze and open field performance, including altered path 
length and exploration patterns, suggesting impaired spatial cognition and attention (Li et al. 2020). 
However, other studies observed minimal or no effect on learning and memory, highlighting the variability 
across models and testing paradigms (Wu et al. 2023, Zheng et al. 2023). These contrasting results suggest 
that cognitive outcomes may be highly dependent on exposure intensity, timing, and sex-specific 
responses. Systematic reviews of animal RF‑EMF studies report possible detrimental effects on learning 
and memory, although the certainty of this evidence is low due to methodological variability. Meta-analyses 
indicate that RF‑EMF exposure in utero may moderately impair maze learning and increase escape latency 
in offspring, suggesting compromised spatial learning capabilities (Cordelli et al. 2023). Moreover, neonatal 
rats exposed to RF‑EMF show reduced levels of brain-derived neurotrophic factor (BDNF) in the 
hippocampus, a critical mediator of synaptic plasticity, learning, and memory, providing mechanistic 
plausibility for observed cognitive deficits (DastAmooz et al. 2023). 

In addition to these molecular mechanisms, several studies have documented behavioral alterations 
across multiple domains following developmental RF‑EMF exposure. Aldad et al. (2012) showed that fetal 
exposure to RF radiation from cellular telephones led to hyperactivity, impaired learning, and altered 
anxiety-like behaviors in mice, associated with disruptions in glutamatergic signaling in the prefrontal 
cortex. Notably, some investigations reported only minor changes in anxiety-like behaviors or even 
adaptive outcomes, emphasizing that RF EMF effects are not universally detrimental and may vary 
according to experimental design and species (Ishihara et al. 2020, Pophof et al. 2024). Similarly, Zhang et 
al. (2015) reported that prenatal microwave exposure impaired exploratory behavior and spatial learning in 
offspring. Postnatal and adolescent exposures also produce persistent effects: Zhang et al. (2017) 
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observed deficits in spatial memory and increased anxiety-like behavior, while Wang et al. (2017) 
demonstrated impairments in novel object recognition memory, reflecting deficits in associative learning. 
Chronic Wi‑Fi exposure has additionally been associated with changes in exploratory activity and 
emotional regulation (Sharaf et al. 2019). A literature review by Attah et al. (2022) further confirms that 
RF‑EMF exposure can affect learning, memory, locomotor activity, and stress-related behaviors across 
multiple animal models, providing convergent evidence for widespread neurobehavioral impacts of 
developmental RF‑EMF exposure. 

These findings indicate that developmental RF‑EMF exposure can affect a broad spectrum of cognitive, 
emotional, and motor behaviors, with both prenatal and early-life exposures producing lasting 
neurobehavioral alterations. Despite some heterogeneity in the literature, the converging evidence 
underscores the importance of considering timing, duration, and intensity of exposure when evaluating 
potential behavioral consequences of RF‑EMFs. Overall, the literature indicates a complex and context-
dependent pattern of effects. Variability may result from differences in RF frequency, exposure duration, 
SAR values, developmental stage at exposure, sex of the offspring, and behavioral testing protocols. A 
holistic evaluation of these factors is necessary to draw balanced conclusions regarding potential 
neurobehavioral impacts.  

Notably, not all studies report detrimental effects. Pophof et al. (2024) found no significant changes in 
attention, processing speed, or motor performance following short-term RF-EMF exposure in humans. 
Similarly, Ishihara et al. (2020) reported minimal effects of RF-EMF on cognitive functions in children and 
adolescents, with statistically significant associations being limited and context-dependent. Some animal 
studies also observed adaptive or neutral outcomes: Wu et al. (2023) reported improved spatial learning 
and memory in male offspring, alongside increased hippocampal BDNF and p-CREB levels without 
evidence of neurodegeneration. Zheng et al. (2023) found only minimal effects on spatial memory and 
limited anxiety-like behavioral changes in mice exposed to 2650 MHz EMR, with no impact on depression-
related behaviors. Moreover, Mortazavi et al. (2017) demonstrated that low-level RF exposure can enhance 
antioxidant enzyme activity, suggesting potential protective cellular responses. These findings highlight 
that RF‑EMF effects on cognitive and behavioral outcomes are context-dependent and may vary according 
to exposure intensity, developmental stage, and biological sex. 

