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Clathrin mediated endocytosis in 
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This review provides a comprehensive examination of the role of clathrin-
mediated endocytosis (CME) in Alzheimer’s disease (AD) pathogenesis, 
emphasizing its impact across various cellular contexts beyond neuronal 
dysfunction. In neurons, dysregulated CME contributes to synaptic dysfunction, 
amyloid beta (Aβ) processing, and Tau pathology, highlighting its involvement in 
early AD pathogenesis. Furthermore, CME alterations extend to non-neuronal 
cell types, including astrocytes and microglia, which play crucial roles in Aβ 
clearance and neuroinflammation. Dysregulated CME in these cells underscores 
its broader implications in AD pathophysiology. Despite significant progress, 
further research is needed to elucidate the precise mechanisms underlying CME 
dysregulation in AD and its therapeutic implications. Overall, understanding the 
complex interplay between CME and AD across diverse cell types holds promise 
for identifying novel therapeutic targets and interventions.
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1 Introduction

Endocytosis is a ubiquitous and essential function of mammalian cells as it mediates many 
downstream pathways through the internalization of extracellular material from the cell 
surface. Many types of endocytosis have been described, including clathrin-mediated 
endocytosis (CME), dynamin-dependent endocytosis, caveolin dependent endocytosis, 
micropinocytosis, and phagocytosis (Doherty and McMahon, 2009). Of these, CME is one of 
the most well characterized and mechanistically understood. Processes that rely on CME 
include uptake of intracellular signals, transmembrane receptor recycling, regulation of 
membrane composition, synaptic vesicle recycling, and initiation/regulation of downstream 
intercellular signaling cascades such as the endolysosomal system. The distinct phases of CME 
are comprised of nucleation, cargo selection, coat assembly, scission, and uncoating. Each step 
is moved forward by an essential hub protein, which are supported by additional accessory 
proteins, described in detail through decades of studies (McMahon and Boucrot, 2011; 
Kaksonen and Roux, 2018). Hub and accessory proteins are indicated in Figure 1.

CME is initiated by proteins involved in nucleation (Figure 1, Step 1), including FCH and 
mu domain containing endocytic adaptor 1/2 (FCHO1,2), Intersectin1 (ITSN1), and 
Epidermal growth factor receptor substrate 15 (EPS15). These proteins cluster and bind to the 
plasma membrane to initiate membrane curvature and recruit other proteins, such as the 
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Adaptor protein 2 complex (AP-2), for cargo selection (Figure  1, 
Step 2). Clathrin is also recruited by AP-2, which then begins the 
clathrin coat assembly (Figure 1, Step 3) of the endosome and curves 
the membrane further, forming the vesicle around the clustered cargo. 
The vesicle then undergoes scission from the membrane (Figure 1, 
Step 4) by recruitment of Dynamin via the BAR-domain containing 
proteins. Uncoating of clathrin (Figure  1, Step  5) is subsequently 
initiated by Auxilin of G-associated kinase (GAK), which recruits 
ATPase HSC70 to disassemble the clathrin coat allowing the 
machinery to be  available for the next endocytosis event. Cargo 
internalized through CME is typically sorted through the 
endolysosomal pathway for delivery to the appropriate cellular 
compartment (Boulant et al., 2011; McMahon and Boucrot, 2011; 
Mettlen and Danuser, 2014).

Given the fundamental need for cells to utilize this process, there 
are many diseases associated with disruption of CME. However, 
dysfunction is more common in accessory proteins, as genetic 
mutations of essential hub proteins, for example those that make up 
the AP-2 complex, can be embryonic lethal (Mitsunari et al., 2005; 
Azarnia et al., 2019). Changes in accessory proteins can still have 
profound effects on CME function and are associated with cancer, 
psychiatric diseases, and various neurodegenerative diseases 

(McMahon and Boucrot, 2011). For example, in Parkinson’s disease, 
mutations in synaptojanin and auxilin have been shown to be causative 
for early onset Parkinson’s (Schreij et al., 2016). In Alzheimer’s disease 
(AD), genetic links have been made to endocytic protein genes such 
as AP-2 (cargo selection), Clusterin (CLU, cargo selection), Bridging 
integrator 1 (BIN1, scission), CD2 associated protein (CD2AP, 
scission/uncoating), and Phosphatidylinositol binding clathrin 
assembly protein (PICALM, cargo selection) (Raj et al., 2018; Azarnia 
et al., 2019; Ando et al., 2022; Szabo et al., 2022). BIN1 and PICALM 
are two of the most significant risk factors for late onset AD (Andrade-
Guerrero et al., 2023). Importantly, while not directly involved in 
CME, many other significant AD risk factors like Apolipoprotein E 
(APOE), Ras and rab interactor 1 (RIN1), and Sortilin related receptor 
1 (SORL1) have been related to endosomal and lysosomal dysfunction 
downstream from CME and are reviewed elsewhere (Szabo et al., 
2022; Maninger et al., 2024).

AD is the most common form of dementia (Alzheimer's 
Association, 2023) and is characterized by the progressive 
development of amyloid beta (Aβ) plaques and neurofibrillary Tau 
protein tangles in the brain (Braak and Braak, 1991; Selkoe and Hardy, 
2016). AD is often diagnosed 15–20 years after pathology begins to 
develop, so there is a need for reliable tools to detect early brain 

FIGURE 1

CME step-by-step. (1) Nucleation: Initial invagination of the membrane surface and recruitment of support proteins to the pit. (2) Cargo selection: 
Budding vesicle couples with the intended cargo via receptors and adaptor proteins, which concurrently begin recruiting clathrin. (3) Coat assembly: 
Clathrin begins forming a lattice around the budding vesicle. (4) Scission: Dynamin assembles around the vesicle neck, and with support from 
accessory proteins the vesicle is removed from the extracellular membrane. (5) Uncoating: The clathrin lattice disassembles and the early endosome 
can be trafficked through several pathways including back to the cell surface or through the endolysosomal pathway.
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changes that lead to it (Deture and Dickson, 2019) and the effort to 
identify early cellular changes before the onset of symptoms is of great 
importance. As AD progression is a highly complex process, many 
mechanisms have been associated with disease progression, such as 
neuroinflammation, impaired autophagy, oxidative stress, vascular 
dysfunction, and endolysosomal dysfunction (Nixon et  al., 2000; 
Theerasri et al., 2022). Perhaps one of the most widely referenced 
mechanisms is the Aβ cascade hypothesis, a well-established model of 
disease progression, in which intercellular Aβ accumulates as plaques 
in the brain, induces Tau pathology, and ultimately neuronal death 
(Hardy and Allsop, 1991; Hardy and Higgins, 1992). Others have since 
suggested that the imbalance of extracellular Aβ clearance and 
intracellular accumulation of Aβ initiates neuronal dysfunction rather 
than merely the accumulation of extracellular plaques (Selkoe and 
Hardy, 2016; Volloch and Rits-Volloch, 2022, 2023). As such, the 
processes of Aβ production and clearance have been of particular 
interest in the field of AD.

