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BOLUM 1

NEUROBIOLOGICAL EFFECTS OF
ELECTROMAGNETIC FIELDS

MEHMET CIiHAN YAVAS'

Introduction
Electromagnetic Fields and Exposure

Exposure to electromagnetic fields (EMFs) has become an
unavoidable component of modern life with the proliferation of
mobile communication technologies. The effects of radiofrequency
electromagnetic fields (RF-EMFs) on the central nervous system, in
particular, have been extensively researched over the past two
decades. Experimental studies on human volunteers have shown that
RF exposure, similar to cell phone signals, can cause minor changes
in electroencephalography (EEG) activity and sleep architecture;
however, a clinically significant association between these changes
and health outcomes has not yet been established. Furthermore,
studies on cognitive performance, attention, and reaction time have
failed to demonstrate consistent and reproducible negative effects.
Nevertheless, experimental and epidemiological studies indicate that

! Assoc. of Prof. Mardin Artuklu University, Faculty of Medicine, Department of
Biophysics, Mardin Tiirkiye.
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some uncertainties remain regarding the neurobiological effects of
RF-EMFs. Systematic reviews evaluating the potential effects of
long-term exposure, particularly in children and adolescents,
highlight that current evidence generally has low to moderate
certainty and that higher-quality prospective studies are needed to
establish a causal relationship. Current scientific consensus is that
there is no strong evidence to support proven harmful effects on the
nervous system from RF-EMF levels below international exposure
limits, but research into neurophysiological changes and long-term
outcomes is needed (Van Rongen et al., 2009; Bodewein et al.,
2022).

Fundamental Biophysical Mechanisms of Electromagnetic
Fields

Ton Channels

With the advancement of technology today, humans are
exposed to electromagnetic fields in both a very low and a wide
frequency spectrum. Research indicates that electromagnetic fields
can interact with biological systems and particularly affect
fundamental cellular processes such as the activity of ion channels
in the cell membrane, transmembrane potential, and the cell cycle.
The increase in human exposure to millimeter waves and terahertz
frequencies, whose applications have rapidly expanded in recent
years, necessitates a broader understanding of the biological effects
and safety limits of these frequencies (Romanenko et al., 2017). It
has been suggested that low-intensity electromagnetic fields may be
associated with neurodegenerative processes and may contribute to
the pathogenesis of Alzheimer's disease, and researchers have
reported that they increase amyloid beta and amyloid precursor
protein levels in experimental animals with AD (Pall, 2022).
However, in a cell culture study, they reported that exposure of
neuroblastoma (IMR32) cells to 50 Hz electromagnetic fields
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increased the expression of the voltage-gated Ca2+ channel subunit
al (Grassi et al., 2004). The opening and closing of neuronal ion
channels generally occur via voltage- and ligand-dependent
channels, and even very low-frequency electromagnetic fields at the
microvolt level can alter the neuronal membrane potential, leading
to certain physiological changes (Mathie et al., 2003).

Reactive Oxygen Species and Oxidative Stress Mechanisms

Exposure to radiofrequency radiation from cell phones
affects the expression of many proteins. This may occur via MAPK
(mitogen-activated protein kinase) cascades that regulate all cellular
processes. It has been reported that the initial effect is mediated by
NADH oxidase in the plasma membrane, which rapidly produces
ROS (reactive oxygen species) (Friedman et al., 2007). A similar
study experimentally investigated the effect of 872 MHz
radiofrequency (RF) radiation on intracellular reactive oxygen
species (ROS) production. It was reported that exposure to
radiofrequency electromagnetic fields in human SH-SYS5Y
neuroblastoma cells increased ROS production (Luukkonen et al.,
2009). Although there is evidence that static and very low-frequency
electromagnetic fields increase oxidative stress, detailed studies are
needed to elucidate the mechanism (Lai, 2019).

NMDA Receptor and Glutamatergic Hyperactivity

NMDA receptors, which are critical for brain development
and the maintenance of normal nervous system functions, play a
fundamental role in regulating neuronal communication.
Environmental stimuli such as magnetic fields can alter the activity
of  these  receptors, potentially influencing  various
neurophysiological processes (Nair et al., 2024). Exposure to a very
low-frequency electromagnetic field (50-Hz, 1.0-mT ELF MF) was
induced in cell cultures. It has been suggested that very low-

frequency magnetic fields may affect glutamatergic Ca2+ channels
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and N-methyl-d-aspartate (NMDA) receptors in the human neuronal
differentiation process, and that more detailed information is needed
in this area (Ozgiin et al., 2019). It has been reported that daily
exposure to 900 and 2100 MHz radiofrequency radiation for 2 hours
altered the hippocampal NMDA-dependent signaling pathway and
increased hippocampal activity in rats (Gokcek-Sarag et al., 2017).

Neuroinflammation and Microglia Activation

The inflammatory effect of electromagnetic fields (2.5 and 5
Hz, 1V, 3 min) on the human microglia cell line HCM3 and the
human cortical neuron cell line HCN-2 was investigated. It has been
reported that electromagnetic field applications may support
recovery after traumatic brain injury by modulating neuronal and
microglial functions. However, further studies are needed to
determine suitable exposure conditions for clinical applications
(Mendoza-Mari et al., 2025). In another study, it was stated that
electromagnetic pulse exposure (600 kV/m, 1000 pulses, 2 weeks)
in mice could lead to neuroinflammation and disruption of the blood-
brain barrier as a result of activating the NLRP3 inflammasome/NF-
kB signaling pathway (Lin et al., 2025).

Blood-Brain Barrier Permeability

The effects of a 900 MHz electromagnetic field (900 MHz, 1
mW/cm2 EMA, 14 and 28 days) on Mkp-1/ERK and the blood-brain
barrier in rats were investigated. It has been reported that long-term
exposure can impair the integrity of the blood-brain barrier (Tang et
al., 2015). Due to variations in exposure conditions, free absorption
rates, and methodological approaches, some studies show changes
in blood-brain barrier permeability, while many others show the
opposite. Therefore, rigorous exposure characterization, validated
blood-brain barrier biomarkers, and more standardized studies are
needed in this field (Simsek et al., 2026).
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Effects of Electromagnetic Fields on EEG

A study conducted on healthy adults indicated that a 902
MHz electromagnetic field (antenna approximately 20 mm away
from the head) did not directly alter the resting EEG, but could
significantly change brain reactions in memory function processes
(Krause et al., 2000). A study investigating the effects of intensive
cell phone use on neural function reported that EEG analysis of 24
volunteer participants altered the resting EEG, reducing 1-4 Hz
activity and increasing 8-12 Hz activity depending on the exposure
time (Croft et al., 2002). A study investigating the effect of cell
phone-induced electromagnetic fields (SAR, head 0.346 W/kg) on
brain EEG delta waves found that short-term exposure did not cause

significant changes in frequency and power spectral densities in the
EEG delta value (Yavas, 2020).

