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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by cognitive decline,
Alzheimer’s disease memory loss, and behavioral changes. Calcineurin (CaN), a calcium/calmodulin-dependent serine/threonine
AMP_A . phosphatase, is hyperactivated in AD, leading to enhanced neuroinflammation, synaptic dysfunction, and tau
ic(?llsgfurm hyperphosphorylation. Similarly, the dysregulation of ionotropic glutamate receptors (iGluRs), particularly
Kainate receptors NMDA receptors in the context of AD, aggravates excitotoxicity, which in turn contributes to neuronal damage
NMDA and cognitive deficits. Moreover, AMPA and kainate receptors also play significant roles in synaptic plasticity and

neurodegeneration.

The intricate interplay between CaN and iGluRs, specifically NMDA, AMPA, and kainate receptors, through
various signaling pathways plays a crucial role in AD pathogenesis. Therapeutic approaches targeting the CaN-
iGluR axis, including CaN inhibitors and iGluR modulators, have the potential to mitigate the progression of AD
and improve cognitive functions associated with the disease.

This systematic review aims to consolidate current knowledge on the molecular mechanisms underlying CaN
and iGIuR dysregulation in AD and discuss their potential as therapeutic targets. Future investigations should
prioritize elucidating the precise interactions between CaN and iGluRs, as well as developing selective modu-
lators to enhance the efficacy and safety of therapeutic interventions for AD.

1. Introduction

Alzheimer’s disease (AD) is a devastating age-related neurodegen-
erative disorder characterized by global cognitive decline, memory and
synaptic loss, and behavioral changes. It is the most common form of
neurodegenerative dementia in the elderly population, affecting
approximately 50 million people globally [1]. The progression of AD has
been correlated with a progressive deterioration of both functional and
structural integrity within the hippocampus and neocortex, critical
neural regions implicated in memory and cognitive processes [2-5].
Alzheimer’s disease exists in two distinct variants based on family

history: early-onset familial AD, predominantly influenced by genetic
factors and affecting middle-aged individuals, and late-onset or sporadic
AD, common among individuals over 65 years old [2].

The pathological hallmarks of AD include the accumulation of
amyloid-beta plaques, neurofibrillary tangles composed of hyper-
phosphorylated tau protein, synaptic dysfunction and neuronal degen-
eration. Additionally, AD is characterized by a disruption in calcium
homeostasis attributed to excessive activation of glutamatergic re-
ceptors, particularly, N-Methyl-D-Aspartate (NMDA) and a-Amino-3-
Hydroxy-5-Methyl-4-Isoxazolepropionic acid (AMPA) receptors. These
glutamatergic receptors play crucial roles in synaptic plasticity and
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neurodegenerative processes [6-8]. Understanding the roles of various
proteins, and molecular mechanisms underlying these pathological
features is crucial for developing effective therapeutic strategies tar-
geting AD.

Calcineurin (CaN), a calcium/calmodulin-dependent protein phos-
phatase, is involved in various neuronal functions including synaptic
plasticity, memory formation, and immune responses [9]. It is a heter-
odimer composed of a catalytic subunit (CaNA) and a regulatory subunit
(CaNB), with its activation being responsive to cytosolic calcium levels.
It is most abundantly expressed in neurons, though it can be found in
many tissues. Calcineurin consists of multiple domains including a
phosphatase domain that exhibits a unique structural configuration of
sheets and helices, as well as a calmodulin/CaM domain. Calcineurin is
sensitive to fluctuations in intracellular calcium concentrations, with
excess calcium resulting in hyperactivation[9,10]. Hyperactivation of
CaN has been implicated in synaptic loss and cognitive impairment
which are characteristic features of AD [9]. Moreover, dysregulation of
CaN has been associated with tau pathology, neuroinflammation,
memory decline and synaptic dysfunction, all of which are hallmark
features of AD [9,11,12].

Ionotropic glutamate receptors (iGluRs), which include N-methyl-D-
aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA), and kainate receptors, play crucial roles in excitatory
neurotransmission and synaptic plasticity. Dysregulation of these re-
ceptors has been implicated in the pathophysiological mechanisms of
various neurological disorders including AD [6,13]. In the context of AD,
glutamatergic neurotransmission is disrupted, and alterations in iGluRs
function contribute to excitotoxicity, synaptic dysfunction and neuro-
degeneration leading to progression of the disease [14]. Most notably,
NMDARs are implicated in calcium overload and neurotoxicity due to
their exceptionally high permeability to calcium ions [1].

N-methyl-D-aspartate receptors (NMDARs) are iGluRs that play a
crucial role in synaptic plasticity and memory formation [3]. Functional
NMDARSs are heterotetramers composed of two GluN1 subunits that bind
glycine or D-serine, and two GluN2 subunits (GluN2A-D) that bind
glutamate. In certain instances, they may contain two GluN3 subunits
(GluN3A/B) that bind glycine. The predominant NMDARs expressed in
the central nervous system consist of GluN1 as an essential subunit,
along with either GluN2B or GluN2A, or a combination of both [3,4,15].
Activation of these receptors by glutamate, the principal excitatory
neurotransmitter in the central nervous system, leads to an influx of
calcium ions resulting in an increased level of free cytosolic intracellular
calcium (Ca2") necessary for synaptic plasticity [4]. In terms of their
localization, NMDARs incorporating GIuN2A subunits are mainly
located at synaptic sites and are believed to have a neuroprotective ef-
fect. On the other hand, NMDARs containing GluN2B subunits are pri-
marily found at extrasynaptic sites, increasing neuronal susceptibility
and requiring elevated concentrations of glutamate for activation [2].
All subunits of NMDARs share a common structural characteristic,
consisting of two extracellular domains; the amino-terminal domain
(ATD) and the ligand binding domain (LBD), as well as a transmembrane
domain (TMD), and an intracellular carboxy-terminal domain (CTD)
despite differences in their pharmacological responses [3].

a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs) are a class of iGluRs that mediate the vast majority of fast-
excitatory neurotransmission. The structural composition of AMPARs
consists of various combinations of GluA1 through GluA4 subunits. Each
AMPAR subunit possesses an extracellular N-terminal region, an intra-
cellular C-terminal segment, and four membrane-associated hydropho-
bic domains [M1-4], with one of these domains (M2) exhibiting a re-
entrant loop configuration [16]. AMPARs are widely expressed
throughout the central nervous system in both neurons and glial cells.
The great majority of AMPARs in the central nervous system exist as
heteromers, containing the GluA2 subunit which plays a pivotal role in
defining the functional characteristics of mammalian AMPARs [16,17].
Synaptic AMPARSs, comprising a combination of GluAl and GluA2, are
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indispensable to the processes underlying neural plasticity [2].

Kainate receptors (KARs), another class of iGluRs, mediate fast syn-
aptic transmission and have regulatory effects on synaptic plasticity.
Functional KARs are tetramers composed of various combinations of
GluK1-GluK5 subunits which are encoded by the grikl-grik5 genes.
Each subunit has unique functional and pharmacological properties.
They are predominantly expressed in the brain with GluK2/GluK5 being
the major isoform [18,19]. Emerging evidence suggests that dysregu-
lation of KARs may play a significant role in the pathogenesis of AD by
promoting excitotoxicity, synaptic dysfunction, and neurodegeneration
[20]. Despite their crucial roles, KARs have been less studied compared
to NMDA and AMPA glutamate receptors in the context of AD, neces-
sitating a thorough investigation into their involvement in the disease
process.

This systematic review aims to explore how CaN and iGluRs
contribute to AD focusing primarily on the underlying molecular path-
ways. Understanding the roles of these proteins may help in developing
targeted therapies to regulate their activity. By combining existing
research, we can gain a comprehensive perspective of the current un-
derstanding while also identifying gaps for future research.

2. Methods

The literature search was conducted across multiple databases to
ensure comprehensive coverage of relevant studies. The databases
searched include PubMed, Scopus, Web of Science, and Google Scholar.
The search strategy employed a combination of keywords and Medical
Subject Headings (MeSH) terms related to our review title. The search
terms used were: "calcineurin," "ionotropic glutamate receptors,"
"NMDA receptors," "AMPA receptors," "kainate receptors," "Alzheimer’s
disease," '"neurodegeneration," "synaptic plasticity," and "neuro-
inflammation." Furthermore, Boolean operators (AND, OR) were used to
combine search terms and refine results. For instance, the search string
employed could be: ("calcineurin” AND "ionotropic glutamate receptors”
AND "Alzheimer’s disease") OR ("NMDA receptors" AND "synaptic
plasticity" AND "neurodegeneration"). The search was limited to peer-
reviewed articles published in English from 2001 through 2024 to
ensure the inclusion of recent and relevant studies. The reference lists of
selected articles were manually screened to identify additional relevant
studies that may not have been captured in the initial search.

The studies included in our review were original research articles,
including in vitro, in vivo, and clinical studies, as well as review articles
focusing on CaN and/or iGluRs in AD. Besides, studies that provided
detailed mechanistic insights into the cross-talk between CaN and
iGluRs and were published in peer-reviewed journals in English lan-
guage were included. Conversely, editorials, opinion pieces, commen-
taries, conference abstracts, letters to the editor, and posters were
excluded from the review. We also excluded studies that lacked detailed
methodological descriptions or mechanistic insights, as well as duplicate
studies or those with overlapping data from the same research group
without additional unique insights.

