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The entorhinal cortex (EC) stands out as a critical brain region affected in the
early phases of Alzheimer's disease (AD), with some of the disease’s pathological
processes originating from this area, making it one of the most crucial brain
regions in AD. Recent research highlights disruptions in the brain’s network
activity, characterized by heightened excitability and irregular oscillations, may
contribute to cognitive impairment. These disruptions are proposed not only as
potential therapeutic targets but also as early biomarkers for AD. In this paper,
we will begin with a review of the anatomy and function of EC, highlighting
its selective vulnerability in AD. Subsequently, we will discuss the disruption of
EC network activity, exploring changes in excitability and neuronal oscillations
in this region during AD and hypothesize that, considering the advancements
in neuromodulation techniques, addressing the disturbances in the network
activity of the EC could offer fresh insights for both the diagnosis and treatment
of AD.
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1 Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that impairs
cognitive function in older people. The search for an effective treatment for this disease and
the identification of its exact pathology are still among the most important concerns of medical
research due to the global aging of the population and its economic and social impact
(Alzheimer’s Disease, 2021). Amyloid-beta (Ap) plaques and neurofibrillary tangles (NFTs) of
tau are central to the pathogenesis of AD (Knopman et al., 2021). Other hypotheses in this
area include the cholinergic neuron hypothesis, the mitochondrial cascade hypothesis, the
vascular hypothesis, the inflammation hypothesis, the calcium dysregulation hypothesis, and
others (Du et al., 2018). However, none of the hypotheses has yet been able to comprehensively
explain the causes of AD.

So far, therapeutic research on AD has mainly focused on NFTs and Af pathology.
However, drugs that specifically target these molecules have not achieved significant success.
Even the FDA-approved drugs lecanemab and aducanumab, known for their ability to target
AP, have shown limited efficacy in attenuating cognitive decline in Alzheimer’s patients (Lyu
etal., 2023).
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Abnormal excitability and oscillatory activity in the neuronal
networks have been identified as important factors contributing to
cognitive impairment in Alzheimer’s disease (Kazim et al., 2021).
As a result, neuronal network dysfunction has become a significant
area of interest in the diagnosis and treatment of Alzheimer’s
disease (Kim et al., 2022). The entorhinal cortex (EC) is considered
a vital component of hippocampal formation. It serves as a bridge
between the hippocampus and the neocortex and plays a crucial
role in various forms of explicit memory (Coutureau and Di Scala,
2009; Hasselmo, 2013). The EC is particularly susceptible to
Alzheimer’s disease. It degenerates earlier than other brain regions
and contributes significantly to the symptoms of mild cognitive
impairment (MCI), such as deficits in spatial navigation (Kobro-
Flatmoen et al., 2021; Igarashi, 2023). This selective vulnerability
of EC in AD has greatly improved our understanding of the
pathology of the disease. Consequently, the study of neuronal
networks within EC may greatly expand our knowledge of the
pathogenesis of AD and facilitate the discovery of new biomarkers
for early diagnosis and the development of novel
therapeutic targets.

This review will first provide a brief overview of the anatomical
and functional organization of the EC and its dysfunction in
AD. We will review studies on EC network dysfunction and conclude
by discussing the modulation of neuronal activity within the EC as a
potential therapeutic approach for AD.

2 Anatomical and functional
organization of EC

2.1 Anatomy of EC

In addition to the hippocampus, widely acknowledged as the
paramount brain region in spatial navigation and episodic memory
processing, other parts of the medial temporal lobe (MTL) such as EC
have attracted considerable attention, and the involvement of this area
has been shown in episodic memory and spatial navigation processes
within the human brain (Jacobs et al., 2010; Bellmund et al., 2020).

The EC, designated as Brodmann area 28, derives its name from
a distinctive anatomical feature - the partial encirclement by the rhinal
(olfactory) sulcus. This prominent feature is particularly conspicuous
in nonprimate mammals, but even in primates, the anterior portion
of the EC exhibits lateral demarcation by the rhinal sulcus (Witter
et al., 2017; Garcia and Buffalo, 2020). It serves as a nodal point
between the hippocampal formation and multimodal cortical
association areas, such as the parietal, temporal, and prefrontal cortex.
The EC is laterally bordered by the perirhinal cortex. Medially, the EC
is adjacent to the subiculum and the hippocampus. Anteriorly, it
extends toward the piriform cortex and the amygdala, while
posteriorly, it transitions into the parahippocampal cortex, which is
often called the postrhinal cortex in nonprimate species (Canto et al.,
2008; Witter et al., 2017).