Sleep and Circadian Rhythms
RF and Sleep Stages

Increased exposure to electromagnetic fields (EMF),
particularly  from low-frequency electrical sources and
radiofrequency telecommunication devices, has become a
significant area of research regarding health. Studies have examined
the effects of EMF on melatonin secretion, sleep architecture, and
electroencephalographic (EEG) activity; however, findings
regarding its effects on melatonin have been inconsistent due to
variations in exposure conditions. While radiofrequency fields have
generally not been shown to have a significant effect on sleep
architecture, some research reports that exposure to pulsating
radiofrequency can alter brain physiology and activity in specific
EEG bands before or during sleep (Ohayon et al., 2019). Research
into the biological effects of radiofrequency exposure related to cell
phone use has focused particularly on potential effects on brain

activity and function due to the high energy absorption in the head
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region. In this context, sleep studies have become a widely used
method for evaluating the effects of radiofrequency fields from
mobile phones on human health and have provided important
information, particularly in revealing possible changes in sleep
architecture (Loughran, 2007). It has also been noted that the Earth's
natural electromagnetic field and electromagnetic pollution from
wireless devices affect circadian rhythms (Martel et al., 2023). With
the proliferation of mobile telecommunication devices, the non-
thermal biological effects of high-frequency electromagnetic fields
(EMF) are being increasingly investigated. While current
epidemiological studies do not show a strong association between
EMF exposure and sleep disorders, sleep laboratory studies have
reported effects such as mild changes in sleep regulation and
increased alpha activity in sleep EEG. However, current data are
insufficient to demonstrate that these effects lead to negative health
outcomes, and further research is needed to better understand the
EMF-sleep interaction (Mann and Roschke, 2004).

Neurobiology of 5G and Millimeter Wave Exposure

The proliferation of wireless communication devices in the
modern era is creating increasing exposure in society. Scientific
studies are ongoing in this field. While the use of fifth-generation
(5G) mobile communication networks offers many positive
contributions, such as data transfer speed, concerns are growing
about potential risks to the electrical activity of the human body,
especially the brain (Michelant et al., 2025). A study investigating
the effects of 3.5 GHz 5th generation radio frequencies on the
electrical activity of the brain and the autonomic nervous system in
34 healthy volunteers showed no significant changes (Jamal, 2023).
In a study where a total of 59 young Sprague-Dawley rats (240—322
g) were exposed to 28 GHz frequency for 40 minutes, the
experimental study showed that whole-body exposure to 28 GHz

quasi-millimeter waves (QIMMW) could affect the stress response by
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raising corticosterone levels, particularly in animals showing a
significant increase in body temperature. It has also been suggested
that exposure may alter norepinephrine levels, playing a role in
thermoregulation and heat distribution processes, and that these
findings may contribute to understanding the biological basis of
international exposure limits (Matsumoto et al., 2025).

Conclusion

Electromagnetic fields may  influence  various
neurobiological processes through mechanisms involving calcium
signaling, oxidative stress, neuroinflammation, and neuronal
excitability. While experimental studies have demonstrated
measurable cellular and physiological responses, current human
evidence does not conclusively support the existence of significant
adverse neurological effects under established exposure limits.
Nevertheless, the rapid expansion of wireless technologies,
particularly 5G systems, highlights the need for continued
multidisciplinary research to clarify long-term neurological
outcomes and  ensure  evidence-based  public  health
recommendations.
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BOLUM 2

NEUROTOXIC EFFECTS OF ENVIRONMENTAL

POLLUTANTS
BEKIR GUNERI'
MEHMET CIHAN YAVAS?
Introduction
Industrialization, urbanization, and agricultural

intensification, which accelerated from the second half of the
twentieth century, have brought about an unprecedented
transformation in environmental chemical load in anthropological
history. Today, hundreds of thousands of chemical substances are
used in the human environment, and the neurotoxic potential of the
vast majority of these has not been adequately characterized
(Landrigan et al., 2018). Environmental pollutants have extremely
serious effects on human health. The burden of pollution-related
diseases is increasing in both developing and developed countries;
however, fully elucidating this relationship is difficult for various
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reasons. Due to inadequate waste management, poverty, and
technological backwardness, measuring exposure levels in
developing countries remains quite limited. Exposure to
environmental pollutants such as industrial waste, pesticides,
automobile exhaust, laboratory waste, and the incineration of
terrestrial waste constitutes the main sources of neurotoxicity (Iqubal
et al., 2020). Exposure to these sources is a major concern for the
public, as particulate matter, nanoparticles, and toxic substances can
easily cross the blood-brain barrier and have neurotoxic effects on
astrocytes, microglia, and neurons (Shetty et al., 2023).

We assume that this chapter will contribute to a better
understanding of the neurotoxic effects of environmental pollutants
on brain health. The chapter discusses current scientific research
results.

Heavy Metals and Their Effects on the Nervous System
Lead (Pb)

Lead is a dangerous heavy metal that can have serious
negative effects on human health and the environment. Exposure to
lead in workplaces or through various environmental sources can
cause toxic effects by damaging cells. Lead exists in nature and the
environment in three main forms: pure (metallic) lead, various lead
compounds and salts, and carbon-containing organic lead
compounds. Each of these forms can have different levels of harmful
effects on living organisms (Aktepe et al., 2022). Human exposure
to neurotoxic metals is a public health problem. Therefore, it has
been reported that lead exposure in children leads to behavioral and
cognitive disorders (Neal et al., 2013). Furthermore, increased lead
levels in drinking water can increase lead accumulation in children
who drink the water (Edwards et al., 2009). Lead can negatively
impact hippocampus-mediated learning and memory processes
because it targets the brain's learning and memory processes by
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inhibiting the N-methyl-D-aspartate receptor (NMDAR) (Morris et
al. 1982; Morris et al., 1986). Lead is a toxic heavy metal that can
accumulate in the body over time, particularly in bones. While it can
affect many organs and systems, the nervous system is one of the
most sensitive to the harmful effects of lead. To reduce the
neurotoxic effects of lead, it is necessary to provide information and
alternative protection programs to the most vulnerable groups in the

population, namely children and pregnant women (Singh, et al.,
2023).

Methylmercury (MeHg)

Methylmercury (MeHg) is an environmental toxic agent that
causes long-term neurological and developmental damage in
animals and humans. Although the molecular mechanisms mediating
MeHg-induced neurotoxicity have not yet been elucidated, some
studies suggest the presence of neurotoxicity caused by oxidative
stress-induced toxic substances (Farina et al., 2011). Populations that
feed on fish and shellfish are exposed to high MeHg levels (Clarkson
etal., 2003).