Data extraction was independently conducted by two investigators
using a standardized data extraction form. The information subject to
extraction from each study included study characteristics, specifically,
names of the author(s), year of publication, and study type (randomized
control trial, cohort study, case-control study), interventions which
encompassed a description of the intervention(s) used in the study if
any, dosage of the intervention(s) if applicable, and duration of the
intervention(s) or follow-up period. In addition, the main findings of the
study, outcomes measured in the study, specific measures or instruments
used to assess outcomes if any, and mechanistic insights focusing mainly
on detailed descriptions of the molecular mechanisms underlying the
cross-talk between CaN and iGluRs, specific signaling pathways or in-
teractions identified, and key experimental findings supporting the
mechanistic insights were among the extracted data.

Newcastle-Ottawa Scale (NOS) was employed to evaluate the quality
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and risk of bias in observational studies, such as cohort and case-control
studies. We assessed studies using NOS across three domains: selection,
which involved evaluating the representativeness of study groups and
ascertainment of exposure or outcome; comparability, which allowed us
to assess how well confounding variables were controlled for in the
included studies; and outcome/exposure, which looked at the methods
of outcome assessment and adequacy of the follow-up period. Each
study was independently rated by two reviewers, with scores ranging
from O to 9 stars. Any discrepancies were resolved through discussion
and consensus.

Cochrane Risk of Bias Tool was used to assess the risk of bias in
randomized controlled trials. This tool evaluated studies across several
domains. Selection bias was examined to determine if random sequence
generation and allocation concealment were implemented. Performance
bias was considered to determine if participants and personnel were
blinded. Detection bias assessed if outcome assessment was blinded.
Attrition bias and reporting bias were also evaluated. Two independent
reviewers rated each domain as "low risk," "high risk," or "unclear risk."
Any discrepancies were resolved through discussion or consultation
with a third reviewer.

For studies that missed summary statistics, we utilized imputation
methods and, whenever possible, contacted the original study authors to
obtain the missing data. Additionally, we standardized units for data
reported in different formats to ensure consistency. In cases where raw
data needed to be converted, we transformed them into standardized
effect sizes, such as odds ratios to enable comparisons across studies. Our
results were tabulated using summary tables, effect sizes and confidence
intervals. To visually represent the data, we employed heat maps and
scatter plots. For qualitative data and results that could not be quanti-
tatively synthesized, we used a narrative synthesis approach. This
involved summarizing and explaining the findings from individual
studies, identifying patterns, and highlighting key themes related to the
roles of CaN and iGluRs in AD. This method allowed for a comprehensive
understanding by integrating diverse data types, such as molecular
studies and clinical findings, and facilitated deeper understanding of the
complex interactions between CaN, iGluRs, and AD pathology.

Sensitivity analyses employed included the exclusion of high-risk
studies, variation in effect sizes, and utilization of different assump-
tions for imputed or missing data. For assessing and mitigating risk of
bias due to missing results in our synthesis, we employed several tech-
niques stated as follows. We used protocol comparison and outcome
reporting bias, to check for consistency in reporting primary and sec-
ondary outcomes across studies, reducing the effects of selective
reporting bias on synthesized results. Additionally, imputation of
missing data and sensitivity analysis were used to handle missing data-
driven risk of bias. Furthermore, we searched database searches,
including Grey Literature and preprint repositories such as bioRxiv and
medRxiv to include recent but not yet peer-reviewed studies. The
Grading of Recommendations Assessment, Development and Evaluation
(GRADE) approach was employed to evaluate the certainty of evidence
for each outcome. Domains assessed via this approach include risk of
bias, inconsistency, indirectness, imprecision, and publication bias.

Several analyses were conducted to investigate potential causes of
heterogeneity among the study results. The studies were grouped based
on their design (randomized controlled trials vs. observational studies).
Results indicated that heterogeneity was partially explained by differ-
ences in study design, with observational studies showing more vari-
ability in outcomes. Data extraction mainly focused on the roles of CaN
and iGluRs in AD, and included methodology, key findings, conclusions,
and limitations. We utilized the Cochrane Risk of Bias Tool to assess the
risk of bias and ensure quality. The assessment encompassed selection
bias, performance bias, detection bias, attrition bias, reporting bias, and
other potential sources of bias. Each study was assessed by two inde-
pendent reviewers, who were made blind to the study’s authors and
institutions to ensure an unbiased assessment. Discrepancies were
resolved through discussion and by consulting a third reviewer if
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necessary. Automation tools were not used in any process of our review.
For more details of the literature search conducted refer to the PRISMA
flow diagram below (Fig. 1).

3. Results
3.1. Calcineurin in Alzheimer’s disease

3.1.1. Calcineurin in neuroinflammation and synaptic dysfunction

A plethora of studies have revealed hyperactivation of CaN in AD,
which is associated with increased neuroinflammation and synaptic
dysfunction [9,21-25]. Sompol et al. found that hyperactivated CaN in
astrocytes leads to an increase in the production of pro-inflammatory
cytokines, contributing to neuroinflammation and synaptic damage
[21]. This study utilized immunohistochemical analysis and cytokine
assays in both human and rodent tissues, providing robust evidence for
the role of CaN in AD-related neuroinflammation. A review by Mack-
iewicz et al. also higlighted synaptic decline in AD patients caused by
hyperactivated CaN [26]. Despite their significant findings, the above
studies fall short in exploring the detailed mechanistic insights behind
CaN mediated neuroinflammation and synaptic dysfunction. Besides,
methodological shortcomings are evident in some of the studies.
Therefore, we recommend further research on this critical aspect of
CaN’s role.

Another study conducted by Anni et al. in 2021 demonstrated that
Ap1-42 and AB1-16 significantly increase the size of the recycling pool
of synaptic vesicles at excitatory synapses. In contrast, AB17-42 does not
have this effect, indicating that specific isoforms of Ap play distinct roles
in synaptic modulation. The presynaptic effect of Af is mediated through
the enhancement of endogenous cholinergic signaling. This process in-
volves a-7 nicotinic acetylcholine receptors, which are crucial for the
modulation of neurotransmitter release. The activation of cholinergic
signaling leads to the activation of CaN, an enzyme that de-
phosphorylates synapsin 1. This dephosphorylation is essential for
reorganizing functional pools of synaptic vesicles, thereby increasing
their availability for sustained neurotransmission [27]. The findings
identify synapsin 1 as a molecular target for Ap, highlighting its role in
cholinergic modulation of glutamatergic neurotransmission. This insight
is particularly relevant for understanding cholinergic dysfunction
observed in AD. Additionally, the results suggest that at physiological
concentrations, Ap can enhance neuroplasticity and memory formation
by increasing neurotransmitter release from presynaptic sites, chal-
lenging the traditional view of A solely as a pathological agent in AD.

In spite of its interesting findings, the study has various limitations
that should be considered for further investigation in research. The
research primarily focuses on AB1-16 and AP1-42, neglecting other
isoforms like Ap1-40 or Ap1-38. This narrow scope may overlook the
potential roles of these other isoforms in synaptic modulation and Alz-
heimer’s pathology. In addition, the study’s experiments of were con-
ducted in vitro, which may not accurately replicate the complex in vivo
environment of the brain. Factors such as cellular interactions, extra-
cellular matrix components, and overall neural network dynamics were
not taken into account, potentially limiting the applicability of the
findings to physiological conditions. Furthermore, while the study
identifies synapsin 1 as a target of Af, the exact molecular mechanisms
and pathways involved in the cholinergic modulation of synaptic vesicle
pools are not fully understood. Therefore, further research is needed to
clarify these mechanisms and how they may differ in pathological states.
The presence of other neurotransmitters and neuromodulators in the
experimental setup could impact the results. The study does not control
for these factors, which may confound the interpretation of Ap’s specific
effects on synaptic vesicle dynamics.

3.1.2. Calcineurin in memory impairment
Reese and Taglialatela explored the role of CaN in memory impair-
ment related to AD. Their findings showed that hyperactivated CaN
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Fig. 1. PRISMA flow chart depicting the flow of literature search.

impairs synaptic plasticity, leading to learning and memory deficits [9].
This study employed electrophysiological recordings and behavioral
tests in transgenic mouse models, to demonstrate the direct impact of
CaN on cognitive functions.

Another study by Abdul et al. in 2009 identified a link between
amyloid beta oligomer-induced changes in CaN/Nuclear factor of acti-
vated T-cells (NFAT) signaling and cognitive impairment in AD [28].
This study employed immunocytochemical analysis, western blotting
and immunofluorescence labeling in postmortem hippocampal tissues of
AD patients to highlight the direct role of CaN/NFAT signaling in
memory decline. However, this study did not investigate the specific
roles of NFAT isoforms in AD, indicating the need for further research in
this area to enhance understanding and develop targeted therapeutic
strategies for each isoform.