The pathogenic form of Aβ (Aβ1-42) is produced when Amyloid 
precursor protein (APP) is endocytosed and processed in the 
endolysosomal pathway of neurons (Koo and Squazzo, 1994; Selkoe 
and Hardy, 2016). CME has also been related to Tau pathology, 
primarily as a function of intercellular propagation in which 
aggregated pathologic Tau (Lamontagne-Kam et  al., 2023) is 
internalized via many types of endocytosis including CME (Ando 
et al., 2020). While the potential cellular effects of Tau internalization 
by endocytosis are substantial (Thal and Tome, 2022), the ratio of Tau 
internalized via CME versus other endocytic pathways is unknown 
and thus studies are needed to determine if CME is as prominent a 
mechanism of Tau internalization, as it is for Aβ uptake.

As the primary process that feeds into the endolysosome, 
disruption of CME has the potential to affect this and many other 
downstream cellular pathways implicated with AD. The endolysosomal 
pathway in AD has been extensively studied downstream of CME 
(Nixon, 2017; Szabo et al., 2022), yet few investigators have evaluated 
the upstream changes and contribution of actual endocytosis, 
specifically CME, to AD pathogenesis. Additionally, in other brain cell 
types like microglia and astrocytes, CME is implicated in extracellular 
debris uptake and could be important to Aβ1-42 clearance, illustrating 
the potential for CME to affect the balance of both intra- and extra-
cellular Aβ1-42 accumulation in multiple ways via multiple cell types. 
Here, we discuss how CME in different brain cell types has thus far 
been implicated in AD risk and progression. Aside from neurons, 
there is a gap in knowledge regarding a role for CME in Tau pathology. 
Thus, we will be  focusing on CME and its relation to Aβ but will 
include Tau where information is available. We also focus the review 
on research that examines the importance of CME as a potential early 
disease modifier. For a detailed review of the role of downstream 
endosomal trafficking on AD pathogenesis see (Nixon, 2020; Behl 
et al., 2022; Szabo et al., 2022).

2 AD and endolysosomal function

The endolysosomal pathway systematically internalizes and sorts 
extracellular molecules that can either be used in the cell, recycled 
back to the cell membrane, or degraded internally through lysosomes 
and autophagosomes. Classically, molecular cargo is internalized 
through CME or other endocytic pathways and trafficked to early 

endosomes and then late endosomes, recycled to the surface 
membrane, or sent to the lysosome for degradation (Cullen and 
Steinberg, 2018). In AD, defects in the endolysosomal pathway cause 
cellular stress in multiple ways, including decreased endosomal 
transport, altered endosome signaling, reduction in vesicle recycling, 
decreased lysosomal acidification, and oxidative stress. These defects 
then result in various neuropathological outcomes such as Aβ1-42 over 
production and clearance deficits, as well as dystrophic neurites 
(Nixon, 2017; Colacurcio et al., 2018; Szabo et al., 2022).

Interestingly, the earliest presenting cytopathology in sporadic 
AD, even before accumulation of extracellular Aβ plaques are 
observed, is enlargement of early endosomes in neurons containing 
soluble Aβ (Cataldo et al., 2000, 2004). Indeed, this intracellular Aβ 
frequently associated with the enlarged endosomes (Cataldo et al., 
2004). This phenotype is specific to sporadic AD and has not been 
observed in familial AD or other neurodegenerative diseases like 
Parkinson’s and Huntington’s disease (Cataldo et al., 2000). Enlarged 
early endosomes are also observed in induced pluripotent stem cell 
(iPSC) derived neurons from sporadic AD patients (Israel et al., 2012) 
and iPSC lines with APP and presenilin 1 (PSEN1) mutations, both 
genetic risk factors for early-onset AD (Kwart et al., 2019; Lacour 
et al., 2019). Interestingly, endolysosomal dysregulation and enlarged 
early endosomes are also seen in Down syndrome, a genetic disorder 
caused by a triplication of chromosome HSA21 (Cataldo et al., 2000). 
People with Down syndrome have a significantly higher risk of 
developing AD, with nearly all patients developing neuropathology 
and symptoms by age 65 (McCarron et al., 2017; Fortea et al., 2021). 
This phenomenon is thought to be due to several AD related genes 
encoded on HSA21, such as APP and PSEN1 (Colacurcio et al., 2018; 
Jiang et al., 2019; Botté and Potier, 2020; Filippone and Praticò, 2021). 
This connection between Down syndrome and AD could point 
toward endocytic processes as a potential driver of early endolysosomal 
dysfunction in AD.

Increased size and/or number of early endosomes is thought to 
correlate with an increase in general endocytosis, which results in the 
enlarged endosomal phenotype (Stenmark et al., 1994). This effect 
could indicate that changes in upstream endocytosis are important 
factors in downstream endolysosomal dysfunction in AD. The impact 
of cargo processed into this pathway has also been shown to alter 
endosomal function. For instance, in primary cortical rat neurons, 
internalization of Aβ1-42 resulted in increased levels and altered 
distribution of endolysosomal markers, as well as triggered neuronal 
degeneration. Inhibiting general endocytosis via phenylarsine oxide, 
and CME specifically with sucrose, attenuated this effect and returned 
endolysosomal markers to normal, suggesting that endocytosis of 
pathogenic Aβ1-42 contributes to downstream endosomal dysfunction 
(Song et al., 2011). Therefore, changes in CME may contribute to AD 
endolysosomal dysregulation in multiple ways.

Small et al. (2017) and Kimura and Yanagisawa (2018) summarize 
many of these endolysosomal disruptions into the “traffic jam” 
hypothesis. This hypothesis posits that disruptions in endocytosis and 
downstream endosome trafficking could be involved in altering the 
metabolism of AD related proteins and thus act as a pathogenic hub 
in AD. Similarly, Limone et al., proposed using the related genetic 
changes in endolysosomal trafficking as a “genetic hub” of AD which 
could contribute to many pathological events and illuminate potential 
drug targets (Limone et al., 2022). However, as these hypotheses focus 
primarily on trafficking of endosomes after endocytosis, how 
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endocytosis itself may be altered and affect cellular phenotypes in the 
context of AD remains to be considered.

3 Clathrin mediated endocytosis in AD

CME has been well studied under normal physiological 
conditions, but little is known about how it may be changed during 
AD progression. In addition to its downstream connection with the 
endolysosomal pathway, several studies have indirectly implicated 
CME in AD in humans and animal models through genomics, 
transcriptomics, and proteomics of CME-related genes and proteins. 
A current summary of CME proteins associated with AD, their 
function in CME, and which AD brain regions are affected is 
presented in Table 1.

In 2018, Ahmad et al., calculated weighted genetic risk scores by 
combining data from the longitudinal AD Rotterdam Study (Hofman 
et al., 2015) and 20 AD genetic risk variants. These risk scores were 
then clustered within cellular pathways and associated with AD, mild 
cognitive impairment (MCI), and brain MRI phenotypes. The risk 
score of endocytic pathways was significantly associated with MCI, 
and the clathrin/AP-2 adaptor complex pathway was modestly 
associated with white matter lesions (Ahmad et al., 2018). Interestingly, 
other studies assessing genetic risk factors of AD found that the 
endocytosis pathway was significantly associated with reliance against 
AD (Tesi et al., 2020) and that abnormal Aβ levels, but not Tau, are 
significantly associated with endocytosis (Schork and Elman, 2023). 
These associations suggest an early involvement of endocytosis, 
specifically CME, in AD risk/etiology and potential resilience. Indeed, 
proteins involved in CME such as AP180 (cargo selection), AP-2 
(cargo selection/clathrin recruitment), and Dynamin 1 (scission) are 
shown to be  decreased in AD in various regions of human post-
mortem brains at both the RNA and protein level (Yao et al., 1999, 
2000, 2003; Cao et al., 2010; Piras et al., 2019). Together, the changes 
of CME protein levels point toward involvement of the pathway in AD 
and its potential to be both disease contributing or neuroprotective, 
but each protein must be evaluated individually to understand how its 
changes may affect or contribute to potential CME dysfunction in AD.