Methylmercury targets sensory neurons in the peripheral
nervous system, triggering cell death mechanisms such as apoptosis,
necrosis, and necroptosis. Furthermore, macrophages stimulated by
methylmercury release TNF-a, and this cytokine is said to contribute
to the development of sensory impairments in Minamata disease by
activating additional cell death pathways (Nakano et al., 2024).
Mercury poisoning is a serious neurotoxic condition that affects the
central nervous system (CNS) in various ways, leading to cognitive,
sensory, and motor impairments (Gogia and Kumar, 2025). In an
experimental study, zebrafish were reported to experience more
severe behavioral disorders, including delayed neuromast
development, due to methylmercury exposure during the first 30
days of their development (Oger et al., 2025).
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Arsenic (As) and Cadmium (Cd)

Environmental heavy metal exposures such as arsenic and
cadmium can enter the human body through contact and ingestion,
leading to accumulation in the nervous system and potential
cognitive impairment and neurodegenerative damage (Huang et al.,
2025). Cadmium reaches nerve tissue by utilizing zinc and calcium
transport systems, disrupting the intracellular balance of these ions.
After accumulating in the nervous system, it negatively impacts
mitochondrial function, reducing ATP production, increasing the
formation of reactive oxygen species, and thus leading to oxidative
stress. Furthermore, it disrupts the regulation of neurotransmitter
release, impairing synaptic transmission, affecting the functions of
neurotransmitter signaling proteins, damaging the integrity of the
blood-brain barrier, and altering the normal regulation of glycogen
metabolism (Arruebarrena et al., 2023). Oxidative stress and
mitochondrial dysfunction are among the important mechanisms of
neurodegenerative processes. Studies have shown that two different
types of arsenic, sodium arsenite and dimethylarsinic acid (DMA),
induce apoptosis in rat brain neuron cultures by stimulating the
stress-activated p38 and JNK3 MAP kinase pathways. Arsenite, an
inorganic form of arsenic, has been reported to exhibit higher
neurotoxicity and more significantly reduce neuronal viability
compared to DMA. Furthermore, arsenite has been shown to
contribute to neuronal damage by selectively activating p38 and
JNK3 kinases in cerebellar neurons (Balali-Mood et al., 2021).

Air Pollutants and Neuroinflation

Particulate Matter

Among air pollutants, fine and ultrafine particles (PM2.5 and
PMO0.1) pose a particular risk for neurological damage. These
particles can reach the CNS via multiple pathways depending on
their diameter and surface chemistry. This has been shown to have
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toxic effects on the brain and to be linked to neurological diseases
(Qin, et al., 2024). Epidemiological studies on respirable fine
particulate matter (PM2.5), one of the best-known indicators of
pollution, have shown a strong association with cerebrovascular
damage (stroke) and neurological damage in the brain (changes in
cognitive function, dementia, psychiatric disorders, etc.), in addition
to lung and cardiovascular disease (li et al., 2022). PM2.5 exposure
exacerbates the accumulation of B-amyloid, hyperphosphorylated
tau, and a-synuclein in Alzheimer's and Parkinson's diseases; these
particles intensify neuroinflammation and axonal damage in
multiple sclerosis; and in epilepsy, they have been reported to
promote neuronal hyperexcitability and recurrent seizures (Robio et
al., 2025).

Ozone and Nitrogen Dioxide

Ozone (0:3), a potent oxidant, enters the body through the
respiratory tract, producing reactive oxygen species (ROS) and
triggering inflammatory processes. Studies show that prolonged Os
exposure increases oxidative stress, triggering the formation of
reactive oxygen species and potentially disrupting the integrity of the
blood-brain barrier. This process can affect astrocyte and microglia
activation, strengthening neuroinflammatory responses and
increasing the production of pro-inflammatory mediators and
neurotoxic factors. The resulting neuroinflammation and neuronal
damage are reported to be associated with the development and
progression of various neurodegenerative diseases, particularly
Alzheimer's and Parkinson's disease (Rodriguez et al., 2024). Ozone
(0s) is a significant component of photochemical smog and, due to
its strong oxidizing properties, is an air pollutant that causes various
adverse effects on the respiratory and central nervous systems
(Martinez-Lazcano et al., 2023).
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Nitrogen dioxide (NO-) is a significant component of air
pollution, particularly traffic-related pollution. Epidemiological
studies have shown that NO: exposure is associated with decreased
cognitive performance, cortical atrophy, neuroinflammation, and an
increased risk of dementia. The effects of NO: are largely thought to
occur through oxidative stress and inflammatory mechanisms (Cho
et al., 2023; Kong et al., 2024). Experimental and mechanistic
studies demonstrate that NO: causes cellular oxidative/nitrosative
stress by increasing the formation of reactive oxygen and reactive
nitrogen species, which in turn triggers neuroinflammation,
mitochondrial dysfunction, and neuronal damage (Goldstein and
Samuni, 2024).

Pesticides: Synaptic Disruption and Neurodegeneration

Organophosphates

Organophosphate (OP) compounds have been among the
widely used pesticides for many years and are being intensively
researched due to their chronic health effects. Epidemiological and
experimental studies show that OP exposure may increase the risk of
developing neurodegenerative and neurodevelopmental diseases
such as Alzheimer's, Parkinson's, amyotrophic lateral sclerosis
(ALS), attention deficit hyperactivity disorder (ADHD), and autism.
It is reported that common mechanisms such as cholinergic
dysfunction, oxidative stress, neuroinflammation, and epigenetic
changes underlie this relationship, and that certain genetic variations,
particularly paraoxonase, may affect individual susceptibility
(Mostafalou & Abdollahi, 2018). Organophosphates (OPs) represent
a broad group of phosphorus-containing organic compounds and are
widely used worldwide. These compounds have provided significant
benefits in agricultural and industrial production processes as well
as in the control of vector-borne diseases. However, exposure to
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organophosphates with high, moderate, mild, or low levels of
toxicity; It can lead to various adverse health effects, primarily
affecting the nervous system, such as nausea, vomiting, muscle
fasciculations, tremors, and convulsions. Recent studies have shown
that organophosphate pesticide exposure may be a potential risk
factor in the development of neurological diseases such as dementia,
neurodevelopmental disorders, and Parkinson's disease (Chen et al.,
2024).

Organochlorine Pesticides

Organochlorine pesticides such as endosulfan, dieldrin, and
lindane (y-hexachlorocyclohexane) can accumulate in the food chain
due to their environmental persistence and reach humans mostly
through diet (Briz et al., 2011). Some studies report that
organochlorine pesticide exposure increases the risk of Parkinson's
disease (Xu et al., 2024). There are scientific studies that detail the
relationship between DDT, dieldrin, and other persistent
organochlorine  pesticides and  Parkinson's and  other
neurodegenerative diseases (Richardson et al., 2014).

Endocrine Disrupting Chemicals and Neurodevelopmental
Effects

Bisphenol A (BPA)

Bisphenol A (BPA) is a synthetic compound classified as an
endocrine disrupting chemical (EDC) and commonly used in the
production of polycarbonate plastics and epoxy resins. Found
particularly in food storage containers and baby bottles, BPA can
bind to estrogen receptors, causing various adverse effects on the
neuroendocrine system. Studies show that BPA exposure increases

oxidative stress, neuroinflammation, and excitotoxicity; alters gene
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and protein expression; disrupts blood-brain barrier integrity; and
triggers neuronal damage. Furthermore, disruption of intracellular
Ca** homeostasis, increased reactive oxygen species, apoptosis,
microglial DNA damage, astrogliosis, and decreased myelination
highlight BPA's neurotoxic potential (Costa et al., 2024). Numerous
studies have shown that even BPA exposure levels below current
regulatory limits can cause neurotoxic effects and negatively impact
learning, memory, and synaptic plasticity processes (Figueiroa et al.,
2025).