Besides, caspase-3, through its non-apoptotic baseline activity, has
been shown to activate CaN in the Tg2576-APPswe mouse model of AD.
This activation results in the dephosphorylation and subsequent
removal of the GluA1 subunit of AMPA-type receptors from postsynaptic
sites. This molecular change is crucial as it directly impacts synaptic
transmission and plasticity. The removal of the GluA1 subunit from the
postsynaptic sites leads to significant alterations in glutamatergic syn-
aptic transmission and plasticity. These changes are associated with
spine degeneration and deficits in hippocampal-dependent memory,
indicating a direct connection between caspase-3 activity and cognitive
dysfunction. Notably, the study demonstrated that pharmacological in-
hibition of caspase-3 activity in Tg2576 mice could rescue the observed
Alzheimer-like phenotypes [29]. This discovery underscores the poten-
tial of targeting caspase-3 as a therapeutic approach in the early stages of
AD. The study’s results reveal a previously unknown mechanism
through which caspase-3 contributes to synaptic failure and cognitive
dysfunction in AD, offering new avenues for research and potential
therapeutic interventions aimed at modulating caspase-3 activity.
Despite the valuable insights provided by the study, it has several lim-
itations. Firstly, the study primarily relied on the Tg2576 mouse model
of AD, which, while commonly used may not fully represent the

complexity of Alzheimer’s pathology in humans. Therefore, the findings
may not be applicable to other models or human cases of AD. Secondly,
the research highlights a non-apoptotic role of caspase-3 in synaptic
dysfunction. However, the implications of this discovery may be limited
as the study does not explore how this mechanism interacts with other
known pathways involved in AD, potentially leading to an incomplete
understanding of the disease’s multifactorial nature. Lastly, while the
study identifies caspase-3's role in synaptic failure, it does not delve
deeply into the downstream effects of GluA1 dephosphorylation and the
broader implications for synaptic plasticity. This lack of detailed
mechanistic insight could impede the development of targeted
therapies.

3.1.3. Calcineurin in Tau pathology

Another critical aspect of CaN’s role in AD is its contribution to tau
pathology. Shah et al. found that CaN hyperactivity is linked to
increased tau phosphorylation, which promotes the formation of
neurofibrillary tangles (NFTs) [10]. The study used Western blotting and
immunofluorescence techniques to examine phosphorylated tau levels
in AD mouse models, highlighting CaN’s role in tau-related neuro-
degeneration. However, the majority of research including the studies
mentioned above, is based on animal models and cell cultures, which
may not fully replicate human disease conditions. Therefore, translating
these findings directly to humans for clinical application is more chal-
lenging. Hence, further studies on CaN’s role in tau hyper-
phosphorylation involving human AD patients are needed to draw an
unequivocal conclusion.

3.2. Ionotropic glutamate receptors in Alzheimer’s disease

3.2.1. NMDA receptors in excitotoxicity

The review identified several studies focusing on the role of NMDARs
in AD. Liu et al. found that Ap oligomers potentiate NMDAR activity,
resulting in persistent calcium influx and excitotoxicity, which can cause
neuronal damage [30]. This study employed electrophysiological
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techniques and calcium imaging to demonstrate excessive activation of
NMDARSs in the presence of Ap.

Another study conducted by Snyder et al. (2005) demonstrated that
AP induces endocytosis of NMDAR subunits in cortical neurons of mouse
models via activation of a-7-nicotinic receptor and protein phosphatase
2B (PP2B). The study revealed that treatment with Ap reduced surface
expression of NMDAR subunits, specifically GluN2B and NR1 without
altering the total amount. The authors utilized western blotting,
immunohistochemistry and biotinylation assays [31]. While the study
identifies the involvement of a-7 nicotinic receptor and PP2B in the
endocytosis of NMDA receptors, it does not fully explain the molecular
mechanisms involved. The authors mentioned that blocking NMDA re-
ceptor endocytosis was not complete with the nicotinic receptor
antagonist BTX, suggesting that other receptor mechanisms may also
play a role in this process. Besides, the research primarily utilizes neu-
rons from APP Swe mice, which mimic familial Alzheimer’s disease.
Although these models are valuable, they may not fully replicate the
complexity of human AD pathology. Therefore, the findings may not be
directly apply to human conditions, as the genetic and environmental
factors influencing the disease in humans can vary significantly from
those in animal models.

Furthermore, the study primarily focuses on the acute effects of Ap
on NMDA receptor trafficking and does not address the long-term con-
sequences of these changes on synaptic plasticity and cognitive function
owing to limited scope of the experiments. Understanding the chronic
effects of amyloid-f exposure would provide a more comprehensive
view of its impact on neuronal health and behavior. On top of this, the
study acknowledges that amyloid-p can interact with various cell surface
proteins and initiate multiple signaling pathways. This complexity may
introduce confounding factors that could influence the observed out-
comes, making it challenging to isolate the specific effects of amyloid-p
on NMDA receptor trafficking.

Similarly, a study conducted by Sun et al. (2009) on hAPP-J20 CE
mice model demonstrated that Af reduces glutamatergic neurotrans-
mission by promoting endocytosis of NMDA and AMPA-type glutamate
receptors, which is dependent on activation of CaN. The results indicate
that CaN activation, leading to reduced glutamatergic neurotransmis-
sion, contributes to an impaired maturation of adult-born granule cells
(GCs) in hAPP-J20 mice. This sheds light on potential mechanisms un-
derlying neurogenesis deficits in AD. The finding also highlighted that
suppressing GABAergic signaling or enhancing glutamatergic signaling
can normalize the development of adult-born GCs even in the presence
of high Ap levels [32].

While the study mentioned above suggests that AB-induced increases
in GABAergic neurotransmission may impair neurogenesis, it does not
directly address the underlying mechanisms that link GABAergic and
glutamatergic imbalances to cognitive dysfunction. Hence, more
detailed mechanistic studies are needed to clarify these relationships.
Even though the study mentions that restoring neurogenesis could
enhance cognition, it does not provide direct behavioral assessments
correlating neurogenesis with cognitive improvements. The link be-
tween neurogenesis and cognitive function remains somewhat specula-
tive without direct evidence. Furthermore, the findings are derived from
hAPP-J20 mice, a specific model of AD. These results may not fully apply
to human conditions due to variations in neurobiology and disease
progression among species. The study also emphasizes the impacts of
inhibiting GABAergic signaling on adult-born GCs. Nevertheless, the
long-term effects of such interventions on overall brain function and
behavior are not investigated, prompting concerns regarding the safety
and effectiveness of potential therapeutic approaches.

Similarly, another review undertaken by Zhang et al. reported that
the interaction of AP oligomers, particularly with extrasynaptic
NMDARs containing GluN2B subunits leads to an increase in intracel-
lular calcium levels, followed by the inhibition of long-term potentiation
and development of excitotoxicity in cultured cortical neurons of in-
dividuals with AD [2,3]. On the other hand, many reviews have reported
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that NMDARs have both neuroprotective and neurotoxic effects based
on their localization and subunit composition. Activation of extra-
synaptic NMDARs containing the GluN2B subunit results in tau hyper-
phosphorylation, excitotoxicity and neurodegeneration. Conversely,
activation of synaptic NMDARs containing the GluN2A subunit has a
neuroprotective effect and enhances synaptic transmission [15,33,34].
However, further research is needed to differentiate the mechanisms and
specific signaling pathways elicited by extrasynaptic and synaptic
NMDARSs as they can lead to antagonistic effects on neurons. Previous
studies have not yet addressed this distinction. Furthermore, future
studies should aim to investigate the roles of each NMDAR subunit under
both pathological and physiological conditions.

3.2.2. AMPA receptors in synaptic plasticity

Alterations in AMPAR function were extensively documented in the
reviewed studies. Many studies indicated that Ap-induced internaliza-
tion of AMPARs lowers their surface expression, affecting synaptic
transmission and plasticity [8,35]. This meta-analysis combined data
from multiple studies, reinforcing the association between AMPAR
dysregulation and cognitive deficits in AD. Other reviews by Bukke et al.
and Widagdo et al. revealed a strong association between aberrant
AMPAR trafficking and cognitive decline in AD [14]. Furthermore,
Ap-mediated dysregulation of GluAl containing AMPARs alongside
age-related ubiquitination of the receptors result in reduced synaptic
function and cognitive decline [36,37]. Nevertheless, studies mentioned
above fall short in providing detailed mechanistic insights into how Af
regulates AMPAR activity dysregulation, especially in the context of AD.
This limitation underscores the importance of conducting additional
research to gain a better understanding of the molecular mechanisms
involved and to develop more effective therapeutic agents that target
AMPAR.

3.2.3. Kainate receptors and neurodegeneration

The contribution of KARs to AD pathogenesis has been highlighted in
many studies, most notably, by Wang et al. and Jane et al. Their research
showed that Ap enhances KAR-mediated synaptic currents, leading to
increased calcium influx and neuronal damage [20,38]. These studies
utilized electrophysiological recordings and calcium imaging to eluci-
date the role of KARs in excitotoxicity. Another study conducted by
Barthet et al. on mouse models of AD reported a strong correlation be-
tween synaptic KARs and cognitive impairment [18]. This study
employed immunostaining and electrophysiological recordings,
providing valuable data regarding KAR’s involvement in the context of
AD. However, these studies have a knowledge gap in addressing the
molecular mechanisms behind Ap-mediated KAR activity dysregulation,
limiting our understanding of the mechanisms that underpin neuronal
damage and synaptic impairment.