Several of these protein changes also translate to a transgenic 
mouse model of AD with a mutation in humanized APP (APPSWE) 
(Hsiao et al., 1996). Dynamin 1 and AP180 were decreased in APPSWE 
brains versus controls, with varying degrees of specificity in subregions 
of the hippocampus, entorhinal cortex, and temporal cortex, similar 
to their changes in human AD brains (Cao et al., 2010). Interestingly, 
a separate study of the cortex in APPSWE mice showed several CME 
proteins (APP, Clathrin, Dynamin 2, and PICALM) were upregulated, 
not downregulated as was observed in other brain areas. Importantly, 
proteins related to clathrin-independent endocytosis such as 
flotillin-1, and caveolin-1 and -3 were not changed (Thomas et al., 
2011). These observations demonstrate that proteins specific to CME, 
and not to other common endocytic pathways, are changed and could 
point toward CME being specifically responsible for downstream 
endocytic abnormalities in APPSWE mice. However, it is unknown 
whether more recently studied AD models with multiple transgenes, 
such as the 3xTg (Oddo et al., 2003) or 5xFAD lines (Oakley et al., 
2006), recapitulate these changes or have CME disruptions. Several 
studies have shown that pharmacological modulation of downstream 
endolysosomal functions in 5xFAD mice (Cuddy et al., 2022) and in 

the 3xTg improved endolysosomal function and disease phenotypes 
(Kim et al., 2023), though how these manipulations may affect and 
be affected by upstream CME function is unclear.

Another consideration is whether normal aging affects levels of 
CME proteins and CME function. It is well known that the biggest risk 
factor of developing AD is aging, and a change in CME proteins over 
time could account for a possible connection between this risk factor 
and early cellular phenotypes. To date, only one study has attempted 
to address this possible connection. In 2018, Alsquati et al., examined 
how endocytosis-related proteins change in the frontal cortex of 
neurologically normal males from different age groups: 20–30 
(young), 45–55 (middle aged), and 70–90 (old) (Alsaqati et al., 2018). 
Interestingly, both CME and clathrin-independent proteins were 
changed in an age-dependent manner. Four CME proteins, Dynamin 
I, isoform 4 of PICALM, AP180, and Rab5, were all significantly 
increased from the young to old age groups. Clathrin-independent 
proteins such as caveolin-2 and flotillin-2, increased with age, while 
caveolin-3 was decreased with age. Of note, some of these protein 
changes contrast with those seen in AD brains in the studies described 
above (Yao et al., 1999, 2000, 2003; Cao et al., 2010; Piras et al., 2019) 
and in Table 1, and may be related to general changes in endocytosis 
rather than specific changes to CME. It is unclear whether this effect 
may be due to evaluation of different brain regions, or to the exclusion 
of females from the aging study. Prior studies examining CME 
proteins in AD included both females and males in their cohorts, 
which is important, as females have a much higher incidence of AD 
(Rajan et al., 2021; Alzheimer's Association, 2023). Thus, examination 
of protein levels in males only does not allow any exploration of 
potential sex difference in endocytosis during aging, which could be a 
factor in the differential direction of expression changes between the 
aging study and others mentioned above. Additionally, the 15-year gap 
between each age group in these data should be considered. While the 
average age of AD diagnosis is about 75 years of age (Barnes et al., 
2015), brain changes can occur for many years beforehand; thus, the 
15 year gap between the middle aged (45–55) and old aged (70–90) 
groups could be enlightening and thus an important time point to 
evaluate. While the Alsquati study is a very promising initial study, 
more research is needed to elucidate the potential role of CME in early 
AD and if, or how, aging may be involved.

When thinking about how these observed differences in AD 
CME proteins may affect function, we  must also consider the 
potential for specific CME functions in different brain regions and 
cell types. CME proteins show different changes depending on what 
brain region was analyzed (summarized in Table 1). Also, CME 
proteins may not change in the same way in all cells, since AD has 
varying effects on many brain cell types (e.g., neurons, astrocytes, 
and microglia) throughout disease progression (Maninger et al., 
2024). Studies are still needed to examine how the effect on overall 
CME function might be different in each brain region depending 
on how a specific protein, or set of proteins, is changed. It is possible 
that an increase in one protein potentially reduces CME, while the 
same increase in a different protein could decrease CME in a 
different brain region. Additionally, depending on the cell type, 
dysregulation of CME proteins and resulting downstream 
dysfunction may have distinct cellular outcomes. However, studies 
using whole brain lysate are not able to distinguish protein 
expression in different cell types. Thus, studies focused on 
individual cell types are needed to establish whether CME is altered 
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in distinct ways. Though brain region-specific changes are more 
challenging to evaluate due to difficulty obtaining the appropriate 
samples, many studies have begun to tease apart the potential cell 
type differences of CME proteins in AD, and will be  further 
described in the remainder of this review.

4 CME dysfunction and AD cellular 
disruptions across multiple cell types

4.1 Neurons

4.1.1 CME involvement in synaptic dysfunction
As AD is characterized by increasing loss of neurons 

throughout disease, many studies to date have focused on how 

altered neuronal functions may affect disease progression. It is well 
established that synaptic dysfunction, loss, and subsequent 
neuronal degeneration contributes to the progressive nature of 
AD. Reduced synapse numbers are observed throughout disease 
progression and are strongly correlated with cognitive decline 
(Terry et al., 1991), but synapses start to show dysfunction even 
before measurable cellular degeneration. Normally, functioning 
synapses rely on the quick release of pre-synaptic vesicles which 
are rapidly recycled via CME to maintain the pool of vesicles 
available for transmission (Soykan et al., 2016). Synaptic disruption 
in AD can be induced by both extracellular Aβ1-42 oligomers and 
intracellular hyperphosphorylated Tau, and as such, may 
be  connected to other aspects of AD neuropathology, such as 
altered APP processing, abnormal phosphorylation, and calcium 
imbalance (Yao, 2004; Pei et al., 2020; Hori et al., 2022; Ratan et al., 

TABLE 1 CME proteins in human post-mortem AD brains.