Phthalates and Other Plasticizers

Phthalates are important additives used to increase the
flexibility and durability of plastics and are commonly found in
many everyday consumer products such as plastic products,
pesticides, dyes, and cosmetics. More detailed studies are needed
regarding the neurotoxicological effects of phthalates for public
health safety (Gaur et al., 2024). Current epidemiological studies
show that prenatal phthalate exposure may negatively affect
neurodevelopmental processes in children. Exposure to phthalates is
reported to be associated with impairments in cognitive, linguistic,
behavioral, and psychomotor development, as well as decreased
learning performance and intelligence levels (Yesildemir et al.,
2023).

Polychlorinated Biphenyls (PCBs) and Neurotoxicity

PCBs are a group of persistent organic pollutants, numerous
and diverse in type, that are similar in their chemical structure to one
another as a result of human activities. Scientific studies indicate that
prenatal and adult exposure to PCBs can lead to the development of
features associated with attention deficit hyperactivity disorder

--20--



(ADHD) and autism spectrum disorders (ASD), and may pose risks
to human health through neurotoxicity (Pessah et al., 2019). Another
study reports that prenatal PCB exposure may have negative effects
on childhood neurodevelopment (Ribas-Fito et al., 2001). Current
findings demonstrate that PCB exposure is associated with
neurodevelopmental and neurobehavioral changes, particularly
during the fetal and early postnatal periods (Faroon et al., 2000).

Effects on Blood-Brain Barrier Integrity

The blood-brain barrier (BBB) plays a crucial role in the
function of the brain and central nervous system. Besides its vital
functions, this barrier limits the entry of pathogens and toxic
substances into the brain. In recent years, it has been shown that
environmental toxic agents such as polycyclic aromatic
hydrocarbons (PAHs), dioxins, heavy metals, perfluoroalkyl
substances (PFASs), and various air pollutants can alter blood-brain
barrier (BBB) permeability; this suggests that BBB function could
be used as a potential biomarker in assessing neurotoxicity (Kelly et
al., 2023). Another study reports findings that inhalation of diesel
exhaust can impair blood-brain barrier function and that continued
exposure may increase the risk of neurovascular disease (Heidari
Nejad et al., 2015).

Epigenetic Mechanisms and Hereditary Neurotoxicity

Oxidative stress resulting from exposure to environmental
toxins is considered a significant biological link between epigenetic
mechanisms and neurotoxic effects. Reactive oxygen species,
triggered by mitochondrial dysfunction, NADPH oxidase activation,
and disruptions in redox balance, can affect epigenetic processes
such as DNA methylation, histone modifications, and non-coding
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RNAs, leading to permanent changes in gene expression. It is
thought that these changes can cause neurodevelopmental and
neurodegenerative consequences not only in exposed individuals but
also in subsequent generations; however, the development of
multiple omics approaches and reliable biomarkers is needed to
confirm these relationships (Gonzalez Acevedo et al., 2026). Current
studies show that manganese exposure can lead to an increase in o-
synuclein expression. At the cellular level, a-synuclein can interact
with histone proteins and play a role in the epigenetic regulation of
apoptotic processes. Furthermore, it is reported that manganese can
trigger genome-wide DNA hypomethylation by causing DNA
methyltransferase enzymes to be retained in the cytoplasm. In
addition, it is thought that genetic differences between individuals
may affect susceptibility to the neurotoxic effects of manganese and
the risk of developing Parkinson's disease (Tarale et al., 2016).

Discussion and the Future

Current scientific evidence indicates that environmental
pollutants affect the nervous system not through a single mechanism,
but through multiple biological processes such as oxidative stress,
neuroinflammation, mitochondrial dysfunction, epigenetic changes,
and blood-brain barrier disruption. However, the fact that individuals
are often simultaneously exposed to more than one pollutant in real
life necessitates a more detailed investigation of combination
toxicity. In the future, it is thought that multiple omics approaches,
biomarker development studies, human-derived neural organoid
models, and long-term epidemiological studies will make significant
contributions to a better understanding of environmental

neurotoxicity.

Conclusion
-2



Environmental pollutants are considered significant
neurotoxic agents that can affect neurodevelopmental and
neurodegenerative processes. Heavy metals, air pollutants,
pesticides, endocrine-disrupting chemicals, and other environmental
toxins can lead to structural and functional changes in the central
nervous system. Therefore, reducing environmental exposures,
protecting vulnerable populations, and supporting research into
environmental neurotoxicity should be considered a major public

health priority in reducing the burden of neurological diseases.
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BOLUM 3

PARKINSON HASTALIGINDA HIPOKAMPAL ALT
ALANLARIN YAPISAL VE MiKROYAPISAL
MANYETIK REZONANS GORUNTULEME
BULGULARI

Cemile AVCI AKAN!
Giris
Norolojik bozukluklar, diinya genelinde morbidite ve
engelliligin 6nde gelen nedenleri arasinda yer almakta olup, kiiresel
saglik yiikiine onemli Olgiide katkida bulunmaktadir ("Global,
regional, and national burden of neurological disorders during 1990-
2015: a systematic analysis for the Global Burden of Disease Study
2015," 2017). Parkinson hastaligi (PH), Alzheimer hastaligindan
sonra en sik goriilen ndrodejeneratif hastaliklardan biri olup, diinya
capinda milyonlarca insan1 etkilemektedir (Bloem, Okun, & Klein,
2021). Hastalik temel olarak motor semptomlarla karakterize
edilmekle birlikte, bilissel bozukluklar, uyku diizensizlikleri ve
duygudurum degisiklikleri gibi non-motor belirtiler de klinik tabloya
onemli dl¢iide katk: saglamaktadir (Aarsland et al., 2021).

! Ogr.Gor., Ondokuz Mayis Universitesi, Alagam MYO, Biiro Hizmetleri ve
Sekreterlik Boliimii, Orcid: 000-0002-8436-438X
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Parkinson hastaliginin tanis1 biiyiik olgiide dopaminerjik
sistemdeki islev kaybina bagli ortaya ¢ikan klinik bulgulara dayansa
da, hastaligin patofizyolojisi yalnizca dopamin eksikligi ile sinirl
degildir. Parkinson hastaliginda serotonerjik, kolinerjik ve
noradrenerjik sistemleri de igeren gesitli nérotransmitter aglarinda
meydana gelen degisiklikler, genis bir motor ve non-motor semptom
yelpazesinin ortaya ¢ikmasina katkida bulunmaktadir. Koku alma
bozuklugu (hiposmi), hizli géz hareketi (REM) uykusu davranig
bozuklugu, depresyon ve kabizlik gibi bazi non-motor belirtiler,
klasik motor semptomlardan yillar dnce goriilebilmekte ve hastaligin
prodromal doneminin dnemli gostergeleri olarak kabul edilmektedir
(Schapira & Tolosa, 2010). Bununla birlikte, bazi non-motor
belirtiler hastaligin ilerleyen evrelerinde ortaya ¢ikabilmektedir
(Sekil 1). Ayrica, Parkinson hastaligi gelistirme riski tasiyan
bireylerde 6zellikle yiiriitiicli islevler ve calisma bellegini etkileyen
biligsel degisikliklerin erken donemde baslayabildigi ve zamanla
daha belirgin hale gelebildigi bildirilmektedir (Chahine et al., 2016).