3.3. Therapeutic implications

Several investigations have shown the therapeutic potential of tar-
geting CaN in AD [5,39,40]. FK506 (tacrolimus), a CaN inhibitor, has
shown promise in reducing neuroinflammation and restoring abnor-
malities in synaptic plasticity preclinical AD models [39]. Marcatti et al.
demonstrated that administering FK506 to AD animal models improved
cognitive function and decreased inflammatory markers [40]. This study
employed behavioral tests, enzyme-linked immunosorbent assay
(ELISA), and immunohistochemistry to evaluate the therapeutic effects
of FK506.

On the other hand, modulating NMDAR activity remains a viable
therapeutic option for Alzheimer’s disease. Memantine, an NMDAR
antagonist, has been proven to reduce excitotoxicity and improve
cognitive performance in AD patients [15,41]. A study found that
memantine therapy reduced neuronal death while enhancing cognitive
performance in AD models [42]. This clinical study employed magnetic
resonance imaging (MRI), cognitive assessments, and histopathological
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analysis to evaluate memantine’s efficacy. However, most clinical trials
have been conducted on animal models of AD, where the disease con-
dition is not similar to humans, limiting their direct translation into

clinical application. This highlights the need for further research
involving clinical trials on human AD patients to determine the efficacy
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of CaN and iGluR inhibitors against the disease progression. The table
below summarizes key findings from some of the included studies on the
role of CaN and iGluRs in Alzheimer’s disease (Table 1).

Table 1
Summary of some of the included studies for the review on the role of CaN and iGluRs in AD.
Study Method Key findings Limitation/s Refs.
Babaei, 2021 Not available Dysregulation of NMDA and AMPA receptors in Limited detail about proteins involved in AMPA [2]
AD. receptor trafficking and their interactions with
Excessive extracellular glutamate leads to various doses of Ap
excitotoxicity and neurodegeneration,
contributing to cognitive deficits.
AP induced internalization of AMPA receptors is
linked to synaptic loss and cognitive impairment
Tavalin, 2025  Cell culture experiment Impairment of NMDAR-Dependent Synaptic Lack of in vivo data & detail mechanistic insights. [43]
Electrophysiological recordings Plasticity and APP mutation induced Altered Specificity of mutations
Immunohistochemistry CaN signaling
Biochemical assays
Escamilla Literature review AP mediated activation of extarsynaptic NMDARs Methodological challenges in studying NMDARSs [44]
et al., 2024 worsens neurodegeneration in AD and synaptic in the human post-mortem brain, including
NMDARSs has protective effect against AD preanalytical confounding factors.
Paucity of studies analyzing NMDAR expression
in human samples compared to animal models
Snyder et al., Patch-clamp recordings, Surface biotinylation Reduced surface expression of NMDA receptor Lack of precise mechanisms by which Ap induces [31]
2005 assay, and Western blotting induced by Amyloid beta NMDAR endocytosis and the specific receptor
interactions involved remain unclear
Sun et al., ELISA, immunofluorescence, AP mediated reduced glutamatergic Lack of exploration into the long-term effects of [32]
2009 electrophysiological recordings neurotransmission led to neuronal deficits in AD treatments like FK506 on cognitive
models mice improvements and their mechanistic links to
adult neurogenesis
Anni et al., Immunohistochemistry, fluorescence imaging, = Af1-42 and AB1-16 enhance the recycling pool of ~ Lack of detail on the mechanisms underlying the  [27]
2021 quantitative polymerase chain reaction (QPCR)  synaptic vesicles at excitatory synapses unlike presynaptic effects of Ap, particularly the specific
AB17-42 contributions of different Ap isoforms, remain
unclear
Raich et al,, Quantitative polymerase chain reaction Activation of GluN2A containing NMDAR enhance  Specific mechanisms by which GluN2A and [45]
2024 (gPCR) and immunocytochemistry neuronal survival in contrast to and GluN2B GluN2A subunits interact with Ap oligomers
containing which promote neurotoxicity remain unclear.
Long-term effects of GluN2A and GluN2B
modulation on cognitive functions in vivo are not
thoroughly investigated
Sanderson Whole-cell voltage clamp, Electrophysiology, PKA/CaN signaling mediates AMPAR trafficking Limited understanding of the interplay between [46]
et al., 2021 and golgi staining which in turn affects synaptic plasticity tau and CaN in AD. Inadequate examination of
the effects of CaN activity in hippocampus
Santos et al., Western blotting, subcellular fractionation, CaN activation is linked to neuroinflammation in STZ-induced model like other rodent models has [471
2020 and lowry method streptozotocin-induced dementia model of Winstar ~ substantial limitations in mimicking human
rats diseases, representing a sporadic AD
endophenotype with brain insulin resistance
Abdul et al., Western blotting, immunohistochemical NFAT signaling is involved in inflammation and NFAT signaling in AD remains relatively [12]
2009 analysis of postmortem tissues, mini-mental calcium dysregulation in AD brain tissue. NFAT uninvestigated, underscoring a gap in research.
status examination isoforms 1 and 3 translocate to the nucleus in the Interactions between Af and CaN-NFAT signaling
hippocampus during cognitive decline in astrocytes require more exploration to
elucidate their role in neurodegeneration
Koola, 2020 Randomized control trial Combination therapy with (Galamantine and More RCTs are required to provide positive [48]
memantine) show improved cognitive function in clinical data that could lead to FDA approval for
AD patients this combination.
Lack of focus on early-stage intervention in AD
Stallings Animal mode (APP/PS1)mice to assess impact ~ Normalization of CaN and Pin 1 activity The study includes early-stage experiments with [49]
et al., 2023 of FK506 on AD pathologies, histological Reduction in neuroinflammation associated with long-term dosage of FK506 in AD model mice,
methods, Immunofluorescence, gene AD pathologies which may not fully replicate human disease
expression analysis Small sample sizes (n=3-4 per treatment group)
limit the statistical significance of the findings
Woolfrey Animal procedures, Cell culture, quantitative AKAP150-CaN, NMDAR, and CP-AMPARs are The research does not clarify the mechanisms by ~ [50]
et al., 2024 RT-PCR, immunoblotting, pharmacological essential for Ap-mediated spine loss observed in which AB engages signaling specifically at
interventions AD. synapses, indicating the need for further
investigation into synaptic dysfunction.
Joseph Western blotting, Immunohistochemical Established a link between glutamate Authors did not explore the long-term effects of [51]1
Olajide procedures, Behavioral tests excitotoxicity, neurodegeneration, and behavioral ~ glutamate perturbation on neurogenesis and
et al., 2021 changes in AD pathology synaptic plasticity, which could provide further

insights into the mechanisms underlying
cognitive impairment in AD

AD: Alzheimer’s disease; AKAP150-CaN: A-kinase anchoring protein 150-Calcineurin; AMPAR: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
NMDAR: N-Methyl-D-Aspartate receptor; CP-AMPARs: Calcium permeable a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; RT-PCR: Real time
polymerase chain reaction; APP/PS1: Amyloid precursor protein/presenilin 1; FK506:Tacrolimus; NFAT: Nuclear factor of activated T-cells; RCT; PKA/CaN: Protein
kinase A/Calcineurin; STZ: Streptozotocin; Af: Amyloid beta; ELISA: Enzyme-linked immunosorbent assay
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4. Discussion
4.1. Calcineurin in the pathogenesis of Alzheimer’s disease

Calcineurin is a key player in the regulation of neuronal function and
survival, making it a central figure in the pathology of Alzheimer’s
disease (AD). This calcium/calmodulin-dependent serine/threonine
phosphatase is known for its involvement in several signaling cascades
that modulate synaptic plasticity, memory formation, and neuro-
inflammation. Its activation is tightly regulated under normal physio-
logical conditions to maintain neuronal homeostasis. However, in the
context of AD, this delicate balance is disrupted, leading to pathogenic
outcomes [9,12,21,43].

One of the key mechanisms by which CaN contributes to AD path-
ogenesis is through its role in synaptic dysfunction. Calcineurin activity
is required for long-term depression (LTD) and the dephosphorylation of
major synaptic proteins that regulate synaptic strength. Hyperactivation
of CaN has been observed in AD, often due to elevated levels of intra-
cellular calcium triggered by amyloid-beta (Ap) aggregates. This
hyperactivation causes excessive dephosphorylation of synaptic proteins
as well as the internalization and degradation of AMPA receptors,
thereby impairing synaptic plasticity and contributing to cognitive
deficits. On the other hand, overexpression of CaN has been linked to
increased AP generation. Studies have shown that elevated levels of
calcineurin-Ap (a specific isoform of calcineurin) in the brains of early-
stage AD patients lead to increased levels of Af and its proteolytic
products. This suggests that excessive CaN activity may contribute to the
pathogenic feed-forward loop in AD, where Ap generation is accelerated,
exacerbating disease progression [44].

While some studies emphasize the detrimental effects of excessive
CaN activity in AD, others suggest that reduced CaN activity may also
contribute to pathology. For instance, familial AD mutations (FAD) in
the amyloid precursor protein (APP) impair CaN signaling to NMDARs,
leading to synaptic plasticity deficits [45]. This duality underscores the
complexity of CaN’s role in AD, with both overactivation and under-
activation potentially contributing to disease progression. However, this
study has several limitations despite its critical findings. These include
lack of in vivo data, which can limit the generalizability of the findings to
living organisms. Furthermore, the specificity of mutations investigated
is evident, as the research focuses on specific FAD mutations in APP,
which may not represent the full spectrum of genetic variations associ-
ated with AD. This limitation could affect the applicability of the find-
ings to other mutations or forms of the disease. Finally, while the study
provides mechanistic insights into how APP mutations affect signaling
pathways, it may not fully explore the behavioral or cognitive outcomes
associated with these changes. Understanding the direct impact on
cognition is essential for translating findings into therapeutic strategies.