Based on their cytoarchitecture and connectivity patterns, the EC
is divided into two distinct subregions in rodents, known as the lateral
entorhinal cortex (LEC) and the medial entorhinal cortex (MEC)
(Canto et al., 2008; Witter et al.,, 2017). In humans, these subregions
correspond to the anterior-lateral and posterior-medial portions of the
EC (Maass, 2015; Navarro Schroder et al., 2015).
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Traditionally, the EC has been characterized as an intermediary
structure situated between the six-layered neocortex and the three-
layered archicortex (Van Groen, 2001). The EC consists of four cell-
rich layers (layers I, ITI, V, and VI) and two relatively cell-sparse layers
layers I and IV. Two types of excitatory cells reside in layer II: stellate
and pyramidal cells, distinguished by their morphologies,
physiological properties, projection targets, and molecular profiles.
Stellate cells are likely replaced with fan cells in the LEC. Pyramidal
cells dominate layers IIT and V (Alonso and Klink, 1993; Gerlei et al.,
2021; Tukker et al.,, 2022). Layers II and III also house a diverse
minority of approximately 10% inhibitory interneurons that release
gamma-aminobutyric acid (GABA). Interneurons mainly project
locally, but a small proportion also project to the hippocampus
(Melzer et al., 2012; Ye et al., 2018).

The EC collects sensory information from cortical regions
through connections with the perirhinal and parahippocampal
cortices, and the pre-and parasubiculum. It also receives input from
olfactory structures. As a result of this integration, the EC transmits
these sensory inputs to different subfields within the hippocampus.
Layer II neurons mostly project to the dentate gyrus and fields CA2
and CA3, while layer III neurons project to CA1 and the subiculum.
In the EC, hippocampal output targets layers V and VI. In turn, they
serve as the source of extensive reciprocal projections to the cortex
and subcortical regions, such as the septum, striatum, amygdala, and
thalamus (Maass, 2015; Witter et al., 2017). A Schematic diagram of
EC connections is shown in Figure 1.

2.2 Functional diversity of MEC and LEC

Within the context of the influential theory postulating the
existence of two separate information processing routes, it has been
classically suggested that the MEC constitutes an integral component
of the dorsal pathway, which specializes in processing spatial
information (“where”). Conversely, the LEC is posited to be a
constituent of the ventral pathway, which is responsible for processing
non-spatial information (“what”) (Save and Sargolini, 2017). The
MEC and LEC exhibit distinct connectivity patterns, implying a
functional segregation. The main input to the MEC comes from the
postrhinal cortex, whereas the LEC is mostly connected to the
perirhinal cortex. Furthermore, the occipital, parietal, and cingulate
areas exhibit notably greater connections with the MEC, whereas the
insular, prelimbic, and infralimbic frontal regions have more
prominent connections with the LEC. Both subregions establish
reciprocal connections with subcortical structures, including the
thalamus, amygdala, claustrum, and septum. The interconnected
regions of LEC and MEC contribute to a well-structured network
between EC and the hippocampus. Specifically, the dorsolateral band
connects with the dorsal portion of the hippocampal formation, the
intermediate band with the intermediate part, and the medial band
with the ventral part. Consequently, the communication between
MEC and LEC, enabled by associative connections, allows for the
merging of spatial and non-spatial data at the entorhinal level (Burwell
and Amaral, 1998; Pitkinen et al., 2000; Kitanishi and Matsuo, 2017).

There has been recent questioning of the idea that MEC and LEC
function as completely separate entities. The hypothesis of a functional
link between the two subregions is driven by findings from lesion,
imaging, and electrophysiological studies. Although the general
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;5 Cortical areas

Perirhinal cortex
Postrhinal cortex
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FIGURE 1

Schematic diagram of EC connections. Cortical areas connect to EC by perirhinal, postrhinal, and piriform cortex and pre/parasubiculum. Cortical
inputs terminate in layers Il and Il of the EC. Inputs from layer Il use the perforant pathway to reach the dentate gyrus or CA3, while inputs from layer IlI
use the temporoammonic pathway to reach CAL, linking the EC with the hippocampus. Outputs from the hippocampus travel directly from CAl or the
subiculum to layers V and VI of the EC, and subsequently to cortical regions. EC, Entorhinal Cortex; DG, Dentate Gyrus; Sub, Subiculum.

hypothesis regarding spatial vs. non-spatial distinction is not to
be rejected, it is becoming increasingly clear that the concept of a strict
dichotomy necessitates revision (Van Cauter et al., 2013; Save and
Sargolini, 2017).