Motor Function and Exploratory Behavior 

Motor activity and exploratory behaviors are also affected by developmental RF‑EMF exposure. Several 
studies have reported altered locomotor activity, with exposed offspring displaying differences in open-
field locomotion, central zone activity, and time spent stationary relative to controls. In the 1800 MHz + 
Wi‑Fi exposure group, offspring exhibited increased average velocity and prolonged stationary periods in 
the error arms of mazes, indicating changes in exploration and motor strategies (Li et al. 2020). 

Other work suggests that prenatal RF EMF exposure may impact motor coordination and balance, 
particularly when combined with maternal stressors. For example, Hosseini et al. (2022) demonstrated that 
maternal stress–induced anxiety-like behavior in female rat offspring was exacerbated by electromagnetic 
field radiation. Similarly, Cordelli et al. (2024) conducted a systematic review showing that RF EMF 
exposure can affect male fertility in non-human mammals and human sperm in vitro, highlighting the 
broader biological effects of RF EMF that may interact with prenatal stressors. Rat offspring exposed to 
2.45 GHz Wi-fi during gestation exhibited altered neuromotor maturation and performance in beam or 
coordination tests relative to controls, although results can vary with exposure intensity and stress context 
(Othman et al. 2017). 

These studies suggest that developmental RF EMF exposure can modulate motor activity and exploratory 
behavior, although the effects are not consistent. Differences in locomotion, immobility, and coordination 
appear to depend on exposure frequency, intensity, and the presence of maternal or environmental 
stressors. For example, increased velocity alongside prolonged stationary time (Li et al. 2020) indicates 
that RF EMF may alter exploration strategies rather than simply enhancing or suppressing activity. 
Similarly, the interaction between prenatal RF EMF exposure and maternal stress (Hosseini et al. 2022) 
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underscores that behavioral outcomes may be amplified under stress conditions. Overall, these findings 
highlight the complex and context-dependent nature of RF EMF effects on motor and exploratory 
behaviors, suggesting that both direct neurodevelopmental impacts and indirect systemic factors 
contribute to the observed alterations. 

It is important to note that some variability exists across studies regarding the direction and magnitude of 
motor and exploratory effects. These differences may result from variations in exposure parameters 
(frequency, intensity, duration), experimental design, developmental stage, sex of the offspring, and the 
presence of maternal or environmental stressors. For instance, while some studies report increased 
locomotor activity, others observe prolonged immobility or altered coordination. This indicates that RF 
EMF does not produce uniform effects, and that observed outcomes likely reflect complex interactions 
between direct neurodevelopmental effects and indirect systemic or contextual influences. 

Emotional and Anxiety‑Like Behaviors 

Behavioral assays of emotionality, such as open field and elevated plus maze tests, reveal mixed evidence 
for anxiety-like responses following developmental RF‑EMF exposure. Some studies indicate increased 
anxiety-like behavior and reduced exploratory activity in Wi‑Fi or RF‑EMF exposed offspring, while others 
find minimal or inconsistent effects, highlighting the influence of exposure parameters, duration, and 
testing conditions (Cordelli et al. 2023). 

Experimental evidence supports that extremely low-frequency EMF (ELF‑EMF) exposure can induce 
anxiogenic effects. Djordjevic et al. (2017) reported that rats exposed to ELF‑EMF exhibited increased 
anxiety-like behavior, with reduced time spent in the open arms of the elevated plus maze and fewer 
entries into the center of the open field. These behavioral changes were associated with elevated oxidative 
stress, suggesting a potential neurobiological mechanism underlying EMF-induced anxiety. 