Several studies have shown that inhibiting can rescue synaptic
plasticity deficits caused by pathogenic tau and Af oligomers, both of
which are hallmark features of AD. This emphasizes CaN’s potential as a
therapeutic target [22,23]. Scaduto et al. (2024) demonstrated that
FK506 (tacrolimus), a calcineurin inhibitor, effectively prevented syn-
aptic plasticity impairments and improved cognitive function in animal
models of AD [5]. This study proved the efficacy of CaN inhibition in
alleviating synaptic dysfunction and cognitive impairment in AD.
However, targeting CaN in clinical trials for AD presents specific chal-
lenges that researchers must address. These challenges stem from the
complexity of AD pathology, the nuancies of trial design, and the ne-
cessity for effective biomarkers to show disease modification. As pre-
viously mentioned, AD is characterized by the accumulation of
amyloid-beta plaques and tau tangles, making it difficult to identify
suitable therapeutic targets like CaN. Furthermore, the role of CaN in
mediating synaptic dysfunction due to tau oligomers adds another layer
of complexity, as its inhibition must be carefully balanced to avoid
adverse effects.

Many clinical trials have been terminated due to lack of therapeutic
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translation or increased adverse events, highlighting the difficulty in
demonstrating the efficacy of CaN inhibitors. The need for innovative
trial designs, which include incorporating biomarkers that reflect the
underlying neurobiology of AD and are capable of convincingly showing
disease modification rather than mere symptomatic relief, is critical.
Despite these challenges, the potential of CaN inhibitors like FK506 to
modify disease progression in AD remains promising, as evidenced by
their ability to mitigate synaptic impairment associated with tau oligo-
mers [5,40]. However, the path to successful clinical application is
fraught with hurdles that require meticulous navigation.

Furthermore, the role of CaN in calcium homeostasis is crucial for
synaptic function. Dysregulated calcium signaling, often seen in AD,
leads to abnormal CaN activation, which disrupts synaptic plasticity by
altering the phosphorylation of key synaptic proteins. This ultimately
impairs learning and memory processes [46,47]. Targeted inhibition of
CaN shows promise in restoring synaptic function in AD. In addition to
synaptic dysfunction, CaN is highly implicated in neuroinflammation,
another hallmark of AD pathogenesis. This occurs through the activation
of astrocytes and microglia. Activated CaN triggers the nuclear factor of
activated T-cells (NFAT) pathway, resulting in the production of
pro-inflammatory cytokines and other neurotoxic substances [9,48].
This inflammatory milieu exacerbates neuronal damage and promotes
the progression of the disease. The CaN-NFAT signaling axis, crucial for
neuronal survival, differentiation, and synaptogenesis, has been a focus
of research.

Studies have shown that modulating this pathway can attenuate
neuroinflammatory responses in AD [26,48-50]. However, none of
these studies have directly examined the phosphatase enzymatic activity
of CaN, so further research is needed to evaluate transcription factor
activity methods. Furthermore, a study conducted by Santos et al.
(2020) on streptozotocin-induced AD Winstar rats suggests that CaN
proteolysis leads to its activation without direct evidence. While the
CaN-NFAT signaling pathway is implicated in the pathology of neuro-
degenerative diseases like AD, its role in normal physiological processes
not well understood. Therefore, therapeutic interventions targeting this
pathway must balance the need to reduce pathological signaling while
preserving physiological functions.

In 2018, Sompol et al. highlighted the role of CaN in astrocyte acti-
vation and its contribution to neuroinflammation in AD [48]. The study
showed that inhibiting CaN reduced the production of pro-inflammatory
cytokines and protected neurons from inflammatory damage. This
finding suggests that targeting CaN could help alleviate neuro-
inflammatory processes and enhance synaptic function in AD. Moreover,
neuroinflammation is closely associated with synaptic plasticity and
memory deficits. Chronic inflammation disrupts synaptic homeostasis,
leading to cognitive decline. By inhibiting CaN, it may be possible to
decrease neuroinflammation and restore synaptic integrity. This
two-pronged approach tackles both the inflammatory and synaptic as-
pects of AD, presenting a promising therapeutic strategy [9].

Another significant aspect of CaN’s role in AD is its involvement in
tau pathology. Hyperphosphorylation and aggregation of tau protein
into neurofibrillary tangles (NFTs) are central to AD pathology. CaN is
known to dephosphorylate tau protein, a process that is tightly regulated
under normal physiological conditions. However, in AD, aberrant CaN
activity contributes to hyperphosphorylation of tau which is mediated
by A, promoting the formation of NFTs. Ap upregulates the expression
of the regulator of calcineurin 1 (RCAN1) gene, a regulator of calci-
neurin that inhibits calcineurin’s phosphatase activity. This inhibition
reduces the dephosphorylation of tau, leading to its hyper-
phosphorylation. Additionally, increased RCAN1 expression upregulates
glycogen synthase kinase-3p (GSK3p), a tau kinase, further promoting
tau hyperphosphorylation. These mechanisms highlight the role of CaN
dysregulation in linking Ap toxicity to tau pathology in AD [51].

Hyperphosphorylated tau disrupts the stability of microtubules,
which are essential structures for neuronal transport, ultimately leading
to neuronal dysfunction and death [11,41]. Marcatti et al. (2024)
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demonstrated that FK506 reduced tau levels and mitigated tau-driven
synaptic impairment in the hippocampus of AD mouse models [40].
This study underscored the potential of CaN inhibitors in alleviating tau
pathology and its associated memory deficits. Inhibiting calcineurin can
stabilize microtubules and enhance neuronal function by regulating tau
phosphorylation. Furthermore, tau pathology exacerbates synaptic
dysfunction and cognitive decline in AD. The interaction between CaN
and tau underscores the importance of targeting this pathway for ther-
apeutic purposes. Calcineurin inhibitors could provide dual benefits by
addressing both synaptic plasticity deficits and tau pathology, thereby
providing a comprehensive approach to improve memory impairment in
AD [5,40].

4.2. Ionotropic glutamate receptors in the pathogenesis of AD

Ionotropic glutamate receptors (iGluRs), particularly NMDARs, are
crucial for synaptic plasticity and neuronal survival. However, their role
in AD is a topic of intense debate, with evidence suggesting both pro-
tective and harmful effects depending on receptor localization and
activation. Synaptic NMDARs, mainly composed of GluN2A subunits,
play a role in learning and memory and support neuronal survival. On
the contrary, extrasynaptic NMDARs, which predominantly contain
GluN2B subunits, are associated with excitotoxicity and neuro-
degeneration [30,52].

In AD, AP oligomers impair NMDAR function by reducing calcium
influx and promoting LTD over long-term potentiation (LTP). This bias
towards LTD contributes to dendritic spine loss and synaptic dysfunc-
tion. Additionally, Ap increases the activity of extrasynaptic NMDARSs,
leading to calcium overload and neuronal death [2,53-56]. These
findings suggest that Af-mediated NMDAR dysfunction is a key mech-
anism in AD pathology. Studies have demonstrated that Ap oligomers
interact with extrasynaptic NMDARSs, particularly those containing the
GluN2B subunit, increasing their activity, calcium influx, and ultimately
neurotoxicity [2,3,15,57]. This interaction exacerbates synaptic
dysfunction and cognitive decline observed in AD. However, further in
vivo studies are recommended to investigate the functional differences
between synaptic and extrasynaptic NMDARSs, as all current studies have
been conducted in vitro.

Ap mediated activation of GIluN2B containing extrasynaptic
NMDARSs results in excitotoxicity and synaptic deficits in AD through
various signaling pathways. One of the pathways involved in extra-
synaptic NMDAR induced excitotoxicity is the extracellular signal-
related kinase (ERK) pathway. NMDA receptors play a bidirectional
and antagonistic role in ERK signaling pathway based on their locali-
zation. Synaptic NMDA-GIuN2A receptors elevate ERK, leading to the
potentiation of synaptic plasticity. On the other hand, extrasynaptic
NMDA GluN2B receptors reduce ERK, causing synaptic impairment
observed in AD [3,4].

Likewise, synaptic NMDA GluN2A receptors have a potentiation ef-
fect on cyclic AMP response element binding protein (CREB), a tran-
scription factor that plays a crucial role in maintaining LTP and synaptic
plasticity when phosphorylated. In contrast, extrasynaptic NMDA
GluN2B receptors downregulate CREB by enhancing its dephosphory-
lation. Phosphorylated CREB then induces nuclear accumulation and
phosphorylation of Jacob, a caldendrin binding protein in the brain.
Jacob provides a neuroprotective effect through expression of various
target genes once translocated to the nucleus. On the other hand, acti-
vation of extrasynaptic NMDA GluN2B receptors is associated with
reduced activity of CREB and non-phosphorylated Jacob, leading to
synaptic and memory impairment [2,30].