Gene: protein name Role in CME Change in AD Method Brain region References

AP2A1: AP-2 complex subunit 

alpha-1

Nucleation Decreased IHC Layer II superior frontal 

gyrus

Yao et al. (2000)

No change IB Total superior frontal 

gyrus, total hippocampus

Localized to NFTs IHC Temporal neocortex Srinivasan et al. (2022)

FCHO1: FCH and mu domain 

containing endocytic adaptor 1

Nucleation Unknown – – –

SNAP91: Synaptosome 

associated protein a1 (AP180)

Paralog of PICALM, 

cargo selection

Decreased IHC All layers superior frontal 

gyrus, hippocampus 

CA3/Hilus

Yao et al. (1999)

Decreased IHC, IB Dentate gyrus, CA3, 

entorhinal cortex, 

temporal cortex

Cao et al. (2010)

ITSN1: Intersectin 1 Nucleation, cargo 

selection

Increased RT-PCR Frontal cortex Wilmot et al. (2008)

no change IB Frontal cortex, temporal 

cortex

Malakooti et al. (2019)

PICALM: Phosphatidylinositol-

binding clathrin assembly 

protein

Cargo selection Increased RT-PCR Frontal cortex Baig et al. (2010)

Localized to NFTs IHC Hippocampus CA4 Ando et al. (2013), Alsaqati 

et al. (2023)Decreased IB Neocortex

CLTA: Clathrin, light chain Coat assembly, 

scission, uncoating

Localized to Some 

NFTs

IHC Hippocampus Nakamura et al. (1994)

CLTC: Clathrin, heavy chain Increased IHC Frontal cortex Alsaqati et al. (2023)

DNM1: Dynamin 1 Scission Decreased IHC Hippocampus, entorhinal 

cortex

Cao et al. (2010)

DMN2: Dynamin 2 Scission Decreased qRT-PCR Hippocampus Aidaralieva et al. (2008)

Decreased RT-PCR Temporal cortex Kamagata et al. (2009)

BIN1: Amphiphysin 2 Scission Increased PCR Frontal cortex Chapuis et al. (2013)

Decreased IB Frontal cortex De Rossi et al. (2016)

AMPH: Amphyphysin 1 Paralog of BIN1, 

scission

Decreased IB Frontal cortex De Jesus-Cortes et al. (2012)

RAB5A: Ras-related protein 

Rab-5A

Uncoating, early 

endosome fusion

Increased IB Frontal cortex Alsaqati et al. (2023)

Increased qPCR, IB Hippocampus CA1, 

frontal cortex

Ginsberg et al. (2010)

The table includes the gene and protein name, role in CME, change in protein in AD, method of detection, brain region evaluated, and reference(s). NFT, neurofibrillary tangles; IHC, 
Immunohistochemistry; IB, Immunoblot; PCR, Polymerase Chain Reaction; RT-PCR, Real-time PCR; qRT-PCR, Quantitative RT-PCR.
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2023). Of note, synaptic vesicle recycling is reduced in AD, and 
multiple CME proteins that are involved in maintenance of 
synaptic vesicle size, uniformity, and turnover, are clustered at 
pre-synaptic sites (Pechstein et al., 2010; Milosevic, 2018). While 
several other mechanisms work in parallel to CME to maintain the 
synaptic vesicle pool, studies have shown that blocking CME 
significantly reduces synaptic vesicle recycling (Soykan et  al., 
2016), indicating that CME is a major recycling mechanism, and 
supporting that disruption of this machinery could contribute to 
AD synapse dysfunction.

Synaptic dysfunction in AD can also result from disrupted 
regulation of AMPA receptors (AMPARs) in the post-synaptic cleft. 
Regulation of AMPARs at the membrane is involved in learning and 
memory, with receptor presentation leading to long-term potentiation 
(LTP) and internalization leading to long-term depression (LTD) 
(Chater and Goda, 2022). In AD, AMPAR trafficking is changed such 
that LTP is impaired and LTD is enhanced which contributes to 
cognitive deficits (Al-Hallaq et al., 2007; Pei et al., 2020; Babaei, 2021). 
In LTD, AMPARs are internalized via CME, and internalization can 
be induced by interaction with Aβ1-42 (Man et al., 2000; Lacor et al., 
2004; Snyder et al., 2005; Guntupalli et al., 2017) suggesting that CME 
could be involved in the LTP/LTD changes in AD. Additionally, the 
AD risk factor and CME protein PICALM is involved in surface 
regulation of AMPARs. Loss of PICALM in mice initiates LTP and 
reduces LTD which improves learning (Azarnia Tehran et al., 2022). 
This directly implicates CME in AMPAR trafficking alterations and 
potential effects on learning and memory in AD. If CME dysfunction 
is an initial piece of this early synaptic dysfunction in multiple 
contexts, it could very well be an upstream driver in disruption of 
many neuronal functions.

4.1.2 CME involvement in Aβ processing and 
uptake

As briefly mentioned above, in AD APP is preferentially processed 
into amyloidogenic Aβ1-42 in the endolysosomal pathway of neurons 
after internalization via CME (Koo and Squazzo, 1994; Wu and Yao, 
2009). This processing occurs in the early endosome, where the 
enzyme BACE1 and APP are individually delivered, and APP is 
cleaved by BACE1 and α-secretase into the pathogenic Aβ1-42. 
Regulators of endosomal trafficking, which normally prevent BACE1 
and APP from being delivered to the same compartment, have been 
identified as genetic risk factors for AD (APOE4, PICALM, BIN1) 
(Szabo et al., 2022; Maninger et al., 2024). Disrupted expression of 
these regulators could contribute to the increased production of Aβ1-42 
in the endosome (Thomas et al., 2016; Guimas Almeida et al., 2018). 
After amyloidogenic cleavage of APP, Aβ1-42 peptides are secreted from 
the cell and aggregate to form toxic fibrils and plaques (Zhang et al., 
2011). In aged mouse hippocampal neurons, APP endocytosis is 
reduced with CME inhibition, but it is unclear if this directly results 
in less Aβ1-42 production (Burrinha et al., 2021). How CME alterations 
directly affect APP internalization and Aβ1-42 production in an AD 
model has not yet been closely studied, but it is plausible that increased 
CME could cause a subsequent increase in APP internalization and 
processing, and conversely, that decreased CME may therefore 
decrease Aβ1-42 production.

The production of Aβ1-42 has also been connected to synaptic 
activity, which can stimulate CME and increase the internalization of 
APP. In fact, electrical stimulation in the hippocampus of the APPswe 

mouse model increased Aβ1-42 in brain interstitial fluid but was 
prevented up to 70% by CME inhibition using a Dynamin dominant-
negative inhibitory peptide (Cirrito et al., 2005, 2008). This result 
suggests that endocytosis, both synaptic activity-mediated and 
clathrin-mediated, affects the levels of Aβ1-42 produced and released 
from neurons, which could contribute to the development of 
extracellular Aβ1-42 aggregation and spreading.

In addition to APP being endocytosed through CME, different 
forms of processed Aβ have also been shown to be internalized into 
neurons and accumulate in insoluble aggregates within endolysosomal 
compartments in AD brains (Gouras et al., 2000). This accumulation 
of Aβ1-42 in late endosomes and lysosomes could contribute to 
endolysosomal dysfunction and associated cellular disruptions 
(Colacurcio et al., 2018; Lai et al., 2021). Furthermore, endocytosed 
Aβ1-42 can also cause intraneuronal dysfunction outside of lysosomal 
accumulation; for example, cultured rat hippocampal neurons treated 
with Aβ1-42 showed decreased synaptic vesicle endocytosis and 
Dynamin 1 expression after stimulation, indicating that the 
replenishing of vesicles to the readily available pool is impaired by 
Aβ1-42 (Cao et  al., 2010). Another of many observed intercellular 
effects of Aβ1-42 fibrils is the induction of neuritic defects and growth 
cone collapse. In cultured cortical neurons, Aβ1-42 internalization can 
result in failure of axonal repair and contribute to axonal degeneration 
(Kuboyama et al., 2005; Laferla et al., 2007). It has since been shown 
that endocytosis in growth cones is increased after Aβ1-42, and that 
inhibition of CME prevents the cone collapse (Kuboyama et al., 2015) 
suggesting that CME is a primary mechanism driving downstream 
effects of Aβ1-42.