Conversely, several studies found no significant alterations in anxiety-related behavior following EMF 
exposure. Cosquer et al. (2005) demonstrated that whole-body exposure to 2.45 GHz EMF did not alter 
elevated plus maze performance in rats, and Salunke et al. (2015) found that high-frequency EMF exposure 
had no measurable impact on open field exploration or anxiety-like behavior in mice. These findings 
underscore that the existence and magnitude of anxiety-like effects are highly dependent on exposure 
type, intensity, and behavioral testing protocols. 

Recent evidence has also begun to reveal molecular mechanisms underlying EMF-induced anxiety. Xue et 
al. (2024) showed that dual-frequency EMF exposure activated the endocannabinoid system, which 
contributed to the development of anxiety-like behavior in mice. Pharmacological modulation of this 
system mitigated behavioral changes, highlighting a specific neurobiological pathway through which EMF 
can influence emotional regulation. 

Additionally, maternal stress can exacerbate anxiety-like behavior in offspring exposed to RF‑EMF, with 
female pups showing higher vulnerability, which indicates sex-specific neurobehavioral effects (Hosseini 
et al. 2022, Hosseini and Kianifard 2023). Collectively, these findings demonstrate that developmental 
RF‑EMF exposure can modulate emotional and anxiety-related behaviors, but the effects are 
heterogeneous and influenced by exposure parameters, biological sex, developmental stage, and 
underlying molecular mechanisms. 

Similarly, inconsistencies in reported anxiety-like responses may reflect differences in exposure type, 
intensity, duration, behavioral testing paradigms, and sex-specific vulnerability. Some studies show 
increased anxiety and reduced exploration, whereas others report minimal or no effects. These 
discrepancies highlight that EMF-induced emotional outcomes are highly context-dependent, and a 
comparative interpretation suggests that both molecular mechanisms (e.g. oxidative stress, 
endocannabinoid activation) and environmental or maternal factors contribute to the heterogeneous 
behavioral results observed across studies. 
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Table 3. Behavioral effects of prenatal and early-life RF-EMF exposure 
Behavioral 
Domain 

Observed Effects Experimental 
Evidence 

Underlying Mechanisms Key References 

Cognitive 
Function 
(Learning and 
Memory) 

Impaired spatial 
learning, reduced 
memory 
performance 

Deficits in maze-based 
tasks (e.g., Y-maze, 
Morris water maze) in 
exposed offspring 

Synaptic plasticity 
impairment, altered 
NMDA/AMPA signaling, 
oxidative stress 

Kim et al. 2021, 
Kim et al. 2024, 
Wu et al. 2023 

Motor Function 
and Coordination 

Reduced motor 
coordination, 
altered locomotor 
activity 

Impaired performance 
in rotarod and 
locomotion assays 

Cerebellar and cortical 
dysfunction, neuronal loss 

Narayanan et al. 
2019, Hu et al. 
2021 

Anxiety-Like 
Behavior 
(Increased) 

↑ Anxiety-like 
behavior, ↓ 
exploration 

Reduced time in open 
arms (elevated plus 
maze), fewer center 
entries (open field) 

Oxidative stress, 
neuroinflammation 

Djordjevic et al. 
2017, Cordelli et 
al. 2023 

Anxiety-Like 
Behavior 
(No/Minimal 
Effect) 

No significant 
behavioral change 

Normal performance in 
open field and elevated 
plus maze 

Lack of detectable 
neurobiological disruption 
under certain exposure 
conditions 

Cosquer et al. 
2005, Salunke et 
al. 2015 

Emotional 
Regulation 
(Mechanistic 
Evidence) 