3 Entorhinal cortex dysfunction in AD

The EC experiences degeneration during the initial phases of AD,
resulting in around 60% of layer II neurons undergoing cell death
(Gomez-Isla et al., 1996; Braak and Del Tredici, 2012). In addition, EC
is among the first areas where Af plaques accumulate (Thal et al.,
2002). More importantly, the EC is particularly prone to the
accumulation of NFTs as part of the natural aging process (Scholl
etal, 2016; Harrison et al., 2019). The empirical study undertaken by
Braak et al. demonstrates a sequential pattern of spread of NFTs in
AD, beginning in the transentorhinal region and subsequently
extending to other limbic regions (such as the hippocampus) and
neocortical areas (Braak and Braak, 1991). The tau protein, which is
the main component of NFTs, can be transferred between cells
through processes such as endocytosis-exocytosis or direct membrane
penetration. This phenomenon is interestingly linked to neuronal
activity (Frost et al., 2009; Kfoury et al., 2012; Yamada et al., 2014;
Vogels et al., 2020). Therefore, it is postulated that tau spreads
throughout the brain via neuronal connections (Braak and Del
Tredici, 2018). In addition, microglia have a role in promoting the
spread of tau inside the brain tissue (Asai et al., 2015). Tau proteins
can induce degeneration of entorhinal neurons, so breaking the
connections between the hippocampus and other cortical regions,
ultimately resulting in cognitive impairment observed in Alzheimer’s
disease (Dickerson, 2007). While the specific reasons for the
heightened vulnerability of entorhinal neurons, particularly those in
layer II, to tau-related pathology and cell death in AD, are not fully
known, factors such as elevated metabolic rates, neuronal plasticity,
and a unique genetic profile related to tau homeostasis in this region
are believed to play significant roles (Braak et al., 2006; Stranahan and
Mattson, 2010; Fu et al., 2018). Given the importance of discovering
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the molecular mechanisms involved in the selective vulnerability of
this region in AD, numerous studies have been conducted in this area.
For example, the results of a study that evaluated the changes in gene
expression of pyramidal neurons of different parts of the brain in aged
people showed that the expression of glycogen synthase kinase 3 beta
(GSK3p) and calcium/calmodulin-dependent protein kinase II delta
(CaMK2D) was upregulated in the EC of the aged brains. GSK3f is an
enzyme that performs a function in phosphorylating Tau and
increasing CaMK2D is believed to contribute to Ca2 + —dependent
toxicity which seems that both can contribute to the vulnerability of
this region to AD (Liang et al., 2007). Additionally, previous research
indicated that the elevated levels of reelin protein and reduced levels
of calbindin, a calcium-buffering protein, in neurons of layer II of the
EC make these neurons more susceptible to damage from Ap (Thorns
etal,, 2001; Kobro-Flatmoen et al., 2016). In a recent study conducted
using the single-nucleus RNA-sequencing (SnRNA-seq) technique in
the post-mortem brains of AD, a population of EC neurons that were
more vulnerable to AD was identified. Subsequent research revealed
that the nuclear receptor RAR-related orphan receptor beta (RORB),
which plays a crucial role in determining the identity of neuronal
subtypes during development, is specifically expressed in this
particular group of neurons. RORB has been discovered as a marker
for neurons that are selectively vulnerable in the EC. In addition, this
study also discovered a population of astrocytes with a significant
downregulation of homeostatic genes in the EC region, which seems
to contribute to the selective susceptibility of this region (Crist et al.,
2021; Leng et al., 2021).

Given the selective vulnerability of this region to AD, numerous
clinical and animal studies have reported dysfunction in the structure,
histology, and neuronal networks of the EC. Notably, several studies
suggest that investigating these dysfunctions could significantly aid in
the early diagnosis of AD. Accordingly, Magnetic resonance imaging
(MRI) studies of mild cognitive impairment (MCI) and elderly
patients suggest that the degeneration and reduction of EC volume
can be suitable biomarkers for predicting and early diagnosis of AD
(Whitwell et al., 2007). In this regard, the identification of EC
dysfunction using functional MRI (fMRI) during the performance of
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a virtual reality navigation test was also helpful for the detection of the
early stages of AD (Kunz et al., 2015).

Table 1 summarizes clinical and preclinical studies that investigate
the various facets of EC dysfunction in AD. Moreover, given that the
primary focus of this review is on neural network impairments,
dysfunction in the neural network of the EC region, including changes
in excitability and neuronal oscillations, is discussed in greater detail
in the following sections of the article.

3.1 Dysfunction of EC network excitability

3.1.1 Neuronal hyperexcitability in AD

Hippocampal hyperactivity throughout memory encoding tasks
in individuals with MCI and presymptomatic people that carried the
E280A presenilin-1 (PS1) mutation, which is the primary driver of
early-onset familial AD, has been identified by fMRI (Hector and
Brouillette, 2020). Hyperexcitability of the neurons causes
hyperactivity and hypersynchrony of the neural networks, which
causes epileptiform and seizure activity in the early stages of
AD. Seizures and epileptiform activity have been recorded in AD and
MCI patients, as well as in animal models of AD (Vossel et al., 2013).
Electrophysiological studies in transgenic AD animal models have
reported a disturbance in neuronal network excitability, which can
be related to AP or tau. It has been shown that in the early and
presymptomatic stages of the disease, soluble Ap damages inhibitory
neurons and inhibits glutamate reuptake, which disrupts the
excitatory-inhibitory balance and leads to the hyperexcitability of
cortical and hippocampal neurons (Palop and Mucke, 2016; Zott et al.,
2019). Hyperactivity of the cortical and hippocampal areas may play
an important role in the accumulation of A plaques and the spread
of NFTs throughout the brain. Therefore, it can be one of the key
mechanisms of disease progression and cognitive disorders (Busche
and Konnerth, 2015; Targa Dias Anastacio et al., 2022). In numerous
transgenic AD mouse models, neuronal hyperactivity has been
identified. It was found Around 21% of the neurons in the cortex of
the APP23 x PS45 animal model exhibited an elevated influx of Ca2+,
primarily close to amyloid plaques (Busche et al., 2008). Moreover,
hyperactivity was observed in the CA1 area of the hippocampus in
young transgenic mice with AD (aged 1-2months) at a stage when the
accumulation of AP oligomers (Ao) starts but before the emergence
of detectable plaques (Busche et al., 2012).