However, there are conflicting reports as to which endocytic 
mechanism is responsible for taking up each form of processed Aβ 
(e.g., monomeric, oligomeric, or fibrillar Aβ1-42). One study that 
evaluated the uptake of monomeric non-pathogenic Aβ1-40 and 
pathogenic Aβ1-42 in SH-Sy5Y neuroblastoma cells found that uptake 
of Aβ1-42 is twice as efficient as that of Aβ1-40 and is primarily 
independent of CME (Wesén et al., 2017). A subsequent study from 
the same group found that while the mechanism of Aβ uptake 
observed was similar to some established endocytic pathways, there 
are likely more undiscovered molecular components regulating Aβ1-42 
uptake (Wesén et al., 2020). Yet other studies report that several forms 
of Aβ are internalized through CME in different cell types. For 
example, in rat primary hippocampal neurons, prefibrillar oligomeric 
forms of Aβ1-42 were rapidly taken into cells in a Dynamin-dependent 
manner, accumulated in lysosomes, and caused disruption to 
endolysosomal function. Importantly, a non-misfolded variant of 
Aβ1-42 was not internalized and did not show any effects on 
endolysosomal function (Marshall et al., 2020). In addition, in mouse 
neuro-2a cells, both Aβ1-42 monomers and oligomers showed minimal 
capacity for binding with the membrane itself but were not able to 
enter cells under CME inhibition (Shi et  al., 2020), meaning that 
toxicity of Aβ1-42 fragments could be  due to their internalization 
through receptors.

These observed differences in uptake methods for each Aβ1-42 
form could be due to the use of multiple experimental models or 
structural changes in receptor binding to initiate endocytosis. They 
point to aggregation state of Aβ1-42 as an important factor to consider 
when evaluating the mechanisms and further effects of Aβ1-42 
internalization. Indeed, several studies have shown that oligomeric 
and aggregated Aβ1-42 are internalized more and are more toxic to 
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neurons than fibrillar or monomeric Aβ1-42 (Chafekar et al., 2008; Jin 
et al., 2016). However, these studies do not clarify which mechanism 
of endocytosis is involved, clathrin mediated or otherwise. 
Additionally, when comparing uptake of pathogenic Aβ1-42 vs. 
non-pathogenic Aβ1-40, Aβ1-42 and not Aβ1-40 is internalized by 
Dynamin-dependent endocytosis (Omtri et  al., 2012) which can 
include more endocytic processes than purely CME (Mayor et al., 
2014; Rennick et al., 2021). Taken together, it is still unclear how each 
different form of Aβ is internalized into neurons and what downstream 
effects they may have inside the cell. Nevertheless, there are many 
indications that CME is clearly an important player in neuronal AD 
mechanisms and should be  studied further to tease the emerging 
nuances apart.

4.1.3 CME involvement in Tau dysfunction
While we have thus far focused on how CME disruptions may 

relate to Aβ pathology, it may also play a role in Tau dysfunction. 
During its propagation, pathological Tau is excreted and then 
internalized by neighboring cells (Mohamed et  al., 2013). 
Internalization of extracellular Tau aggregates, as opposed to 
monomers, has recently been suggested to initiate Tau propagation in 
recipient cells (Usenovic et al., 2015; Kolarova et al., 2017). Uptake of 
Tau has been observed to occur through many types of endocytosis, 
including phagocytosis, Dynamin-dependent endocytosis, bulk 
endocytosis, CME, and others (Calafate et al., 2016; Ando et al., 2020; 
De La-Rocque et al., 2021; Zhao et al., 2021). However, as with CME 
effects on Aβ, there are few direct experiments that examine how 
CME disruption in AD may affect Tau propagation and resulting 
neuronal dysfunction or vice versa.

In non-disease state, it has been shown that heathy human 
neurons uptake both aggregated and soluble Tau in similar ways 
(Evans et al., 2018) and so Tau internalization may not be solely a toxic 
disease process. On the other hand, cultured mouse neurons with 
overexpressed human Tau show pre-synaptic endocytosis deficits by 
decreasing Dynamin RNA and protein but not clathrin, indicating 
that dysregulation of Tau, such that occurs in AD, may interfere with 
synaptic transmission via endocytic disruption (Xie et  al., 2019). 
Additionally, a fragment of BIN1, a CME protein and AD risk factor, 
accelerates Tau aggregate uptake in primary cultured neurons. This 
process is inhibited by Dynasore, a Dynamin-dependent endocytosis 
inhibitor which reduces CME and several other Dynamin-dependent 
endocytic processes (Mayor et al., 2014; Zhang et al., 2024). Of note, 
it has been reported that inhibition of clathrin specifically does not 
reduce Tau endocytosis (Holmes et al., 2013; Wu et al., 2013), so these 
effects could be mediated by non-CME specific processes that still rely 
on Dynamin.

It is also important to consider that it may be  difficult to 
distinguish AD-specific Tau endocytic changes from changes in other 
tauopathies. One study applied brain derived Tau oligomers from 
human post-mortem tissue of tauopathies including AD, progressive 
supranuclear palsy, and dementia with Lewy bodies to mouse primary 
neurons and showed that Tau oligomers from each disease state were 
internalized via the same non-Dynamin dependent endocytic 
mechanisms (Puangmalai et al., 2020). Thus, as multiple endocytic 
pathways seem to be involved, more work needs to be done to tease 
apart the nuances of how CME specifically might affect or be affected 
by Tau pathology in healthy neurons and in AD versus other  
tauopathies.

4.2 Astrocytes

As CME is a ubiquitous process, changes in non-neuronal cell 
types during AD must be considered. Here, we will focus on astrocytes 
and microglia, which have myriad functions essential for maintaining 
a healthy nervous system and respond quickly to changes in 
environment (Vainchtein and Molofsky, 2020). Both have been 
implicated in reactivity to and protection from AD pathology, often 
in synchrony (Al-Ghraiybah et al., 2022).

Astrocytes perform many essential functions in a healthy central 
nervous system, including regulating synapse activity, interactions 
with blood vessels and endothelial cells to facilitate the blood brain 
barrier, neurogenesis, and maintenance of neuronal homeostasis. 
Astrocytes have diverse morphology and mechanisms of action for 
these functions (Eroglu and Barres, 2010; Sofroniew and Vinters, 
2010; Sofroniew, 2020; Torres-Ceja and Olsen, 2022). In AD, many 
astrocytes become reactive, localize around Aβ1-42 plaques, and excrete 
inflammatory cytokines that contribute to widespread 
neuroinflammation and subsequent neuronal dysfunction 
(Al-Ghraiybah et al., 2022). It has also been shown that activated 
microglia can induce astrocytes to lose neuronal support abilities, and 
these neurotoxic astrocytes are abundant in AD and other 
neurodegenerative diseases (Liddelow et al., 2017).