Anxiety-like 
behavior linked to 
molecular changes 

Behavioral alterations 
following dual-
frequency EMF 
exposure 

Endocannabinoid system 
activation 

Xue et al. 2024 

Sex-Specific 
Effects 

Females show 
higher anxiety 
vulnerability 

Increased anxiety-like 
responses in female 
offspring 

Hormonal influences, 
stress sensitivity 

Hosseini et al. 
2022, Hosseini 
and Kianifard, 
2023 

Maternal and 
Environmental 
Modulation 

Exacerbated 
behavioral 
alterations 

Stronger anxiety-like 
behavior under 
maternal stress 
conditions 

Stress-EMF interaction, 
developmental 
programming 

Hosseini et al. 
2022 

Overall Behavioral 
Variability 

Mixed and 
inconsistent 
findings across 
studies 

Differences across 
species, exposure 
protocols, and 
behavioral tests 

Interaction of oxidative 
stress, synaptic changes, 
and environmental factors 

Cordelli et al. 
2023, Kashani et 
al. 2023 

AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid); BDNF (brain-derived neurotrophic factor); GHz (gigahertz); GSH (glutathione); IL-6 
(interleukin-6); LTP (long-term potentiation); NMDA (N-methyl-D-aspartate); RF-EMF (radiofrequency electromagnetic field); ROS (reactive oxygen spe-
cies); SOD (superoxide dismutase); TNF-α (tumor necrosis factor-alpha) 

Overall Evidence and Uncertainties 
Systematic analyses of prenatal and early-life RF EMF studies highlight substantial heterogeneity in 
exposure parameters, animal models, behavioral assessments, and study design (Cordelli et al. 2023, 
Kashani et al. 2023). Exposure frequencies, intensities, durations, and waveform type differ considerably 
between studies, complicating direct comparisons. Species and sex differences, along with variation in 
developmental timing, further contribute to inconsistent outcomes. Behavioral paradigms such as open 
field, elevated plus maze, Y maze, or motor coordination tests have different sensitivities and interpretive 
frameworks, leading to variable findings across studies. In addition, maternal stress, environmental 
context, and cumulative exposure factors may interact with RF EMF effects, amplifying or mitigating 
observed outcomes (Hosseini et al. 2022, Hosseini & Kianifard 2023). Collectively, these methodological 
and biological sources of variability limit confidence in the reported effects, particularly regarding 
learning, memory, motor function, and anxiety-like behaviors. Future studies should adopt standardized 
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exposure protocols, incorporate sex and developmental stage as key variables, and combine behavioral, 
molecular, and electrophysiological endpoints to improve reproducibility and mechanistic understanding 
of RF EMF effects on neurodevelopment. 

As shown in Table 3, prenatal and early-life RF-EMF exposure affects cognitive, motor, coordination, and 
emotional/anxiety-related behaviors, consistently targeting neurobiological systems underlying cognition 
and emotional regulation. 

Interpretation of Developmental RF-EMF Effects 
As discussed above, prenatal and early-life RF‑EMF exposure can modulate neurodevelopment, cognitive 
function, motor activity, and emotional behavior in animal models. The present review highlights that 
prenatal and early-life exposure to Wi-Fi and other RF-EMFs can exert both molecular and behavioral 
effects on neurodevelopment. Mechanistic studies indicate that exposure impacts neurodevelopment 
through a multi-layered cascade of events: oxidative stress, increased ROS production, DNA damage, and 
apoptosis, followed by synaptic plasticity impairment, dendritic spine loss, and neuroinflammation, 
ultimately contributing to alterations in learning, memory, motor function, and anxiety-like behaviors (Kim 
et al. 2021, Echchgadda et al. 2022, Kilic et al. 2023, Eskandani & Zibaii, 2024). For instance, observed 
changes in NMDA and AMPA receptor subunits disrupt synaptic transmission, providing a mechanistic 
basis for altered performance in Y-maze and open field tests (Li et al. 2020, DastAmooz et al. 2023). The 
observed deficits in learning and memory, as described above, are consistent with synaptic dysfunction 
and impaired neurogenesis. 