Sekil 1. Parkinson hastaliginda klinik evreler ve semptomlarin
zamansal ilerleyisi

a Clinical stages and time course of symptoms in Parkinson’s disease

(a) Parkinson hastaliginin evreleri ve baslica klinik belirtileri.
(b) Dopaminerjik néron kaybi ile motor ve non-motor semptomlarin zamansal
iliskisi.
Kaynak: (Schapira & Tolosa, 2010) uyarlanmigtir.
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Parkinson hastaliginda biligssel bozukluk, 6znel biligsel
gerilemeden (SCD) hafif biligsel bozukluga (PD-MCI) ve Parkinson
hastalig1 demansina (PDD) kadar uzanan genis bir klinik yelpazede
goriilebilmektedir (Aarsland et al., 2021). PD-MCI, giinliik yasam
aktivitelerinin biiyiik 6l¢lide korundugu ancak bir veya birden fazla
biligsel alanda performans diisiikliigiintin gozlendigi ara bir evre
olarak kabul edilmektedir. Hastaligin ilerlemesiyle birlikte bazi
bireylerde demans gelisebilmekte ve bu durum giinliik yasam
aktivitelerinde belirgin islev kaybina yol agabilmektedir. Parkinson
hastaliginda ozellikle yiiriitiicii islevler, dikkat, gorsel-uzamsal
beceriler ve bellek siirecleri etkilenmektedir. Son yillarda elde edilen
bulgular, biligsel degisikliklerin yalnizca ileri evrelerde degil,
hastaligin erken donemlerinde ve hatta prodromal fazda dahi ortaya
cikabilecegini gostermektedir (Chahine et al., 2016). Bu durum,
Parkinson hastaliginda biligsel bozulmanin altinda yatan
norobiyolojik mekanizmalarin  ve ilgili beyin yapilarinin
arastirilmasina olan ilgiyi artirmastir.

Ogrenme ve bellek siireglerinde merkezi bir role sahip olan
hipokampus, Parkinson hastaliginda biligsel bozulma ile
iligkilendirilen temel yapilardan biri olarak o6ne ¢ikmaktadir.
Noropatolojik ve goriintiileme calismalari, hipokampiiste meydana
gelen yapisal ve islevsel degisikliklerin 6zellikle bellek
performansindaki azalma ile iligkili olabilecegini gdstermektedir (La
et al., 2019; Pereira et al., 2013; Xu et al., 2020). Hipokampal alt
alanlarda gozlenen hacim kaybi ve mikroyapisal degisikliklerin,
bilissel gerilemenin siddeti ile iligkili oldugu bildirilmistir.

Parkinson hastaliginda goriilen bilissel bozukluklarin altinda
yatan  ndrobiyolojik  mekanizmalar  henliz tam  olarak
aydinlatilamamis olmakla birlikte, 6grenme ve bellek siireclerinde
kritik rol oynayan hipokampiisiin bu siiregte 6nemli bir yere sahip
oldugu diislinilmektedir (Aarsland et al., 2021). Noropatolojik
caligmalar, Parkinson hastaliginda hipokampiisiin a-siniiklein
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birikimi ve ndrodejeneratif degisikliklerden etkilenebildigini
gostermistir (Dickson, 2018; Fereshtehnejad, Zeighami, Dagher, &
Postuma, 2017). Ayrica yapisal manyetik rezonans goriintiileme
caligmalari, hipokampal hacim kaybi ve alt alan diizeyindeki
degisikliklerin ~ biligsel performanstaki azalma ile iliskili
olabilecegini ortaya koymustur (Foo et al., 2017; Pereira et al., 2013;
Xu et al., 2020). Bu bulgular, hipokampiisiin Parkinson hastaliginda
goriilen bilissel bozukluklarin anlasilmasinda 6nemli bir arastirma
odagi haline gelmesini saglamistur.

Hipokampusun Anatomik ve Fonksiyonel Organizasyonu

Hipokampusun Anatomisi

Hipokampal olusum, medial temporal lobda yer alan ve
dentat girus, hipokampus proper (Cornu Ammonis) ile
subikulumdan olusan kompleks bir yapidir (Wisse et al., 2017,
Yushkevich et al., 2015). Hipokampus proper, parahipokampal girus
icerisinde bulunan digbiikey gri madde yapisi olup lateral
ventrikiiliin temporal boynuzunun tabaninda yer alir. Hipokampusun
temel bilesenlerini Cornu Ammonis'in CA1, CA2, CA3 ve CA4 alt
alanlar1 ile dentat girus olusturmaktadir. Bu yapilar, hipokampal
sulkus ile birbirinden ayrilan ve birbirine kenetlenen iki C seklindeki
kivieim  goriinlimiindedir.  Subikulum ise  hipokampus ile
parahipokampal girus arasinda gegis bolgesi olusturarak onemli
baglantilar saglar Hipokampal olusumun temel anatomik bilesenleri
ve alt alanlar1 Sekil 2'de gosterilmistir.

Anatomik olarak hipokampus bas, gévde ve kuyruk olmak
{izere {i¢ boliimde incelenir. On segmenti olusturan hipokampus bast
(caput hippocampi), ylizeyindeki parmak benzeri ¢ikintilar
nedeniyle pes hippocampi olarak da adlandirilmaktadir. Orta
segment olan hipokampus govdesi (corpus hippocampi), dentat girus
ile birlikte olusturdugu i¢ ice ge¢mis kivrimli yapisi nedeniyle
karakteristik bir goriinlim sergiler. Arka segmenti olusturan

--34--



hipokampus kuyrugu (cauda hippocampi) ise daha dar bir yapi
gosterir ve splenium ¢evresinde sonlanir. Hipokampusun yiizeyinde
yer alan alveus ve bunun devamu niteligindeki fimbria, hipokampal
c¢ikis yollarini olusturan temel beyaz cevher yapilaridir (Wisse et al.,
2017).

Sekil 2. Hipokampusun anatomik organizasyonu ve temel alt
alanlar

“ Hippocampal Formation in the Medial Temporal Lobe (Sagittal View) B Schematic Coronal Section of the Hippocampus Proper and Dentate Gyrus

Hippocampus proper
Dentate gyrus
(Cornu Ammonis)

Dentisiye Cornu Ammonis (CA)

Hippocampus Proper

Lateral Mlnﬂ.‘ —
fiemporal hom)

Parshippocampel
ayrus

Entochinal
cortex

Sublculum

The CA fields (CA1-CA4) and dentate gyrus form two interlocking C-shaped
structures separated by the hippocampal sulcus. The subiculum connects the
hippocampus 1o the parahippocampal gyrus.

i within the.
parahippocampal gyrus, just inferior to the temporal horn of the lateral ventricie.

Segments of the Hippocampus (Longitudinal View) IB) coronal Mii (T2-Weighted) - In Vivo Appearance

Body (Middle Segment)

|| Dentate gyrus CA fields (Cornu Ammonis) Subiculum || Parahippocampal gyrus Alveus / Fimbria
Composed of granue cell: the Include CA1, CA2, CA3, and CA4; Main output region of the Adjacent medial temporal cortex: Major white matter output pathway
y ides of sthe
circut information transfer. and the fornix.
othar b structures.