Another signaling pathway involved in mediating excitotoxicity
following an increase in extrasynaptic NMDA receptor activity is the
forkhead transcription factor (FoxO3a). FoxO3a is associated with AD
neuropathology and is upregulated following increased extrasynaptic
NMDA GIuN2B receptor activity, which leads to excitotoxicity.
Conversely, synaptic NMDAR activation suppresses FOXO3a activity by
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promoting Akt-mediated phosphorylation [2-4,58].

As per the report by Zhang et al., the use of GIuN2B selective an-
tagonists at low concentrations can prevent Ap-induced inhibition of
LTP. This study highlighted the invaluable benefit of selectively inhib-
iting GluN2B containing NMDARs to enhance synaptic plasticity and
cognitive function in AD patients [3]. Moreover, excitotoxicity induced
by NMDAR overactivation leads to the activation of calcium-dependent
enzymes, such as calpains and caspases, further contributing to neuronal
damage and synaptic loss [2,3].

Therapeutic strategies targeting NMDARs have shown promise in
reducing excitotoxic damage. Memantine, an NMDAR antagonist, has
been approved for the treatment of moderate to severe AD. It selectively
blocks excessive NMDAR activity without interfering with normal syn-
aptic transmission, thereby decreasing excitotoxicity and enhancing
cognitive function. Clinical studies have shown that memantine treat-
ment leads to reduced neuronal apoptosis and improved cognitive per-
formance in AD patients [59,60]. However, none of these studies
mentioned the possibility of drug resistance development in AD related
to iGluRs, which is a critical challenge for clinical application. Drug
resistance may develop due to reasons such as over activation of
extrasynaptic NMDA receptors, compensatory mechanisms employed by
the brain in response to long-term use of glutamatergic drugs, leading to
altered expression and functions of iGluRs that could reduce the effec-
tiveness of medications overtime, and dysregulation of AMPA receptors.
In general, NMDARs are double-edged swords. While necessary for
regular brain function, they can be harmful if over-activated. Under-
standing their role in excitotoxicity can help researchers develop tar-
geted therapeutic strategies for neurodegenerative disorders such as
Alzheimer’s disease.

Similarly, alterations in AMPAR function and expression have been
observed in patients with AD. AB can induce the internalization of
AMPARSs, leading to a decrease in their surface expression and impairing
synaptic transmission [2,17,61]. This reduction in AMPARs at the syn-
apse contributes to synaptic weakening and cognitive deficits. On the
other hand, Hettinger et al. reported a protective role of AMPARs against
disease progression in mouse models of AD. Their study confirmed that
the evoked activity of AMPARs decreases Af levels by stimulating both
NMDA-dependent and independent downstream signaling pathways.
Evoked AMPAR activity via NMDA-independent signaling pathway has
a greater effect on increasing the clearance of Af oligomers than sup-
pressing their production, in contrast to basal levels of AMPARs which
promote higher levels of Ap [62]. Nevertheless, further in vivo studies are
needed on this regard in order to avoid issues with translation from
animal models to humans, as the disease conditions are not exactly alike
in both systems. Moreover, former studies were conducted on in vitro
models. Tau pathology, another hallmark of AD, further disrupts
AMPAR trafficking and function. Hyperphosphorylated tau interferes
with the scaffolding proteins that anchor AMPARs at the synapse,
exacerbating synaptic dysfunction [14,35].

Kainate receptors are less studied than NMDARs and AMPARs
despite playing significant roles in synaptic transmission and plasticity
[18,19]. In AD, KARs have been implicated in excitotoxicity and neu-
rodegeneration. Dysregulation of KARs leads to abnormal synaptic ac-
tivity and increased intracellular calcium levels, contributing to
neuronal damage [18]. Ap has been shown to enhance KAR-mediated
synaptic currents, further promoting excitotoxicity and neuronal dam-
age [20,63]. Targeting KARs as a therapeutic approach in AD is still in its
early stages, but research indicates potential benefits. Antagonists and
modulators of KARs are being explored to mitigate excitotoxic damage
and protect neuronal integrity [63]. Further studies are needed to fully
understand the roles of KARs in AD and develop effective therapies
targeting these receptors.

4.3. Cross-talk between calcineurin and ionotropic glutamate receptors

The cross-talk between CaN and iGluRs, specifically AMPA and
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NMDA receptors, plays a significant role in the pathophysiology of AD.
Their interaction contributes to synaptic dysfunction and neuronal hy-
perexcitability, which are key features of AD. This cross-talk involves
several complex mechanisms that exacerbate the progression of the
disease.

The interaction between CaN and NMDA receptors in AD involves
several key signaling pathways. Calcineurin, a calcium-dependent pro-
tein phosphatase, is activated by Ca?" influx through NMDA receptors.
This activation leads to the dephosphorylation of calcium/calmodulin-
dependent protein kinase II (CaMKII), which is crucial for LTP. This
dephosphorylation negatively impacts AMPA receptor function and
CREB phosphorylation, ultimately disrupting protein synthesis neces-
sary for LTP maintenance. Additionally, CaN influences protein phos-
phatase 1, further contributing to the impairment of synaptic plasticity
associated with AD pathology [64].

On the other aspect of signaling, Ap oligomers activate metabotropic
glutamate receptor 1 (mGluR1), which triggers activation of CaN via the
scaffold protein, A-kinase anchoring protein 150 (AKAP150). AKAP150
anchors CaN at the synapses, and this anchoring is essential for CaN’s
role in LTD and synaptic plasticity. The AKAP150-CaN signaling
pathway converges on postsynaptic substrates, leading to synaptic
dysfunction. Studies using AKAP150 mutant mice have shown that
disrupting this complex prevents Ap-induced synaptic deficits, including
dendritic spine loss and inhibition of LTP [65].

Furthermore, activation of mGluR1 by Af results in CaN mediated
dephosphorylation of NMDAR’s GluN2B subunits, leading to reduced
calcium influx and favoring LTD and spine elimination [31]. Likewise,
activated CaN dephosphorylates and activates cofilin, which in turn
promotes F-actin severing, resulting in destabilization of dendritic
spines and contributing to synaptic loss. AB oligomers can also induce
synaptic loss through NMDARs in a calcium flux-independent manner,
in which metabotropic signaling via NMDARs activates p38 MAPK, a
kinase involved in LTD and synaptic loss. NMDAR-mediated activation
of p38 MAPK is initially triggered by glutamate binding on the receptors
but is not coupled with calcium influx. Inhibition of p38 MAPK abolishes
AB-induced dendritic spine loss, highlighting its critical role in this
pathway. Moreover, Af oligomers induce neuronal cell cycle reentry via
NMDAR mediated calcium influx, contributing to neuronal death [55,
66]. On the other hand, extrasynaptic NMDARs, particularly those
containing GluN2B subunits, promote beta-secretase cleavage of APP,
leading to AP production. This creates a vicious cycle where Af further
activates these receptors, promoting further Ap production, exacer-
bating synaptic depression and neurodegeneration in AD. Furthermore,
astrocytic release of glutamate into the extrasynaptic space activates the
aforementioned receptors, exacerbating Af production and synaptic
dysfunction. The signaling pathways primarily involve calcium overload
and the inactivation of CREB and ERK1/2 through extrasynaptic NMDA
receptor activation [67].

Another study conducted by Goussakov et al. stated that NMDARs
can contribute to AD pathogenesis through activation of the ryanodine
receptors and endoplasmic calcium release independent of CaN’s
involvement. As per their demonstration carried out in young AD mice,
NMDAR-mediated calcium influx triggers aberrant activation of ryano-
dine receptors, leading to excessive calcium release from the endo-
plasmic reticulum, a process known as calcium-induced calcium release.
This leads to supra-additive calcium signals in dendritic spines and
processes, disrupting normal synaptic function and contributing to early
AD pathogenesis [68]. Another target of Ap oligomers is the CaN-NFAT
signaling pathway. Activation of CaN leads to the dephosphorylation
and activation of NFAT, a transcription factor that regulates genes
involved in inflammation and calcium dysregulation, favoring its
translocation to the nucleus. However, in AD, NFAT signaling is selec-
tively altered with NFAT1 and NFAT3 showing strong nuclear trans-
location in the hippocampus of AD patients, correlating with cognitive
decline and A levels. Af oligomers robustly stimulate NFAT activation
in astrocytes, leading to reduced excitatory amino acid transporter 2
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protein levels and increased glutamate levels, which contribute to
excitotoxicity and neurodegeneration [28,69].

Calcineurin mediates the endocytosis of AMPA receptors, a process
that is accelerated by AP oligomers, leading to synaptic loss and
dysfunction in AD. The interaction between calcineurin and AMPA re-
ceptors, primarily mediated by the protein a23-1, is crucial for the
internalization of these receptors, contributing to synaptic weakening
and loss. a23-1 enhances the physical interaction between GluAl and
GluA2 subunits of AMPA receptors, influencing their assembly and
function in response to CaN inhibition [70]. Calcineurin inhibition, such
as through FK506 treatment, significantly enhances the interaction of
a28-1 with GluAl and GluA2, leading to a reduction in GluA1/GluA2
heteromers in synaptic regions [70,71].