Discrepancies in the literature can be largely attributed to variations in exposure duration, frequency, 
intensity, sex, and species. Altered locomotor and exploratory behavior further supports the 
neurodevelopmental impacts described previously. Some studies report minimal behavioral alterations 
after short-term or low-intensity RF-EMF exposure, whereas long-term or high-intensity exposures are 
associated with more pronounced cognitive and motor deficits (Cordelli et al. 2023, Othman et al. 2017). 
Sex-specific differences are notable, female offspring often exhibit higher susceptibility to anxiety-like 
behaviors following exposure (Hosseini et al. 2022, Hosseini & Kianifard, 2023). Anxiety-like behaviors 
appear to be linked to early-life oxidative stress and synaptic alterations described earlier. Species 
differences further complicate interpretation, as effects observed in rodent models may not directly 
translate to zebrafish or other model organisms due to variations in neurodevelopmental pathways and 
behavioral assessment methods (Wu et al. 2023, Mehta et al. 2025). 

Observational Human Studies 

Evidence from human studies investigating RF EMF exposure and digital device use in children and 
adolescents shows heterogeneous outcomes across behavioral, cognitive, and neurodevelopmental 
domains. For instance, Guxens et al. (2019) reported that higher residential RF EMF from mobile phone base 
stations was associated with increased maternal-reported emotional symptoms in five-year-old children, 
whereas the presence of cordless phones at home was linked to lower odds of certain behavioral 
difficulties (Guxens et al. 2019). Similarly, Ishihara et al. (2020) reviewed 12 studies on high-frequency RF 
EMF and cognition in participants aged 4–17, finding that 86% of reported associations were not 
statistically significant, although potential negative effects were observed under limited conditions such 
as objectively measured exposure in older children (Ishihara et al. 2020). In line with these findings, Divan 
et al. (2008) observed that prenatal and postnatal maternal cell phone use was associated with higher odds 
of behavioral difficulties in Danish children, including emotional and hyperactivity problems (Divan et al. 
2008). 

Moreover, Birks et al. (2020) modeled integrated RF dose in 8358 European children and adolescents, 
showing that mobile phone calls on 2G networks were the main contributors to brain RF dose, particularly 
in temporal and frontal lobes, whereas tablet and laptop use dominated whole-body exposure (Birks et al. 
2020). Choi et al. (2017) followed 1,198 mother–child pairs up to 36 months, finding no direct association 
between prenatal RF exposure and early neurodevelopment, although interactions with maternal lead 
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exposure were suggested (Choi et al. 2017). In addition, Setia et al. (2025) synthesized evidence on digital 
detox interventions, indicating that voluntary reduction in device use can improve mental health 
outcomes, with effectiveness influenced by age, baseline symptom severity, and usage patterns (Setia et 
al. 2025). 

However, Bodewein et al. (2022) systematically reviewed 42 epidemiological and 11 experimental studies, 
concluding that the overall evidence on RF EMF exposure effects on subjective symptoms, cognition, and 
behavior in children and adolescents is low to inadequate due to methodological limitations and 
heterogeneity (Bodewein et al.2022). Finally, Benke et al. (2024) performed a systematic review and meta-
analysis of human observational studies, finding very low to low-certainty evidence of little to no 
association between RF EMF exposure and learning, memory, executive function, and complex attention 
in children, with no exposure-response relationship identified and a notable lack of data on global cognitive 
function (Benke et al. 2024). 

Collectively, these studies highlight the potential vulnerability of children and adolescents to RF EMF 
exposure and digital device use, yet, variability in exposure assessment, outcome measures, and 
confounding factors limits the ability to draw definitive conclusions. 

Limitations and Future Directions 
Despite increasing experimental and epidemiological evidence on the neurodevelopmental and behavioral 
effects of prenatal and early-life RF-EMF exposure, several important limitations constrain the 
interpretation, reproducibility, and translational relevance of current findings. One major limitation is the 
substantial heterogeneity in exposure parameters across studies, including frequency, intensity, duration, 
and modulation patterns, which complicates direct comparison and meta-analysis. Lamzouri et al. (2025) 
emphasize that the lack of standardized exposure metrics and methodological variability across 
systematic reviews reduces the reliability of synthesized conclusions regarding developmental outcomes 
(Lamzouri et al. 2025). 