These findings indicate that hyperactivity is an initial pathogenic
event that depends on the accumulation of Afo, rather than the mere
existence of plaques. The plaques may serve as a storage site for
harmful APo, thus intensifying the elevated neuronal activity that is
partly responsible for the synaptic and neuronal losses found near the
plaques. Alongside this hyperactivity, approximately 29% of the
cortical neurons exhibited hypoactivity in mice aged 6-10 months
with established plaques. It is worth mentioning that hypoactive
neurons were only detected after the development of plaques. This
suggests that as AD advances, the initially hyperactive neural networks
eventually transition to a state of hypoactivity (Hector and Brouillette,
2020). It is noteworthy that the modulation of hyperactivity using
anticonvulsant drugs such as levetiracetam improves AD-related
memory disorders (Bakker et al., 2012). Although most of the
neuronal hyperactivity is attributed to Ap accumulations, the effects
of tau on neuronal excitability are conflicting in different studies.
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However, recent studies suggest that hyperphosphorylated tau is more
related to reduced neuronal excitability in the hippocampal and
cortical areas (Harris et al., 2020).

3.1.2 Alteration of EC neuronal excitability in AD

It is imperative to understand hippocampal and cortical
excitability in AD, but understanding EC neuronal excitability also
provides valuable insight into AD pathology as well. Considering
this, various studies have investigated this issue. Using four-
month-old Tg2576 mice carrying the Swedish mutation (APP695
with double mutations at KM670/671NL), a reduction in the firing
rate was observed among LEC fan cells. The overproduction of
different A peptides in the MLT regions reported in this model
may be involved in the hypoactivity of LEC fan cells (Marcantoni
et al., 2014). In contrast, a study conducted in 3-and 6-month-old
Tg2576 mice demonstrated neuronal hyperactivity in the LEC
through the measurement of local field potentials and single-unit
spontaneous activity in the LEC, which was correlated with amyloid
precursor protein (APP) metabolites (Xu et al., 2015). Also in
another study, which was conducted in Tg2576 mice, but at an
earlier stage in 2 to 4-month-old mice, there was an increase in
soluble AP expression in the LEC area. Hyperexcitability in the LEC
slices was observed by increased repetitive field potentials in
response to stimulus (Duffy et al., 2015). The results of these studies
suggest that EC hyperexcitability may also occur before plaque
deposition and thus may serve as an early indicator of AD. Other
transgene models of AD have also demonstrated hyperexcitability
of EC. Hyperexcitability, characterized by an elevated discharge of
action potentials, increased frequency, and amplitudes of
spontaneous excitatory postsynaptic potentials (SEPSPs), was also
detected in the LEC of a mouse model with AD (AppNL-F/NL-F).
This hyperexcitability was associated with the malfunctioning of
parvalbumin (PV) interneurons and Wnt signaling (Petrache et al.,
2019). Furthermore, mice expressing mutant human APP in the EC
had hyperexcitable neurons. This was supported by the presence of
more frequent and longer-lasting spontaneous extracellular field
potentials (sEFPs) in the LEC and the occurrence of epileptiform-
ictal-like discharges in the MEC. In contrast, expressing mutant
human tau in the EC reduced excitability (Angulo et al., 2017). In
an additional investigation, electrophysiological recordings using
the whole cell patch clamp technique were conducted on stellate
neurons in layer IT of the MEC in three-month-old 3xTg transgenic
mice, which exhibit both Af and tau pathologies. The results
revealed that the excitability of these neurons remained unchanged
in animals of this age. Additionally, no impairments in spatial
memory were detected in mice at this stage. However, in mice that
were 10 months old, there was a noticeable hyperexcitability in
these neurons, which was accompanied by impairments in spatial
memory. This suggests that spatial memory impairments may
be associated with the hyperexcitability of these neurons (Chen
et al.,, 2023). A further investigation conducted on the rTg4510
tauopathy model demonstrated a reduction in neuronal excitability
in the dorsal region of the MEC, whereas the excitability of neurons
in the ventral region remained unaffected (Booth et al., 2016). A
reduction in grid cell firing rate was observed after the in vivo
recording of the MEC in old EC-Tau mice with tau pathology in the
MEC. Furthermore, this study found that tau pathology mostly
caused neuronal death in excitatory neurons, which indicates that
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TABLE 1 Clinical and preclinical studies on EC dysfunction in AD.