(a) Medial temporal lob icerisinde hipokampal olusumun yerlesimi. (b) Dentat
girus, Cornu Ammonis (CAI-CA4) ve subikulumun sematik gosterimi. (c)
Hipokampusun bas, govde ve kuyruk boliimleri ile alveus ve fimbria yapilari. (d)
Koronal manyetik rezonans goriintiisiinde hipokampal alt alanlarin anatomik
lokalizasyonu.

Kaynak: (Small, Schobel, Buxton, Witter, & Barnes, 2011; Wisse et al., 2017,
Yushkevich et al., 2015) 'den yararlanilarak yazar tarafindan hazirlanmugtur.
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Hipokampal Alt Alanlar

Hipokampus, Cornu Ammonis (CA) olarak adlandirilan
CA1,CA2,CA3 ve CA4 alt alanlar ile dentat girus ve subikulumdan
olusan anatomik olarak 6zellesmis bir yapidir (Wisse et al., 2017,
Yushkevich et al., 2015). CA1 bolgesi, hipokampal ¢iktilarin 6nemli
bir kisminin kortikal alanlara iletilmesinde gorev almakta ve bellek
stireglerinde kritik rol oynamaktadir. CA2 bolgesi, CA1 ve CA3
arasinda yer alan dar bir alan olup, diger hipokampal alt alanlardan
farkli yapisal ve fonksiyonel 6zellikler gostermektedir. CA3 bolgesi,
dentat girustan gelen yosunsu liflerin temel hedeflerinden biri olup,
bellek aglarinda bilgi isleme siireglerine katki saglamaktadir. CA4
bolgesi ise dentat girusun konkavitesi igerisinde yer almakta olup
siklikla hilus olarak tanimlanmaktadir. Ayrica CA1 bdlgesi hipoksi
ve cesitli norodejeneratif siireglere karsi daha duyarli kabul
edilirken, CA3 bolgesi goreceli olarak daha direncli bir yap1 olarak
degerlendirilmektedir.

Dentat girus, hipokampal formasyonun temel giris
bolgelerinden biri olup entorinal korteksten gelen bilgilerin ilk
islendigi yapilardan biridir (Chauhan, Jethwa, Rathawa, Chauhan, &
Mehra, 2021). Graniil hiicrelerden kaynaklanan yosunsu lifler
aracilifiyla CA3 bolgesine projeksiyon gonderen dentat girus, yeni
anilarin olusumu ve Oriintii ayristirma siireclerinde 6nemli rol
oynamaktadir (Kesner & Rolls, 2015; Knierim, 2015).

Subikulum, hipokampus ile parahipokampal korteks arasinda
yer alan gecis bolgesi olup hipokampal formasyonun temel ¢ikis
merkezlerinden biridir (Chauhan ve ark., 2021). Hipokampal
ciktilarin 6nemli bir kismi subikulum aracilifiyla neokortikal ve
limbik yapilara iletilmekte olup, bu yap1 bellek siiregleri ve mekansal
yonelimle iligkili islevlerde onemli rol iistlenmektedir (O'Mara,
2005).
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Hipokampal alt alanlar arasindaki bu yapisal ve fonksiyonel
farkliliklar, bellek ve 6grenme siireglerinin diizenlenmesinde kritik
oneme sahiptir. Bu nedenle hipokampusun i¢sel baglantilar1 ve bilgi
isleme mekanizmalarinin anlasilmasi, ndrodejeneratif hastaliklarda
ortaya c¢ikan biligsel degisikliklerin yorumlanmasma katki
saglamaktadir.

Hipokampusun Fonksiyonel Organizasyonu

Hipokampusun fonksiyonel organizasyonuna iligkin klasik
goriig, bilgilerin entorhinal korteksten dentat girusa, buradan
sirastyla CA3 ve CA1 bolgelerine iletildigi ve son olarak subikulum
araciligryla kortikal alanlara aktarildig: trisinaptik devre modeline
dayanmaktadir (Buzsaki & Moser, 2013; Farrell & Soltesz, 2025).
Bu devre, 6grenme, bellek konsolidasyonu ve mekansal navigasyon
gibi temel biligsel siire¢lerin ndrobiyolojik temelini olusturmaktadir.
Dentat girus, CA3 ve CA1 bdlgeleri arasindaki bilgi akisi, yeni
bilgilerin islenmesi, depolanmasi ve geri ¢agrilmasinda kritik rol
oynarken, subikulum hipokampal ¢iktilarin diger beyin bolgelerine
aktarilmasini saglamaktadir. Son yillarda yapilan ¢aligmalar, klasik
trisinaptik devrenin yani sira CA2 bolgesi ve diger hipokampal
baglantilarin da bilgi isleme siireglerine katkida bulundugunu
gostermis olsa da, trisinaptik devre hipokampal fonksiyonlarin
aciklanmasinda temel model olma 6zelligini korumaktadir (Farrell
& Soltesz, 2025).

Dentat girus, benzer girdilerin birbirinden ayristirilarak farkl
noral temsillere doniistiiriilmesini saglayan Oriintii ayristirma
(pattern separation) siirecinin temel bilesenlerinden biri olarak kabul
edilmektedir. Buna karsilik CA3 bolgesinin, kismi veya eksik
ipuclarindan 6zgiin bellek izlerini yeniden olusturabilen Oriintii
tamamlama (pattern completion) mekanizmalarinda rol oynadigi
diistiniilmektedir. Bu iki tamamlayic1 siireg, yeni bilgilerin dogru
bicimde kodlanmas1 ve daha sonra etkin sekilde geri cagrilabilmesi
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acisindan kritik 6neme sahiptir (Schmidt, Marrone, & Markus,
2012).

CA3 bolgesi, yogun tekrarlayan baglanti ag1 sayesinde
hipokampusun temel bilgi isleme merkezlerinden biri olarak kabul
edilmektedir. Bu bolgenin en 6nemli islevlerinden biri, eksik veya
kismi ipuglarindan 6zgilin bellek izlerinin yeniden olusturulmasini
saglayan Oriintii tamamlama (pattern completion) mekanizmasina
katkida bulunmasidir. Dentat girustan gelen yosunsu lif girdileri ile
desteklenen CA3 agi, Ogrenilen bilgilerin depolanmasi ve geri
cagrilmast siireclerinde kritik rol oynamaktadir. Bu o&zellikleri
sayesinde CA3 bolgesi, hipokampal bellek aginin 6nemli bir bileseni
olarak degerlendirilmektedir (Kesner & Rolls, 2015).

CA1l bolgesi, hipokampal bilgi isleme agmin Onemli
bilesenlerinden biri olup 6grenme, epizodik bellek ve mekansal
navigasyon siireglerinde kritik rol oynamaktadir. Ozellikle dorsal
CA1 bolgesinin mekansal bellek ve cevresel bilgilerin islenmesiyle
iliskili oldugu, ventral CA1l bdlgesinin ise sosyal davranislar ve
duygusal siireclere katkida bulundugu bildirilmektedir. CA3
bolgesinden gelen bilgilerin biitlinlestirilerek diger hipokampal ve
kortikal yapilara aktarilmasinda gorev alan CA1, bellek olusumu ve
konsolidasyonunda merkezi bir konuma sahiptir (Xie et al., 2023).