Astrocytes are closely tied to the clearance of dying neurons and 
take up large amounts of neuronal Aβ1-42 and debris (Yuan et al., 2023; 
Mun et al., 2024). However, astrocytes can become overburdened with 
Aβ, resulting in impaired phagocytosis of diseased synapses and 
potentially contributing to the increased amount of dystrophic 
neurites seen in early stages of AD (Sanchez-Mico et  al., 2021). 
Additionally, Aβ protofibrils engulfed by mouse primary astrocytes 
are not degraded in the cell and induce lysosomal dysfunction within 
them (Söllvander et al., 2016). Astrocytes of aged primate brains show 
enlarged early endosomes filled with Aβ, suggesting that aging may 
also play a role in astrocytic dysfunction (Kimura et al., 2014). And 
while it is largely thought that astrocytes internalize Aβ through 
phagocytosis, it has recently been shown that multiple forms of Aβ 
(1-40 and 1-42) are internalized via clathrin-coated vesicles in rat 
primary astrocytes, where they induce increased reactive oxygen 
species production and decreased cell viability. When treated with 
chlorpromazine, a pharmacological inhibitor of CME, astrocytes 
exhibit significantly decreased uptake of Aβ1-42 and a partial rescue of 
Aβ1-42 induced cell death (Domínguez-Prieto et al., 2018). Additionally, 
astrocytes can take up and accumulate monomeric and oligomeric Tau 
(Martini-Stoica et al., 2018; Brezovakova et al., 2022; Eltom et al., 
2024; Giusti et al., 2024), though to the best of our knowledge the 
specific endocytic mechanisms involved have not been thoroughly 
examined and there is no strong link to CME specifically in astrocytes.

Another consideration of astrocytic involvement in AD is their 
connection to the genetic risk factor of apolipoprotein E4 (APOE4). 
APOE is mainly expressed in astrocytes as their primary cholesterol 
carrier, and expressing the APOE4 allele is one of the biggest risk 
factors for developing AD (Martens et al., 2022). Many AD phenotypes 
are affected by APOE status including Aβ clearance and lipid 
metabolism (Koistinaho et al., 2004; Kim et al., 2009; Lin et al., 2018). 
Human iPSC derived astrocytes with APOE4 exhibit both decreased 
CME and early endosomal markers, suggesting that APOE4 disrupts 
CME. Interestingly, increased expression of PICALM rescues 
endocytic defects in the APOE4 astrocytes (Narayan et al., 2020). The 
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connection of these two major genetic risk factors of AD through 
CME suggests that CME is instrumental in disease development.

Taken together, it is possible that the changes in CME protein 
levels observed in AD post-mortem brains contribute to the 
dysfunction of astrocytes and their role in driving subsequent AD 
pathology. Moreover, the involvement of CME in astrocytic responses 
to Aβ1-42 illustrates the importance of evaluating CME in cell types 
other than neurons. It also opens questions regarding how aberrant 
CME early in AD contributes to non-neuronal disease phenotypes.

4.3 Microglia

Microglia, central nervous system resident phagocytes, are well 
recognized to have a dual role in AD, as reviewed recently (Cai et al., 
2014; Al-Ghraiybah et al., 2022; Wendimu and Hooks, 2022; Zhao 
et  al., 2022). Briefly, microglia can act in both a neurotoxic and 
neuroprotective role in AD, and which role they perform depends on 
many factors. Microglia activated from their resting state into 
neurotoxic phenotypes promote neuroinflammation through release 
of neurotoxic cytokines and other inflammatory factors. Contrasting 
this response, activated microglia in their neuroprotective phenotype 
can limit plaque formation by clearing extracellular Aβ1-42. 
Paradoxically, both phenotypes can be  initiated by Aβ1-42. One 
prominent hypothesis in AD pathogenesis is that an initial problem 
that arises in disease progression is the loss of neuroprotective 
microglial function due to age-associated microglial senescence, 
which in turn leads to loss of Aβ1-42 clearance and accumulation of 
Aβ1-42. This accumulation of Aβ1-42 then activates microglial neurotoxic 
states, which increase neuroinflammation and eventually leads to 
dementia (Streit et  al., 2021). This idea implicates microglia, and 
specifically a disruption in Aβ1-42 clearance, in early stages of AD.

Endocytic clearance of Aβ1-42 by microglia can occur through 
several mechanisms, the most commonly studied being 
micropinocytosis and phagocytosis (Ni et al., 2024). However, recent 
studies have begun to implicate CME in this process. In HMO6 cells, 
a human microglial cell line, treated with an amyloid-degrading 
enzyme activator, Aβ1-42 uptake was significantly increased, and both 
clathrin and caveolin expression were upregulated (Jang et al., 2015). 
However, no studies were done to examine the effect of inhibiting 
clathrin- or caveolae-dependent endocytosis independently, so it is 
unclear whether one process is more prominent that the other. 
Nevertheless, these findings suggest an involvement of CME in 
microglial Aβ1-42 clearance, although it may not be the only mechanism 
at play.

More recently, a study using a mouse microglial cell line treated 
with fibrillar Aβ1-42 found that clathrin colocalized with internalized 
Aβ42 and that inhibition of CME resulted in 80% reduction of Aβ1-42 
uptake (Fujikura et al., 2019), further supporting the hypothesis that 
CME is involved in microglial Aβ uptake. Additionally, in another 
mouse microglia cell line, a novel form of endocytosis has been 
described, autophagy protein Light Chain 3 (LC3)-associated 
endocytosis (LANDO) (Heckmann et al., 2019). LANDO supports the 
clearance of Aβ and prevents activation of inflammatory microglia, 
yet inhibition of actin polymerization and phagocytosis had no effect 
on internalization of Aβ. This finding suggests that LANDO occurs 
though CME, as LC3 is colocalized with clathrin and Rab5 early 
endosomes (Heckmann et al., 2019). Also, it is important to note that 

these studies have not yet been replicated in vivo and should 
be validated further, as microglia function is strongly influenced by 
the surrounding environment. However, the recent evidence of CME 
in microglial clearance of Aβ1-42 does point toward another potential 
effect of CME disruption in AD. When considering microglial 
involvement in Tau pathology, to our knowledge there has been no 
specific link between microglial uptake and propagation of Tau via 
CME mechanisms. How microglia contribute to Tau pathology is 
reviewed in depth elsewhere (Das et al., 2020; Ayyubova, 2023; Chen 
and Yu, 2023; Ou-Yang et  al., 2023). CME in microglia needs to 
be further investigated to clarify what degree it and other endocytic 
mechanisms are disrupted in AD in relation to both Aβ and Tau 
pathology. Reduction in CME could contribute to neurotoxic 
microglial function through reduction of Aβ1-42 clearance. 
Alternatively, if CME is not changed or is increased in AD microglia, 
it could be  driving neuroprotection of microglia, whereby Aβ1-42 
clearance is actually contributing to a slowing of disease progression.