Furthermore, CaN modulates synaptic scaling by influencing the
trafficking of Ca?" permeable AMPA receptors (CP-AMPARSs), which is
also mediated by a25-1 protein. When neuronal activity is suppressed,
CaN activity decreases, leading to increased synaptic expression of CP-
AMPARs. These receptors are associated with inward rectification of
AMPAR-mediated excitatory postsynaptic currents. This process stabi-
lizes the phosphorylation of GluA1 and restores CREB phosphorylation,
maintaining nuclear Ca?* signaling and synaptic strength [72]. On the
contrary, while a25-1 enhances AMPA receptor function under CaN in-
hibition, its dysregulation may also contribute to pathological states,
indicating a complex balance in its role within synaptic transmission and
plasticity.

On the other aspect, CaN is essential for long-term depression (LTD),
a form of synaptic plasticity, through its regulation of AMPARs. This
regulation is mediated by the scaffold protein AKAP150, which anchors
CaN to the postsynaptic membrane. Calcineurin regulates AMPAR
function by dephosphorylating specific subunits, particularly the GluAl
subunit, which modulates receptor trafficking and synaptic plasticity.
Calcineurin dephosphorylates GluA1 at serine 845 (S845), a critical site
for AMPAR synaptic incorporation. This dephosphorylation promotes
AMPAR removal from synapses during LTD. Conversely, protein kinase
A phosphorylates GluA1l at S845, priming AMPARs for synaptic inser-
tion during LTP. However, disruption of this balance in AD, favoring
CaN’s activity, results in altered synaptic plasticity [36,73,74]. Studies
have reported that mice lacking the CaN-binding site on AKAP150 show
enhanced LTP and impaired LTD, indicating that CaN anchoring is
critical for maintaining the balance between LTP and LTD. In the
absence of CaN anchoring, basal GluAl S845 phosphorylation is
enhanced, and AMPAR removal during LTD is impaired. This un-
derscores the importance of AKAP150 in regulating CaN-AMPAR in-
teractions [73,75].

Besides, Af oligomers directly impair AMPAR function and synaptic
transmission through ubiquitination, degradation, and altered traf-
ficking of AMPARSs, contributing to AD pathology. Ap triggers AMPAR
internalization and degradation by enhancing ubiquitination. This pro-
cess involves the E3 ligase Nedd4 and decreased activity of the deubi-
quitinase USP46, leading to reduced AMPAR surface expression and
synaptic transmission [37,76]. Additionally, Af disrupts AMPAR traf-
ficking, reducing their synaptic incorporation, which in turn is associ-
ated with dendritic spine loss and synaptic dysfunction, both hallmarks
of AD [76,77] (Fig. 2).

In summary, the interplay between CaN and iGluRs is a crucial aspect
of AD pathophysiology. However, it is equally important to take into
account other factors like mitochondrial dysfunction, oxidative stress,
and neuroinflammation, all of which play a role in the development of
the disease. These factors can interact with the CaN-glutamate receptor
pathway, adding complexity to the progression of the disease and
underscoring the necessity for comprehensive therapeutic strategies.

4.4. Effects of Sex differences and gene variants on CaN and iGluRs
activity

Sex differences and gene variants in the activity and regulation of
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Fig. 2. Cross-talk between calcineurin and ionotropic glutamate receptors in AD.

CaN and iGluRs have been observed in AD models. Studies in APPswe/
PS1AE9 mice have shown that calcineurin-mediated transcriptional
changes play a role in synaptic dysfunction in AD. Interestingly, these
changes are more prominent in males than in females, suggesting that
sex hormones such as estrogen may modulate calcineurin activity. Es-
trogen has been found to protect against Af-induced synaptic dysfunc-
tion by reducing calcineurin activation. Generally, CaN activation is
higher in males, possibly due to Ap oligomers, while it is lower in fe-
males likely due to estrogen. Estrogen is known for its neuroprotective
effects, which could influence CaN activity. On the contrary, higher
levels of luteinizing hormone (LH) in females have been associated with
increased AP deposition and cognitive decline, indicating a complex
relationship between hormones and AD pathology. In female TgF344-
AD rats, higher levels of GluA2, an AMPA receptor subunit that may
offer neuroprotection against Af-induced synaptic dysfunction, were
observed. This sex-specific difference in AMPA receptor composition
could explain the relatively better cognitive performance seen in females
despite a higher Af burden [78]. This suggests that estrogen might
enhance glutamatergic signaling and reduce calcineurin-mediated syn-
aptic loss. Nevertheless, while the study highlights sex differences in
cognitive performance and pathology, it does not delve deeply into the
underlying mechanisms. The authors acknowledge that the neuro-
protective role of estrogen remains less understood, indicating a gap in
knowledge regarding how sex hormones impact AD pathology and
cognitive outcomes. Additionally, as with many animal studies, the
findings in Tg-AD rats may not directly translate to human AD pathol-
ogy. The authors suggest that further research is necessary to validate
these findings in human populations.

Ap oligomers impair NMDAR function by reducing calcium influx
and promoting LTD over LTP. This bias toward LTD is more pronounced
in males, potentially due to higher levels of Ap oligomers in male brains

10

[79]. The study primarily employed mouse models (APPswe/PS1AE9
mice) to study the effects of Af oligomers and mGluR5 signaling. While
these models are valuable, they may not fully replicate human AD pa-
thology, limiting generalizability of the findings to human conditions.
Since the study does not include any human data or clinical correlations,
it is difficult to ascertain how the observed sex-specific differences in
mGIluR5 signaling might translate to human patients with AD.

Sex-specific differences in CaN and glutamate receptor activity have
significant implications for the development of precision medicine in
AD. Current therapeutic strategies often overlook these sex differences,
potentially limiting their effectiveness. Targeting CaN activity in a sex-
specific manner may provide a novel approach to treating AD, espe-
cially in women who are at a higher risk of developing the disease.
Furthermore, understanding the relationship between sex hormones,
calcineurin activity, and AD pathology could help in developing
hormone-based therapies. While hormone replacement therapy has
shown mixed results in AD clinical trials, further research is necessary to
explore its potential benefits in modulating calcineurin activity and
reducing AD risk. Besides, the role of LH and other hormones in AD
pathology warrants further investigation to prevent worsening Ap
deposition. The differing involvement of mGluR5 in males and females
suggests that mGluRS5 inhibitors may be more effective in males, while
estrogen-based therapies may be more beneficial for females. Similarly,
targeting CaN activity may require sex-specific approaches to consider
differences in its activation and downstream effects [80].

The APOE gene variants, particularly APOE4, significantly influence
CaN and iGluRs activity, contributing to synaptic dysfunction in AD. The
mechanisms involve alterations in calcium homeostasis and receptor
trafficking, which disrupt normal neuronal signaling. APOE4 leads to a
sustained increase in intracellular calcium levels by activating NMDARs
and L-type voltage-gated calcium channels (L-VGCCs). This calcium
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dysregulation results in prolonged phosphorylation of eukaryotic
translation elongation factor 2 (eEF2), inhibiting global protein syn-
thesis and impairing NMDAR-mediated responses [81]. On the other
hand, APOE4 selectively reduces the surface expression of glutamate
receptors, including NMDARs and AMPA receptors, by sequestering
them in intracellular compartments. This impairment diminishes syn-
aptic plasticity and the ability of Reelin, a modulator of synaptic
strength, to enhance glutamate receptor activity [82].

Calcineurin’s activity is subject to regulation by various gene vari-
ants. The Regulator of Calcineurin 1 gene, also known as DSCR1, is a key
regulator of calcineurin activity. Overexpression of RCAN1 has been
observed in the brains of individuals with AD and Down syndrome,
contributing to hyperphosphorylated tau, reduced synaptic vesicles, and
abnormal synaptic morphology. RCAN1 acts as an endogenous inhibitor
of CaN, and its dysregulation has been linked to neurodegenerative
processes associated with AD. RCANI inhibits calcineurin through
multiple mechanisms, including blocking substrate recruitment and the
active site of calcineurin [83]. Increased expression of RCAN1 in AD
leads to excessive inhibition of CaN, contributing to tau hyper-
phosphorylation and neuronal apoptosis. While RCAN1 overexpression
is detrimental in chronic conditions, transient increases may have pro-
tective effects against cellular stress. This duality suggests that the
timing and context of RCAN1 expression are critical in determining its
role in AD pathology. In contrast, some studies suggest that targeting
CaN directly rather than modulating RCAN1 may provide a more
effective therapeutic strategy for AD, highlighting the complexity of
these molecular interactions [84].

In addition, the rare coding variant P522R (rs72824905) of the
PLCG2 gene, which encodes phospholipase C gamma 2 (PLCy2), an
enzyme involved in calcium signaling pathways, has been identified as a
protective factor against AD. This variant enhances the activation of
PLCy2 in response to stimuli such as Fc-receptor ligation and Af oligo-
mers, leading to increased calcium store release and phosphatidyl
inositol bisphosphate (PIP2) depletion [85,86]. The P522R variant is
believed to indirectly modulate CaN signaling by altering calcium dy-
namics, which is crucial for calcineurin activation.