Subikulum, hipokampus ile entorhinal korteks ve diger
kortikal bolgeler arasinda yer alan gecis bolgesi olup hipokampal
formasyonun temel ¢ikis yapisi olarak kabul edilmektedir. Anatomik
olarak molekiiler tabaka, piramidal hiicre tabakasi ve polimorfik
tabakadan olugsmaktadir. CA1 bdlgesinden yogun girdiler alan
subikulum, bu bilgileri entorhinal, perirhinal ve prefrontal korteks
basta olmak iizere cok sayida kortikal ve subkortikal yapiya
iletmektedir. Bu nedenle subikulumun, hipokampal bilginin
dagitilmas1 ve biitiinlestirilmesinde merkezi bir rol iistlendigi
diisiiniilmektedir. Ayrica dorsal subikulumun mekansal bellek ve

navigasyon stirecleriyle, ventral subikulumun ise emosyonel ve
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noroendokrin islevlerle iliskili oldugu bildirilmektedir (O'Mara,
20006).

Parkinson Hastaliginda Hipokampal Degisiklikler

Hipokampusta o-Siniiklein ve Lewy Patolojisi

Parkinson hastaliginda goriilen biligsel bozukluklarin
yalnizca frontostriatal aglardaki degisikliklerle agiklanamayacagi,
hipokampusun da bu siirecte dnemli rol oynadig: giderek daha fazla
kabul gérmektedir. Ozellikle epizodik bellek performansindaki
bozulmalarin, hipokampal yapilar ve iliskili bellek aglarindaki
degisikliklerle iligkili olabilecegi bildirilmistir. Norogoriintiileme ve
noropatolojik ¢aligmalar, Parkinson hastalarinda hipokampal atrofi,
baglantisallik degisiklikleri ve Lewy patolojisi gibi bulgularin
biligsel performanstaki azalma ile iliskili oldugunu gostermektedir.
Bu nedenle hipokampus, Parkinson hastaliginda biligsel
bozukluklarin altinda yatan mekanizmalarin arastirilmasinda 6nemli
bir hedef yap1 olarak degerlendirilmektedir (Das, Hwang, & Poston,
2019).

Parkinson hastaliginda hipokampal etkilenmenin temel
patolojik Ozelliklerinden biri a-siniiklein agregasyonlar1 ve buna
bagli Lewy patolojisidir. a-Siniiklein, normal kosullarda sinaptik
islevlerde rol oynayan bir proteinken, patolojik siireclerde yanlis
katlanarak agregatlar olusturabilmekte ve Lewy cisimcikleri ile
Lewy noritlerinin temel bilesenini meydana getirmektedir.
Parkinson hastaliginda bu patolojik birikimlerin yalnizca substantia
nigra ile sinirli olmadigi, limbik sistem ve hipokampus gibi biligsel
islevlerle iligkili yapilara da yayildig1 gosterilmistir. Hipokampusta
gozlenen a-siniiklein birikiminin sinaptik iletim, ndrotransmisyon
ve ndrogenez slireclerini olumsuz etkileyebilecegi, bunun da bilissel
bozukluklar ve noéropsikiyatrik belirtilerin  gelisimine katkida
bulunabilecegi diisiiniilmektedir (Yang & Yu, 2017).
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Noropatolojik caligmalar, Lewy patolojisinin hastaligin
ilerleyen evrelerinde hipokampal olusuma ve iligkili limbik yapilara
ulastigim1  gostermektedir. Ozellikle hipokampal alt alanlarda
meydana gelen a-siniiklein birikimi, epizodik bellek ve diger biligsel
islevlerde goriilen bozulmalarla iligskilendirilmektedir. Bu bulgular,
hipokampusun Parkinson hastaliginda yalnizca ikincil olarak
etkilenen bir yap1 olmadigini, bilissel semptomlarin ortaya ¢ikisinda
aktif rol oynayabilecegini diislindliirmektedir.

Parkinson Hastaliginda Hipokampal Hacim ve Alt Alan
Degisiklikleri

Son yillarda gergeklestirilen volumetrik c¢alismalar,
Parkinson hastaligina eslik eden hafif biligsel bozuklukta (PD-MCI)
hipokampal hacim kaybinin daha belirgin hale geldigini
gostermektedir. Ozellikle hipokampus ile iligkili bellek aglarinda
meydana gelen yapisal degisikliklerin bellek kodlama ve geri
cagirma slireglerini olumsuz etkileyebilecegi diistiniilmektedir
(Sahin et al.,, 2024). Ayrica, Parkinson hastalarinda bilissel
bozuklugun varligi ile hipokampal hacim azalmas1 arasinda anlamli
iliskiler bildirilmekte olup, bu durum hipokampal atrofiyi bilissel
gerilemenin  potansiyel bir goriintiileme  belirteci  haline
getirmektedir (Hu et al., 2026).

Hipokampal degisikliklerin yalnizca toplam hacim kayb ile
siirlt olmadigi, bazi alt alanlarin ndérodejeneratif siireclere karsi
daha duyarl olabilecegi ileri siiriilmektedir. Bu nedenle son yillarda
yapilan ¢aligmalar, Parkinson hastaliginda hipokampal alt alanlarin
ayr1 ayr1 degerlendirilmesine odaklanmis ve 6zellikle CA1, dentat
girus ve subikulum gibi bolgelerde meydana gelen degisikliklerin
biligsel performansla iliskili olabilecegini gostermistir. Bu bulgular,
Parkinson hastaliginda hipokampusun yalnizca ikincil olarak
etkilenen bir yap1 olmadigini, bilissel semptomlarin gelisiminde
aktif rol oynayabilecegini diislindiirmektedir.
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Parkinson Hastaliginda Hipokampal Alt Alanlarin Etkilenmesi

CA1l bolgesi, hipokampal bilgi isleme agmin temel
bilesenlerinden biri olup epizodik bellek, 6grenme ve mekansal
navigasyon siireglerinde 6nemli rol oynamaktadir. CA3 bolgesinden
gelen bilgilerin biitiinlestirilerek  hipokampal ¢ikis yollarina
aktarilmasinda gorev alan CAl, bellek olusumu ve geri cagirma
siireclerinin kritik bir bileseni olarak kabul edilmektedir. Parkinson
hastaliginda goriilen biligsel bozukluklarin yalnizca frontostriatal
aglardaki degisikliklerle agiklanamayacagi, hipokampal alt alanlarin
da bu siirecte dnemli katki saglayabilecegi bildirilmektedir. Ozellikle
epizodik bellek performansindaki bozulmalarin hipokampal
yapilardaki degisikliklerle iligkili oldugu ve CA1 bolgesinin bu ag
icerisinde merkezi bir konuma sahip oldugu belirtilmektedir (Das et
al., 2019; Pourzinal et al., 2021). Noropatolojik ve goriintiileme
bulgular1, hipokampal alt alanlarin nérodejeneratif siireglere karsi
farklh diizeylerde duyarlilik gdsterebildigini ortaya koymakta olup,
CAL1 bolgesi bu agidan Parkinson hastaliginda biligsel gerilemenin
degerlendirilmesinde 6nem tasiyan yapilardan biri olarak kabul
edilmektedir (Bouwman et al., 2025).