5 Targeting CME for AD treatment

Currently, most clinical treatments for AD are Aβ-targeting 
monoclonal antibodies and have varying success in reducing Aβ 
burden and slowing cognitive decline (Alshamrani, 2023; Rabinovici 
and La Joie, 2023). However, they are also most effective in early stages 
of disease, as characterized by Aβ and Tau levels (Alshamrani, 2023). 
Aβ burden can be decreased in some patients, but progression is not 
completely halted (Sevigny et al., 2016; Mintun et al., 2021; Swanson 
et al., 2021; Budd Haeberlein et al., 2022) suggesting that targeting Aβ 
is not sufficient to significantly alter other molecular pathways 
involved in later stage AD pathophysiology. Therapies targeting Tau 
have recently become more heavily studied with several 
immunotherapies in clinical trials (Ji and Sigurdsson, 2021; 
Alshamrani, 2023). However, early intervention is still sorely needed 
for patients and modulation of other AD pathophysiology outside of 
targeting Aβ and Tau directly are being considered for treatment 
(Zhang et al., 2021).

As discussed within this review, there is abundant evidence that 
CME is a potential early disease modifier of AD in neurons, astrocytes, 
and microglia upstream of endolysosomal involvement. There have 
been several clinical trials evaluating endocytosis inhibitors which 
specifically block CME to treat coronavirus infection (Szewczyk-
Roszczenko et al., 2023). These inhibitors include Ruxolitinib and 
Simvastatin, Chlorpromazine, and most interestingly 
Hydroxychloroquine (HCQ) which reduces PICALM expression 
(Szewczyk-Roszczenko et al., 2023). HCQ is a common treatment for 
arthritis and in 2001 was found to have no significant benefit to early 
AD (Van Gool et al., 2001). More recently, HCQ was found to reduce 
dementia risk in humans and rescued AD phenotypes in vitro 
and in vivo (Varma et al., 2023). While HCQ treatment is promising, 
its mechanism of action in specific cell types should be evaluated as it 
can also affect other non-CME pathways (Schrezenmeier and Dörner, 
2020). Thus far, to our knowledge no other endocytic inhibitors have 
been applied to a clinical context of AD.

So, while there is great therapeutic potential of modulating 
CME in AD due to the many ways its disruption can interface with 
aspects of disease pathophysiology, it is also clear that treatments 
must be targeted to specific cell types. This is an area of interest for 
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the delivery of anticancer drugs to specifically target diseased 
tissue and cells and reduce off target effects (Zhao et  al., 2020; 
Mitchell et al., 2021) the application of which could be applied to 
AD treatment in the future. Additionally, since CME itself can be a 
mechanism of uptake for therapeutics (Congdon et  al., 2013; 
Rennick et al., 2021), if its function is disrupted in AD already, 
drug delivery into cells may be  compromised and should also 
be  considered. There is still much to unravel before potential 
therapeutic developments using CME modulation for AD are 
possible, such as the directionality of CME functional changes and 
how it may vary between cell types.

6 Conclusion

In conclusion, CME is emerging as a critical player in the 
development and progression of AD in multiple brain cell types. CME 
is an important intersection between early neuronal dysfunction via 
Aβ1-42 accumulation and downstream effects that contribute to 
neuronal viability, such as synaptic vesicle recycling deficits and 
disruption of AMPAR regulation. Not only is Aβ1-42 produced 
following CME of APP, but internalization of multiple forms of 
extracellular Aβ1-42 contribute to downstream neuronal pathology. In 
astrocytes and microglia, which are heavily involved in clearance of 
extracellular Aβ1-42 in the brain, CME disruptions reduce 
internalization of Aβ1-42. Importantly, other brain cell types, including 
endothelial cells, oligodendrocytes, and ependymal cells that are not 
reviewed herein, should also be considered in the context of CME and 
AD as they could also be affected by changes in CME. Further, other 
copathologies associated with AD that may also affect or be affected 
by CME disruption, such as TDP-43 (Root et  al., 2021), should 
be considered. Ultimately, CME appears to be involved in dysfunction 
in multiple cell types across early and late stages of AD. Thus, 
elucidating the mechanisms of CME and how their disruption is 
related to AD pathogenesis or neuroprotection in each brain cell 
type would both lead to a better understanding of AD mechanisms 
and potentially point to novel targets for the treatment or 
prevention of AD.

Author contributions

SJ: Writing – review & editing, Conceptualization, Data curation, 
Investigation, Writing – original draft, Funding acquisition. US: 
Supervision, Writing – review & editing. JS: Supervision, Writing – 
review & editing.

Funding

The author(s) declare financial support was received for the 
research, authorship, and/or publication of this article. These studies 
were generously supported by NIH grants R36 AG073792 (SJ) and 
RF1 AG059392 (JS).

Acknowledgments

Figure  1 adapted from “Clathrin-Mediated Endocytosis,” by 
BioRender.com (2023). Retrieved from https://app.biorender.com/
biorender-templates. We  also thank Randall Woltjer for his 
contributions in conversations regarding Alzheimer’s pathophysiology.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
Ahmad, S., Bannister, C., Lee, S. J., Vojinovic, D., Adams, H. H. H., Ramirez, A., et al. 

(2018). Disentangling the biological pathways involved in early features of Alzheimer's 
disease in the Rotterdam study. Alzheimers Dement. 14, 848–857. doi: 10.1016/j.
jalz.2018.01.005

Aidaralieva, N. J., Kamino, K., Kimura, R., Yamamoto, M., Morihara, T., Kazui, H., 
et al. (2008). Dynamin 2 gene is a novel susceptibility gene for late-onset Alzheimer 
disease in non-APOE-ε4 carriers. J. Hum. Genet. 53, 296–302. doi: 10.1007/
s10038-008-0251-9

Al-Ghraiybah, N. F., Wang, J., Alkhalifa, A. E., Roberts, A. B., Raj, R., Yang, E., et al. 
(2022). Glial cell-mediated neuroinflammation in Alzheimer’s disease. Int. J. Mol. Sci. 
23:10572. doi: 10.3390/ijms231810572

Al-Hallaq, R. A., Conrads, T. P., Veenstra, T. D., and Wenthold, R. J. (2007). NMDA 
Di-Heteromeric receptor populations and associated proteins in rat hippocampus. J. 
Neurosci. 27, 8334–8343. doi: 10.1523/jneurosci.2155-07.2007

Alsaqati, M., Thomas, R. S., and Kidd, E. J. (2018). Proteins involved in endocytosis 
are upregulated by ageing in the Normal human brain: implications for the development 
of Alzheimer’s disease. J. Gerontol. A Biol. Sci. Med. Sci. 73, 289–298. doi: 10.1093/
gerona/glx135

Alsaqati, M., Thomas, R. S., and Kidd, E. J. (2023). Upregulation of endocytic protein 
expression in the Alzheimer's disease male human brain. Aging Brain 4:100084. doi: 
10.1016/j.nbas.2023.100084

Alshamrani, M. (2023). Recent trends in active and passive immunotherapies of 
Alzheimer's disease. Antibodies (Basel) 12, 41. doi: 10.3390/antib12020041

Alzheimer's Association (2023). 2023 Alzheimer's disease facts and figures. Alzheimers 
Dement. 19, 1598–1695. doi: 10.1002/alz.13016