10.3389/fnagi.2024.1402573

Study type Model/group of Methodology Observation(s)
study

Human studies

Post-mortem -8 control IHC « Decrease of the number of layer II EC neurons in Kordower et al. (2001)
—10 MCI MCI and AD patient
—11 mild or moderate AD « Atrophy of layer II EC in MCI and AD patient

Post-mortem —10 control IHC o Decrease of the number of layer IT EC neurons in Gomez-Isla et al. (1996)
—-10AD AD patient

« Layer II followed by layer IV showed the highest
and earliest rates of neuronal depopulation

Post-mortem —13 control IHC « Decrease of the number of layer II EC neurons in Price et al. (2001)
—4 preclinical AD MCI and AD patient
—8 mild symptomatic AD « Atrophy of layer IT EC in MCI and AD patient
—4 with severe AD

Clinical study —39 control MRI « Reduction of EC volume in MCI and AD patient Du et al. (2001)
—27 MCI « EC was better than the hippocampus for
—27AD distinguishing MCI from AD

Clinical study —32 control MRI « Reduction of EC volume in AD patient Juottonen et al. (1999)
—30AD

Clinical study —63 controls MRI « Reduction of EC volumes contributes to the Devanand et al. (2007)
—139 MCI prediction of MCI conversion to AD

Clinical study —59 control MRI « Reduction of EC volumes contributes to the Pennanen et al. (2004)
—65 MCI efficient classification of MCI from healthy
—48 AD individuals

Clinical study —31 controls MRI « Reduction of EC volume in patient with Juottonen et al. (1998)
- 16 APOE-¢e4 with AD APOE-¢4 allele
—16 AD without APOE-g4

Clinical study —33 patient with normal MRI « Reduction of entorhinal and transentorhinal Kulason et al. (2020)
cognition thickness in MCI
- 17 normal cognition to MCI « Reduction of transentorhinal thickness predicted
patient the MCI earlier

Clinical study —18 control -MRI « Reduction of EC volumes Di Paola et al. (2007)
—18 probable AD -Verbal and visuospatial = « Correlation between Episodic memory impairment

episodic memory test and reduction in the EC volumes

Clinical study —99 controls MRI « Reduction of EC thickness Velayudhan et al. (2013)
- 106 MCI « Reduction of EC thickness could predict the decline
—120AD in cognitive performance

Clinical study —41 controls -MRI o Reduction of EC volume Howett et al. (2019)
—45 MCI -Virtual reality « Impairment in the performance of entorhinal based

navigation task

navigational task
« Reduction of EC volume was correlated with

impairment of navigation

Clinical follow-up —84 controls fMRI « Reduction of EC CBV Khan et al. (2014)
study —12AD « LEC is primarily affected in preclinical
Alzheimer’s disease
Clinical study Homozygous for APOE-£3 -fMRI « Dysfunction of the EC grid cells in APOE-g4 Kunz et al. (2015)
(“control participants”) -Virtual reality carriers
Heterozygous for APOE-g4/e3 | navigation task
(“risk participants”)
—18 male control
—19 female control
—18 male risk
—20 female risk
(Continued)
Frontiers in Aging Neuroscience 05 frontiersin.org


https://doi.org/10.3389/fnagi.2024.1402573
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Karimani et al.

TABLE 1 (Continued)

Study type Model/group of Methodology

study

10.3389/fnagi.2024.1402573

Observation(s)

Animal studies

—17 Tg2576
—21 Wild type

(in vivo single-unit
recording in

anesthetized mice)

Experimental study 2-to 4-month-old mice -Electrophysiology « Impaired performance in EC-dependent Dufty et al. (2015)
—11 Wild-type (in vitro slice recording) cognitive task
—12 Tg2576 -Object placement task | o Disruption of MEC neuronal excitability

Experimental study | 3-and 6-month-old mice Electrophysiology « Disruption of LEC neuronal excitability Xu et al. (2015)

Experimental study 5-month-old mice Electrophysiology
—5 APP-KI (in vivo recording in
—5 Wild type anesthetized mice)

Nakazono et al. (2017)

Disruption of MEC gamma oscillations

awake mice)

Experimental study Young and adult mice Electrophysiology « Dysfunction of the MEC grid cells in adult J20 mice | Ving etal. (2022)
-38J20 (in vivo recording in
—30 Wild type awake mice)

Experimental study = —13 APP-KI Electrophysiology « Dysfunction of the MEC grid cells in APP-KI mice | Jun et al. (2020)
—12 Wild type (in vivo recording in

Experimental study -Young and aged mice -Electrophysiology
—10 Young control

—9 Young EC-Tau

(in vivo recording in

awake mice)

« Dysfunction of the MEC grid cells in aged Fu et al. (2017)
EC-Tau mice

« Excitatory neuronal loss in MEC

mice

-3xTg-AD
(n=5,4,4,5and 5
respectively)

-Wild type (n=4,4,4,5,5

respectively)