The P522R variant is associated with reduced amyloid and tau pa-
thologies, slower cognitive decline, and enhanced microglial functions,
such as increased phagocytosis and anti-inflammatory responses [87]. It
promotes beneficial microglial activities, including antigen presentation
and T cell recruitment, which are crucial for maintaining synaptic
integrity and reducing AD pathology [88]. While the P522R variant in
PLCG2 shows protective effects against AD by modulating calcium dy-
namics and potentially calcineurin signaling, it is important to consider
the complexity of these pathways. The variant’s effects are
dose-dependent, with heterozygous expression showing more beneficial
impacts compared to homozygous expression, highlighting the delicate
balance required for optimal therapeutic outcomes [89]. Another gene
variant, the calcineurin gene (PPP3CA) has been implicated in AD
through alternative splicing and trinucleotide repeat polymorphisms.
Fine mapping of PPP3CA has revealed novel isoforms and a
S'untranslated region (5'UTR) trinucleotide repeat marker associated
with addiction vulnerability and differential isoform expression in AD
brains [90].

A novel de novo variant in PPP3CA (c.1324C>T) has been found to
cause constitutive activation of CaN. This variant leads to decreased
protein expression levels for both the mutated and wild-type protein,
despite normal mRNA levels. The constitutive activation of CaN could
potentially exacerbate AD pathology by overstimulating downstream
signaling pathways, particularly the NFAT pathway, which is associated
with neuroinflammation and synaptic dysfunction [91]. These findings
suggest that structural and regulatory variations in PPP3CA may play a
role in CaN dysfunction in AD. However, further functional studies are
necessary to confirm the significance of these variants and their in-
teractions with CaN pathways in AD.

The GRIN gene variants have a significant impact on the modulation
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of iGluRs, particularly in the context of AD. These variants, found in
genes such as the GRIN2C, GRIN1, GRIN2A, and GRIN3A, have been
associated with changes in NMDAR function, which is crucial for syn-
aptic transmission and plasticity, both of which are impaired in AD [92].
A rare missense variant in the GRIN2C gene (A1072V) was discovered in
a case of familial late-onset AD, resulting in increased NMDAR-induced
currents and altered glutamatergic transmission. This variant led to a
higher surface expression of the GluN2C subunit, suggesting a potential
mechanism for enhanced excitatory signaling in AD [93].

The GRIN2B gene has been linked to AD through a de novo mutation
(p.K1293R) and several single nucleotide polymorphisms (SNPs),
particularly the rs1806201 T allele, which has shown a significant as-
sociation with disease susceptibility (OR = 1.92). Likewise, specific
SNPs, like rs1806201, show a significant association with increased
disease risk [94]. While the focus is primarily on NMDA receptors, these
findings highlight the interconnectedness of glutamatergic signaling
pathways in AD. In general, variants in GRIN genes can decrease
voltage-dependent Mg?" inhibition, which is crucial for NMDAR acti-
vation, thereby affecting synaptic plasticity and potentially contributing
to AD pathology [95].

Understanding these variants opens avenues for precise treatments
targeting specific NMDAR subtypes, which may help alleviate the effects
of dysfunctional glutamatergic signaling in AD. While GRIN variants are
implicated in AD, it is essential to consider that not all genetic factors are
detrimental; some may play protective roles or contribute to resilience
against neurodegeneration. For instance, certain GRIN2B mutations
reduce the probability of channel opening, leading to loss-of-function
phenotypes. Conversely, some GRIN2A mutations result in gain-of-
function, increasing receptor activity and potentially causing excito-
toxicity. Therefore, further research is needed to fully elucidate these
complex interactions.

Genetic variants that influence AMPA receptor activity in AD are
primarily associated with mutations in the presenilin 1 (PSEN1) gene
and alterations in the GluA2 subunit of AMPA receptors. These genetic
changes can have a significant impact on calcium signaling and synaptic
function, which contribute to the development of AD. Mutations in the
PSEN1 gene, which are linked to familial AD, lead to increased calcium
responses to AMPA receptor activation in neurons, even before the onset
of amyloid or tau pathologies [96]. This suggests that PSEN1 mutations
may trigger early calcium dysregulation, which is crucial for under-
standing the initiation of AD.

4.5. Therapeutic implications and challenges

Targeting the CaN-iGluR axis offers a promising therapeutic
approach for AD. Pharmacological inhibition of CaN has been shown to
rescue synaptic plasticity deficits and improve memory function in AD
mouse models. This suggests that CaN inhibitors could be explored as
neuroprotective treatments [5,39]. These results highlight the potential
of CaN inhibition as a therapeutic strategy for AD. However, the
long-term effects of CaN inhibition on normal synaptic function and
plasticity remain a concern, as CaN is also involved in physiological LTD.
Translation of these findings into clinical success has been challenging,
possibly due to the complex regulatory networks involving CaN and its
downstream targets. In addition, the challenge lies in developing se-
lective CaN inhibitors that can effectively modulate its activity without
causing adverse effects. Therefore, further research is needed to identify
and optimize such compounds for clinical use.

Modulating iGluR activity also presents a viable therapeutic strategy.
NMDA receptor antagonists like memantine have demonstrated efficacy
in reducing excitotoxicity and improving cognitive function in patients
with AD [66,67]. However, broader therapeutic strategies targeting
glutamatergic pathways have not yet shown significant efficacy in
clinical trials. Similarly, targeting AMPAR ubiquitination and degrada-
tion pathways, such as inhibiting Nedd4 or enhancing USP46 activity,
could help mitigate Ap-induced AMPAR loss and synaptic dysfunction
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[76,97]. Furthermore, disrupting the AKAP150-CaN complex or modu-
lating its activity could restore the balance between LTP and LTD,
potentially improving synaptic function in AD [73]. Nevertheless,
further research is needed to fully elucidate the aforementioned path-
ways and translate them into effective clinical treatment.

4.6. Current clinical trials

A clinical trial is currently ongoing to evaluate the safety and efficacy
of low-dose FK506 in early AD. Preliminary results indicate that FK506
may normalize CaN activity and improve synaptic function without
significant adverse effects [98]. Additionally, while memantine is
commonly used in the treatment of AD, its effectiveness in the early
stages of the disease is still uncertain [99].

Despite extensive research, clinical trials targeting the CaN and
iGluRs pathways have largely been unsuccessful, highlighting the
complexity of AD and the challenges in translating mechanistic insights
into effective therapies. A comprehensive understanding of these
mechanisms, coupled with improved trial designs, may pave the way for
more effective therapies. The failures in clinical trials underscore the
need for a deeper understanding of these molecular targets and their
interactions in the AD brain. The high failure rate of AD clinical trials,
with only 2 % success rate for phase II and III trials, highlights meth-
odological shortcomings and insufficient evidence to support pivotal
trials [100].

Even though preclinical studies have demonstrated the potential of
CaN inhibitors and glutamate modulators to rescue synaptic plasticity
and cognitive deficits, challenges such as blood-brain barrier penetra-
tion and neurotoxicity must be addressed to translate these findings into
effective clinical therapies. Ongoing and future clinical trials will be
crucial in determining the safety and efficacy of these approaches in AD
patients. Future therapeutic development may benefit from adhering to
rational drug development principles and exploring novel approaches
that integrate insights from failed trials. Furthermore, combining CaN
inhibitors with other therapies targeting Af or tau pathology may offer a
more comprehensive approach to AD treatment [5,40]. A recent study
suggests that astrocytic CaN plays a key role in AD pathology, hence,
targeting astrocytic CaN may provide a novel therapeutic strategy. The
development of biomarkers to monitor CaN activity and synaptic health
in AD patients will be critical for evaluating the efficacy of therapies
targeting this axis [99].

5. Conclusion and future perspectives

In general, CaN and iGluRs play critical roles in the pathogenesis of
AD. Calcineurin contributes considerably to the progression of AD
through the regulation of neuroinflammation, synaptic function, and tau
phosphorylation. The dysregulation of iGluRs, namelyNMDA, AMPA,
and kainate receptors, exacerbates excitotoxicity and neuronal damage,
leading to cognitive deficits. The complex interplay between CaN and
iGluRs highlights their combined impact on AD pathology. Therapeutic
strategies that target the CaN-iGluR axis show promise for slowing dis-
ease progression and enhancing cognitive outcomes.

Future perspectives

Future research should focus on several key areas. Firstly, detailed
studies are needed to understand the specific molecular interactions
between CaN and iGluRs in the context of AD. This can be achieved
using advanced techniques such as optogenetics, single-cell RNA
sequencing, and high-resolution imaging, as they can provide deeper
insights into these mechanisms. In addition, future research should focus
on developing more selective and potent modulators of CaN and iGluRs
to enhance therapeutic efficacy while minimizing adverse effects.
Furthermore, exploring combination therapies that target both CaN and
iGluRs, following evaluation in preclinical and clinical studies for their
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effectiveness in improving cognitive function and slowing disease pro-
gression, could provide a synergistic approach in treating AD. Long-term
studies, incorporating diverse populations to ensure generalizability of
the findings, are essential to assess the impact of targeting the CaN-iGluR
axis on cognitive outcomes in AD patients.

Future studies should also focus on identifying biomarkers related to
CaN and iGluR activity as they could aid in the early diagnosis and
monitoring of AD progression, as well as in evaluating the effectiveness
of targeted therapies. Lastly, further research is needed to fully under-
stand the mechanisms by which calcineurin contributes to AD and to
develop effective calcineurin-based therapies for the treatment of
memory deficits in AD patients.
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