Dentat girus, hipokampal devrenin giris kapis1 olarak gorev
yapmakta ve Orlintii ayristirma (pattern separation) mekanizmasi
aracilifiyla benzer deneyimlerin birbirinden ayirt edilmesine katki
saglamaktadir. Bu islev, yeni bilgilerin dogru sekilde kodlanmasi ve
epizodik bellegin olusturulmasi agisindan kritik dneme sahiptir.
Parkinson hastaliginda goriilen biligsel bozukluklarin altinda yatan
mekanizmalar1 arastiran caligmalar, hipokampal alt alanlarin
norodejeneratif silireclerden farkli diizeylerde etkilenebilecegini
gostermektedir. Ozellikle hipokampal alt alan atrofisini inceleyen
aragtirmalar, dentat girusun da Parkinson hastaliginda yapisal
degisikliklerden etkilenebilecegini ve bu degisikliklerin bilissel
performanstaki azalma ile iligkili olabilecegini bildirmektedir
(Lenka et al., 2018). Ayrica MRG tabanli volumetrik segmentasyon
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caligmalari, hipokampal alt alan hacimlerinin bilissel durumun
degerlendirilmesinde potansiyel biyobelirtegler olarak
kullanilabilecegini gostermektedir (Tarhan, Atalay, Buz Yasar, &
Ozdilek, 2024).

Subikulum, hipokampusun temel ¢ikis merkezi olarak gérev
yapmakta ve hipokampal bilgilerin kortikal ve subkortikal bolgelere
aktarilmasini saglamaktadir. Parkinson hastaliginda gercgeklestirilen
gorlntiilleme ¢alismalari, subikulumun ndrodejeneratif siireclerden
etkilenen hipokampal alt alanlar arasinda yer aldigim
gostermektedir. Ozellikle subikiiler yapilarin hacim kaybinin bilissel
gerileme ve demans gelisimi ile iligkili oldugu bildirilmistir. Ayrica
longitudinal caligmalar, subikulum ve presubiculum bdlgelerinde
meydana gelen hacim degisikliklerinin biligsel performanstaki
azalma ile iligkili olabilecegini gostermektedir. Bu bulgular,
subikulumun Parkinson hastaliginda goriilen biligsel bozukluklarin
norobiyolojik temellerinin anlasilmasinda 6nemli bir yap1 oldugunu
diisiindiirmektedir (Low, Foo, Yong, Tan, & Kandiah, 2019; Xu et
al., 2020).

Hipokampal yapilar ve iliskili bellek aglari, Parkinson
hastaliginda goriilen bilissel bozukluklarin ortaya ¢ikisinda 6nemli
rol oynamaktadir. Ozellikle epizodik bellek, 6grenme ve bilgi geri
cagirma siireglerinde gorev alan hipokampal alt alanlarda meydana
gelen yapisal degisikliklerin biligsel performanstaki azalma ile
iliskili ~ oldugu  bildirilmektedir. ~ Son  yillarda  yapilan
ndrogdriintiileme ¢aligmalar1, hipokampal hacim kayb1 ve alt alan
diizeyindeki degisikliklerin hafif bilissel bozukluk ve demans
gelisimi ile iligkili olabilecegini gostermistir (Das et al., 2019;
Pourzinal et al., 2021). Ayrica longitudinal ¢aligmalar, subikulum,
presubiculum ve dentat girus gibi alt alanlarda meydana gelen hacim
degisikliklerinin ~ biligsel ~ gerilemenin  erken  gostergeleri
olabilecegini ortaya koymustur (Xu et al., 2020). Bu bulgular,
hipokampal alt alanlarin Parkinson hastalifinda yalnizca
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ndrodejeneratif silirecin pasif hedefleri olmadigini, ayn1 zamanda
biligsel semptomlarin gelisiminde aktif rol oynayabileceklerini
diistindiirmektedir.

Sonuc ve Gelecek Perspektifleri

Parkinson hastalig1 uzun yillar boyunca temel olarak motor
semptomlarla karakterize edilen bir norodejeneratif hastalik olarak
degerlendirilmis olsa da, gilinlimiizde bilissel bozukluklarin
hastaligin klinik seyrinde 6nemli bir yer tuttugu bilinmektedir. Bu
biligsel degisikliklerin altinda yatan mekanizmalarin anlasilmasinda
hipokampus ve iligkili bellek aglar1 dnemli bir aragtirma odagi haline
gelmistir. Noropatolojik ¢aligmalar, hipokampusta a-siniiklein
birikimi ve Lewy patolojisinin meydana gelebildigini gosterirken,
norogoriintiilleme c¢aligmalar1 hipokampal hacim kayb1 ve alt alan
diizeyindeki yapisal degisikliklerin bilissel performanstaki azalma
ile iligkili olabilecegini ortaya koymustur (Das et al., 2019; Yang &
Yu, 2017).

Son yillarda gerceklestirilen hipokampal alt alan analizleri,
Parkinson hastaliginda tiim hipokampusun homojen bicimde
etkilenmedigini gostermektedir. Ozellikle CA1, subikulum ve
presubikulum bolgelerinde meydana gelen erken hacim kayiplarinin
biligsel gerileme ve demans gelisimi ile iligkili oldugu bildirilmistir.
Ayrica dentat girus ve diger alt alanlarda ortaya ¢ikan yapisal
degisikliklerin de hafif biligsel bozuklugun gelisimine katkida
bulunabilecegi  diisliniilmektedir. Hipokampal alt alanlarin
degerlendirilmesi, toplam hipokampal hacim oOlgiimlerine kiyasla
bilissel bozulmanin daha duyarli gostergelerini saglayabilir (Low et
al., 2019; Xu et al., 2020).

Gelecekte yiiksek c¢Ozliniirlikli  manyetik  rezonans
goriintiileme yOntemleri, otomatik segmentasyon algoritmalar1 ve
yapay zeka destekli analiz yaklagimlarinin kullanimi ile hipokampal
alt alanlarin daha ayrintili incelenmesi miimkiin olacaktir. Bu



yaklagimlar, Parkinson hastalarinda hafif biligsel bozukluktan
demansa ilerleme riskinin erken donemde belirlenmesine katki
saglayabilir. Ayrica hipokampal alt alanlara 6zgli degisikliklerin
biyobelirte¢ olarak kullanilmasi, hasta takibi ve kisisellestirilmis
tedavi stratejilerinin  gelistirilmesi acisindan Onemli firsatlar
sunmaktadir.

Sonu¢ olarak, hipokampus ve hipokampal alt alanlar
Parkinson hastaliginda goriilen bilissel bozukluklarin nérobiyolojik
temellerinin anlasilmasinda merkezi bir konuma sahiptir. Ozellikle
CAL, dentat girus ve subikulum bolgelerinde meydana gelen yapisal
degisikliklerin biligsel gerileme ile iliskili oldugu goriilmektedir. Bu
nedenle hipokampal alt alanlarin ayritili degerlendirilmesi,
Parkinson hastaliginda biligsel bozukluklarin erken taninmasi ve
gelecekteki norogoriintiileme temelli biyobelirte¢ calismalarinin
gelistirilmesi  agisindan umut verici  bir yaklasim olarak
degerlendirilmektedir.
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