—7 aged control -IHC
—7 aged EC-Tau
Experimental study 1, 3-,6-,9-,and 12-months old = IHC « Astrocytic atrophy in the EC from Yeh et al. (2011)

one-month-old age

AD, Alzheimer’s disease; EC, Entorhinal cortex; MCI, mild cognitive impairment; IHC, Immunohistochemistry; MRI, Magnetic resonance imaging, fMRI, functional Magnetic resonance
imaging; LEC, Lateral Entorhinal cortex; MEC, Medial Entorhinal cortex; CBV, Cerebral Blood Volume.

these neurons are more susceptible to tau than other types of
neurons (Fu et al., 2017). Interestingly, the hyperexcitability of LEC
pyramidal neurons was reported even in mice expressing the risk
factor gene of AD (APOE4) (Nuriel et al., 2017). According to the
above evidence, most evidence suggests that Ap accumulation in
the EC can cause hyperexcitability. The increase in hyperexcitability
can also result in increased Af peptide secretion and greater plaque
accumulation (Leal et al., 2017). It has been found that Af can
facilitate tau spread in the brain, both locally and remotely (Busche
and Hyman, 2020; Lee et al., 2022). Neuronal hyperactivity can also
increase the release of tau from neurons which can be taken up by
neighboring cells, thereby seeding even more tau to develop (Wu
et al.,, 2016). It was found that optogenetic stimulation of the
rTg4510 mice hippocampus and chemogenetic stimulation of the
rTauEC mice EC increased tauopathy in mice (Schultz et al., 2018).
Therefore, the increase in excitability, either directly or indirectly
through the increase of AP facilitates the spread of tau in the
hippocampal and cortical regions. As tau spreads in the brain, it can
cause the disease to progress to its advanced stages and cause
extensive dementia in the brain (Braak and Del Tredici, 2012). It
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can be therapeutically beneficial to control hyperexcitability in this
area to prevent the progression of the disease.

3.2 Dysfunction of EC oscillatory activity

3.2.1 Abnormal brain oscillatory activity in AD
Aberrant network excitability and dysfunction of inhibitory
neurons can also impair the oscillatory or rhythmic activity of the
brain (Palop and Mucke, 2016). Neuronal oscillations are the rhythmic
fluctuation of the neuronal population’s electrical activity that can
be measured by different methods such as electroencephalography
(EEG), local field potentials (LFP), and magnetoencephalography
(MEG). They are classified into six categories based on frequency,
which includes delta (5), theta (0), alfa (a), beta (§), gamma (y), and
sharp-wave ripples (SWRs). Oscillatory activity in different regions of
the brain enables various brain areas to connect more easily and
efficiently through the synchronization of neuronal oscillations, either
by coupling the phase of neuronal oscillations (phase coupling) or by
coupling the amplitude of neuronal oscillations (power to power
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correlation) or by coupling the phase of a slower oscillation with the
power of a faster one (phase-amplitude coupling), making
communication faster and easier. As a result, neural oscillations are
one of the basic mechanisms for processing various cognitive
functions of a healthy brain, and their abnormal activity may indicate
the presence of brain disorders such as AD (Ward, 2003; Buzsaki and
Watson, 2012).

Dysfunction in neural networks oscillatory activities plays a
critical role in the pathology and clinical manifestations of AD (Aron
and Yankner, 2016). It occurs in the early phase of a pathogenic
cascade that leads to exacerbation of AD progression and finally
disruption of neural circuits that underlie higher cognitive functions
in affected individuals (Canter et al., 2016). Therefore, several EEG
investigations that encompassed individuals with both MCI and AD
have consistently observed alterations in brain oscillations compared
with a group of healthy individuals. These alterations include a
reduction in alpha and beta activity, along with an increase in delta
and theta activity. In addition, it has been observed that decreased
complexity and coherence in EEG recordings could be used as
biomarkers for diagnosing AD (Le Roc’h, 1994; Stam et al., 2003).
Decreased EEG synchronization and loss of oscillatory activity,
particularly of gamma-frequency oscillations, have been observed in
MCI and AD patients (Koenig et al., 2005).

Due to the need for invasive methods for studying the neuronal
oscillations of subcortical areas, mouse rodent animal models are
used. In this regard, the recording of electrophysiological signals from
hippocampal areas of rodent AD models shows that gamma and theta
oscillations and the phase-amplitude coupling between them (theta-
gamma coupling) are more disturbed during AD (Mechak et al., 2022).
Theta, gamma, and SWRs are oscillatory activities that are involved in
various memory processes, including encoding, consolidation, and
retrieval (Diizel et al., 2010; Joo and Frank, 2018). A decrease in the
power of the low gamma frequency band has been reported in the
hippocampus of many AD animal models. Studies suggest that soluble
AP peptides cause damage to PV neurons, Considering the important
role of PV neurons in generating gamma oscillations, they disrupt the
generation of these oscillations (Verret et al., 2012; Martinez-Losa
et al, 2018). It is important to note that, impairment of the
hippocampal gamma oscillatory activity band has been reported even
before the accumulation of Af plaques (laccarino et al., 2016). For this
reason, gamma oscillations have attracted a lot of attention in AD
research. Therefore, restoring gamma oscillations is proposed as one
of the solutions for the treatment of AD (Adaikkan and Tsai, 2020). In
this regard, preclinical studies have shown that the entrainment of
40Hz gamma oscillations by using different techniques, including
optogenetic stimulation, sensory visual and auditory stimulation, and
transcranial-focused ultrasound has shown effective results in
improving AD-like pathologies (Adaikkan et al., 2019; Martorell et al.,
2019; Park et al., 2021).