Most evidence derives from animal and in vitro models, primarily rodents, zebrafish, and human cell 
cultures, whose neurodevelopmental timelines, reproductive systems, and behavioral repertoires differ 
from humans, thereby limiting direct extrapolation. Experimental studies often employ RF-EMF intensities 
and specific absorption rates (SARs) exceeding typical environmental exposures, reducing ecological 
validity (Bodewein et al. 2022, Cordelli et al. 2024). In addition, behavioral and cognitive endpoints vary 
widely across studies, using paradigms with different sensitivities and reproducibility, which contribute to 
inconsistent results (Bodewein et al. 2022). 

Sex-specific effects are frequently underexplored, although emerging evidence suggests differential 
susceptibility between male and female offspring. For example, RF-EMF exposure may differentially affect 
male reproductive endpoints, as indicated by systematic reviews of sperm quality and fertility in both 
experimental animals and human studies (Cordelli et al. 2024, Kenny et al. 2024). Similarly, 
neurodevelopmental effects may exhibit sex-specific vulnerabilities that are insufficiently characterized 
(Bodewein et al. 2022). 

Long-term and transgenerational outcomes have been assessed in only a few studies, and the majority of 
experimental investigations utilize exposure intensities higher than those encountered in typical human 
environments, raising concerns about the relevance of findings to real-world exposure scenarios (Melnick 
et al. 2025, Lamzouri et al. 2025). Observational human studies are limited by confounding factors, 
including genetics, lifestyle, socioeconomic status, and concurrent environmental exposures. 
Standardized protocols for measuring Wi-Fi or RF-EMF exposure in real-world contexts are lacking, 
although cohort studies such as the Spanish INMA birth cohort have begun systematically characterizing 
personal and environmental exposure to non-ionizing EMFs (Gallastegi et al. 2016). 

To improve the reliability and translational relevance of research on RF-EMF exposure during sensitive 
developmental periods, future studies should adopt standardized exposure protocols encompassing 
multiple RF-EMF sources, including both Wi-Fi and mobile communication technologies. Longitudinal and 
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multi-generational designs are needed to assess persistent or delayed effects. Studies should incorporate 
sex as a biological variable and include detailed neurodevelopmental, behavioral, and molecular endpoints. 
Integration of translational models that better mimic human exposure scenarios, as well as multi-omics 
approaches, may clarify underlying mechanisms and dose-response relationships. Collectively, such 
methodological improvements will enhance the interpretability, reproducibility, and real-world relevance 
of RF-EMF research in developmental neurobiology and reproductive health (Bodewein et al. 2022, Cordelli 
et al. 2024, Melnick et al. 2025, Lamzouri et al. 2025). 

Conclusion 
This review summarizes experimental evidence on prenatal and early-life exposure to Wi-Fi and other RF 
EMFs and their effects on neurodevelopment and behavior. Animal studies show that exposure during 
critical developmental periods disrupts oxidative stress regulation, apoptosis, DNA repair, synaptic 
plasticity, and neuroinflammation, leading to behavioral changes such as learning, memory, motor, and 
anxiety-like deficits. Outcomes vary due to differences in exposure, timing, sex, and species. Some studies 
show subtle effects, while others report pronounced neurobehavioral alterations, including 
transgenerational impacts in zebrafish and rodents. Although extrapolation to humans is limited, these 
findings highlight the vulnerability of the developing nervous system and support precautionary measures 
during sensitive periods. Future research should focus on long-term behavioral outcomes, dose-response 
relationships, and standardized protocols across species.  

Additionally, studies integrating molecular, cellular, and behavioral endpoints are needed to elucidate 
mechanistic pathways. Investigating sex-specific susceptibilities, potential interactions with other 
environmental stressors, and real-world exposure scenarios will improve risk assessment. Collaborative 
multi-laboratory studies and development of uniform reporting guidelines can enhance reproducibility and 
facilitate translation of animal findings to human health contexts. 
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