Overall, it can be deduced that the impairment of neuronal
oscillations is an important component for examining the normal
activity of the neural network in AD and is considered a biomarker
for AD early diagnosis and a potential therapeutic target.

3.2.2 Alteration of EC oscillatory activity in AD

The proper functioning of the EC during spatial navigation relies
on its oscillatory dynamics. The main neuronal oscillations in the EC
are gamma and theta, which play critical roles in transferring spatial
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information to the hippocampus (Quilichini et al., 2010). Theta-
gamma coupling is an essential phenomenon for accurate coordination
of the hippocampus and EC during the process of encoding and
retrieval of memory. It involves the emergence of gamma oscillations
at specific phases of theta oscillations (Colgin, 2015). Considering the
importance of EC oscillatory activity in memory, disturbance in EC
oscillatory activity can result in the dysfunction of various memory
processes. This has motivated various studies to investigate neuronal
oscillations in EC using animal models of AD. One of the first studies
conducted on this issue was conducted using amyloid precursor
protein-knock-in mice (APP-KI). LFP recordings in the MEC of
APP-KI mice demonstrated impaired theta-fast gamma coupling and
spike phase locking of pyramidal neurons. However, the power of
gamma oscillations and theta oscillations was not affected. The
disruption of gamma temporal organization in the MEC is evident
from these findings (Nakazono et al., 2017). In a subsequent study,
MEC grid cells were found to have poor spatial tuning in aged APP-KI
mice with memory disorders. Furthermore, fast gamma oscillations,
which are crucial to transmitting information to the hippocampus,
were also disrupted. Consequently, there was a noticeable reduction
in gamma coherence between the MEC and the hippocampus. When
MEC activity was recorded in young APP KI mice who did not yet
have significant cognitive disorders, grid cells showed abnormal
spatial tuning. In contrast, hippocampal place cells did not show
abnormal tuning. This result indicated that MEC dysfunction occurs
earlier in this disease than in other areas, and most spatial memory
disorders originate here (Jun et al., 2020).

Researchers conducted a recent study on J20 male mice and found
a dysfunctional pattern in the grid cells. The pattern was characterized
by reduced spatial stability and lack of synchronization with head
direction cells and associated with poor path integration (Ying et al.,
2022). Video EEG recordings of MEC in 6-month-old APP KI mice
showed impaired low gamma power. These mice were also recorded
during SWRs in the MEC and CAl, revealing disrupted
synchronization in the early stages of the disease. Coordination
between the MEC and CA1 may support hippocampal long-duration
SWRs. Disruption of this synchronization during SWRs could
contribute to later memory consolidation dysfunction in AD, as these
long-duration SWRs are essential for memory consolidation (Funane
etal, 2022). Consequently, the main alterations observed in Ap-based
models include diminished power and temporal coherence of gamma
oscillations, as well as disrupted connectivity between the MEC and
hippocampus, which is primarily attributed to disturbances in gamma
oscillations (Figure 2). Researchers have also investigated the
oscillatory activity of tau-based models in EC-tau mice. This model
showed an increase in theta activity in this region. This may be due to
the loss of excitatory neurons, which is consistent with a higher level
of theta rhythm in patients with mild cognitive impairment in the
early stages of AD (Fu et al., 2017). Further research on the rTg4510
tauopathy transgenic mice showed a disruption in gamma oscillations,
particularly in the dorsal region of the MEC, but no significant change
in the oscillatory activity of the ventral part (Booth et al., 2016).

LEC is regarded as a critical node of AD (Mandino et al., 2022).
However, little research has been conducted on the alterations in
oscillatory activity within this area. A recent study discovered that
injecting AP i.c.v. resulted in the aggregation of plaques in the LEC
and disrupted synchronization between the LEC, olfactory bulb, and
hippocampal area. This synchronization impairment has been linked
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to a decline in recognition memory during testing for novel object
recognition (Salimi et al., 2022).

4 Modulation of EC neuronal activity
as a therapeutic target for AD

The entorhinal-hippocampal system, regarded as the brain’s major
memory hub, investigating whether external modulation of this circuit
can be effective in improving memory has become one of the
challenges of neuroscientists. Human studies have revealed that deep
brain and theta-burst stimulation in the entorhinal region during
memory tasks can improve memory performance (Titiz et al., 2017),
while memory impairment was also reported in some studies (Jacobs
et al, 2016). Conflicting outcomes may arise from differences in
stimulation sites within the entorhinal region (Mankin and Fried,
2020). Moreover, animal studies also implicated that electrical or
optogenetic stimulation of the EC can enhance neurogenesis and
spatial memory (Stone et al., 2011; Chavoshinezhad et al., 2021).
Overall, the collective evidence underscores the EC’s neuromodulation
as a promising avenue for manipulating memory processes (Mankin
and Fried, 2020).

According to the evidence discussed in the previous sections,
pathological outcomes of AD can lead to impairment of both network
excitability and oscillatory dynamics of the EC. Therefore, the
modulation of neuronal activity in the EC region has been proposed
as a therapeutic goal for AD. Reduction of EC neuronal hyperactivity
through chemogenic stimulation has been found to prevent the spread
of tau to the hippocampal regions in transgenic mice expressing both

Frontiers in Aging Neuroscience

AP and tau in the EC (Rodriguez et al., 2020). This suggests that
regulating EC hyperactivity could be a useful strategy in preventing
the widespread distribution of tau and delaying the onset of the
degenerative phase of AD. Various neuromodulation techniques,
including deep brain stimulation (DBS), have also been shown to
be effective in AD treatment by restoring the disrupted oscillatory
activity of the EC area. Research employing AD transgenic mice
revealed that 25 days of 130 Hz DBS in the EC enhanced hippocampal
neurogenesis, decreased tau and Af pathology, and improved memory
problems in 3xTg mice (Mann et al., 2018). Additionally, 130 Hz DBS
in the EC for 6 weeks was found to be effective in treating memory
disorders and AP pathology in aged and young TgCRND8 mice (Xia
et al,, 2017). According to a recent study, 21 days of 10Hz DBS not
only improved pathological hallmarks of AD but also could restore
impaired hippocampal theta and gamma power and theta-high
gamma coupling, suggesting the crucial role of the EC neuronal
activity in regulating hippocampal neural networks (Luo et al., 2023).
These results suggest that modulating EC neuronal activity may be a
promising therapeutic target for AD. Despite this, using
neuromodulation in this area as a therapeutic method in humans
presents numerous challenges. It is imperative to investigate the
therapeutic effects of these therapies on tauopathy, given the region’s
high susceptibility to it. Up to now, preclinical studies have primarily
been conducted on transgenic rodent models. However, due to
differences in the expression of tau isoforms between humans and
rodents, the tauopathy observed in rodents does not fully resemble
that in humans (Hernandez et al., 2020; Sahara and Yanai, 2023). Thus,
additional research with more suitable tau pathology models is
required. Furthermore, since the EC region suffers significant damage
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during AD, focusing on this area as a therapeutic target faces
considerable temporal and anatomical limitations and requires precise
preclinical studies. It is important to note that the progress in
non-invasive techniques for deep brain stimulation, such as targeted
ultrasound, temporal interference, near-infrared optogenetics, and
nanomaterial-enabled magnetic stimulation (Liu et al., 2022), holds
great potential for stimulating this specific region.

5 Conclusion

EC is one of the most critical areas involved in episodic memory.
Neuroimaging studies in individuals with Alzheimer’s and MCI
indicate that this region is affected by structural and functional
disturbances in the early stages of the disease. In addition,
electrophysiological studies in animal models have abundantly
reported dysfunction in this area, especially its grid cells. Given the
initiation of tauopathy from this region, it is considered a strategic
area in the treatment and prevention of this disease.

Exploring the disruption of brain network activity is a cutting-
edge approach in Alzheimer’s research. Numerous studies have
demonstrated a connection between neuronal hyperactivity and
abnormal oscillatory rhythmic activity in the hippocampus and
cognitive dysfunction in AD. Many animal studies have reported
neuronal hyperexcitability in the EC, especially in the LEC, in the
early stages of AD. In most cases, hyperexcitability has been associated
with the accumulation of AP in this area. Studies suggest that
hyperexcitability in this region leads to the spread of tau to other brain
areas, consequently contributing to disease progression. Therefore,
modulating the hyperexcitability of this region may be a therapeutic
target for AD. Further research is needed to elucidate the mechanisms
involved in the hyperexcitability of this area. For instance, studying
inhibitory neurons, ion channels, and neurotransmitters in this region
can be informative. Fewer studies have addressed changes in
excitability in the MEGC; therefore, there is a need for further research
in this area.

Aberrant oscillatory activity is a critical aspect of AD pathology.
The disruption of neural oscillations, particularly gamma and theta
frequencies, has a significant impact on cognitive functions. Studying
the neuronal oscillations in the MEC region of AD animal models,
through LFP recording, indicates a disruption in the dynamics of
gamma oscillations in that specific area. Considering the importance
of gamma activity in synchronizing different components of
hippocampal formations, disruption in gamma oscillations can lead
to disturbances in the synchrony of the hippocampal-entorhinal
circuit. Given the critical role of hippocampal-entorhinal connectivity
in memory, disruption in this circuitry may be associated with AD
cognitive impairments. Further research is needed to determine
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