Ando, K., Brion, J. P., Stygelbout, V., Suain, V., Authelet, M., Dedecker, R., et al. (2013). 
Clathrin adaptor CALM/PICALM is associated with neurofibrillary tangles and is 
cleaved in Alzheimer's brains. Acta Neuropathol. 125, 861–878. doi: 10.1007/
s00401-013-1111-z

Ando, K., Houben, S., Homa, M., de Fisenne, M. A., Potier, M. C., Erneux, C., et al. 
(2020). Alzheimer's disease: tau pathology and dysfunction of endocytosis. Front. Mol. 
Neurosci. 13:583755. doi: 10.3389/fnmol.2020.583755

Ando, K., Nagaraj, S., Küçükali, F., De Fisenne, M.-A., Kosa, A.-C., Doeraene, E., et al. 
(2022). PICALM and Alzheimer’s disease: an update and perspectives. Cells 11:3994. 
doi: 10.3390/cells11243994

Andrade-Guerrero, J., Santiago-Balmaseda, A., Jeronimo-Aguilar, P., 
Vargas-Rodríguez, I., Cadena-Suárez, A. R., Sánchez-Garibay, C., et al. (2023). 
Alzheimer’s disease: an updated overview of its genetics. Int. J. Mol. Sci. 24:3754. doi: 
10.3390/ijms24043754

Ayyubova, G. (2023). Dysfunctional microglia and tau pathology in Alzheimer's 
disease. Rev. Neurosci. 34, 443–458. doi: 10.1515/revneuro-2022-0087

https://doi.org/10.3389/fnagi.2024.1378576
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
http://BioRender.com
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
https://doi.org/10.1016/j.jalz.2018.01.005
https://doi.org/10.1016/j.jalz.2018.01.005
https://doi.org/10.1007/s10038-008-0251-9
https://doi.org/10.1007/s10038-008-0251-9
https://doi.org/10.3390/ijms231810572
https://doi.org/10.1523/jneurosci.2155-07.2007
https://doi.org/10.1093/gerona/glx135
https://doi.org/10.1093/gerona/glx135
https://doi.org/10.1016/j.nbas.2023.100084
https://doi.org/10.3390/antib12020041
https://doi.org/10.1002/alz.13016
https://doi.org/10.1007/s00401-013-1111-z
https://doi.org/10.1007/s00401-013-1111-z
https://doi.org/10.3389/fnmol.2020.583755
https://doi.org/10.3390/cells11243994
https://doi.org/10.3390/ijms24043754
https://doi.org/10.1515/revneuro-2022-0087


Jaye et al. 10.3389/fnagi.2024.1378576

Frontiers in Aging Neuroscience 10 frontiersin.org

Azarnia, T., and López, H.Maritzen (2019). Endocytic adaptor proteins in health and 
disease: lessons from model organisms and human mutations. Cells 8:1345. doi: 10.3390/
cells8111345

Azarnia Tehran, D., Kochlamazashvili, G., Pampaloni, N. P., Sposini, S., Shergill, J. K., 
Lehmann, M., et al. (2022). Selective endocytosis of ca(2+)-permeable AMPARs by the 
Alzheimer's disease risk factor CALM bidirectionally controls synaptic plasticity. Sci. 
Adv. 8:eabl5032. doi: 10.1126/sciadv.abl5032

Babaei, P. (2021). NMDA and AMPA receptors dysregulation in Alzheimer's disease. 
Eur. J. Pharmacol. 908:174310. doi: 10.1016/j.ejphar.2021.174310

Baig, S., Joseph, S. A., Tayler, H., Abraham, R., Owen, M. J., Williams, J., et al. (2010). 
Distribution and expression of Picalm in Alzheimer disease. J. Neuropathol. Exp. Neurol. 
69, 1071–1077. doi: 10.1097/nen.0b013e3181f52e01

Barnes, J., Dickerson, B. C., Frost, C., Jiskoot, L. C., Wolk, D., and Flier, W. M. (2015). 
Alzheimer's disease first symptoms are age dependent: evidence from the NACC dataset. 
Alzheimer's & amp. Dementia 11, 1349–1357. doi: 10.1016/j.jalz.2014.12.007

Behl, T., Kaur, D., Sehgal, A., Singh, S., Makeen, H. A., Albratty, M., et al. (2022). 
Exploring the potential role of rab5 protein in endo-lysosomal impairment in 
Alzheimer’s disease. Biomed. Pharmacother. 148:112773. doi: 10.1016/j.
biopha.2022.112773

Botté, A., and Potier, M.-C. (2020, 2020). Focusing on cellular biomarkers: the endo-
lysosomal pathway in Down syndrome. Prog. Brain Res. 251, 209–243. doi: 10.1016/
bs.pbr.2019.10.002

Boulant, S., Kural, C., Zeeh, J.-C., Ubelmann, F., and Kirchhausen, T. (2011). Actin 
dynamics counteract membrane tension during clathrin-mediated endocytosis. Nat. Cell 
Biol. 13, 1124–1131. doi: 10.1038/ncb2307

Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related 
changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

Brezovakova, V., Sykova, E., and Jadhav, S. (2022). Astrocytes derived from familial 
and sporadic Alzheimer’s disease iPSCs show altered calcium signaling and respond 
differently to misfolded protein tau. Cells 11:1429. doi: 10.3390/cells11091429

Budd Haeberlein, S., Aisen, P. S., Barkhof, F., Chalkias, S., Chen, T., Cohen, S., et al. 
(2022). Two randomized phase 3 studies of Aducanumab in early Alzheimer's disease. 
J. Prev Alzheimers Dis. 9, 197–210. doi: 10.14283/jpad.2022.30

Burrinha, T., Martinsson, I., Gomes, R., Terrasso, A. P., Gouras, G. K., and 
Almeida, C. G. (2021). Upregulation of APP endocytosis by neuronal aging drives 
amyloid-dependent synapse loss. J. Cell Sci. 134. doi: 10.1242/jcs.255752

Cai, Z., Hussain, M. D., and Yan, L.-J. (2014). Microglia, neuroinflammation, and 
beta-amyloid protein in Alzheimer's disease. Int. J. Neurosci. 124, 307–321. doi: 
10.3109/00207454.2013.833510

Calafate, S., Flavin, W., Verstreken, P., and Moechars, D. (2016). Loss of Bin1 promotes 
the propagation of tau pathology. Cell Rep. 17, 931–940. doi: 10.1016/j.celrep.2016.09.063

Cao, Y., Xiao, Y., Ravid, R., and Guan, Z. Z. (2010). Changed clathrin regulatory 
proteins in the brains of Alzheimer's disease patients and animal models. J. Alzheimers 
Dis. 22, 329–342. doi: 10.3233/JAD-2010-100162

Cataldo, A. M., Petanceska, S., Terio, N. B., Peterhoff, C. M., Durham, R., Mercken, M., 
et al. (2004). Aβ localization in abnormal endosomes: association with earliest Aβ 
elevations in AD and Down syndrome. Neurobiol. Aging 25, 1263–1272. doi: 10.1016/j.
neurobiolaging.2004.02.027

Cataldo, A. M., Peterhoff, C. M., Troncoso, J. C., Gomez-Isla, T., Hyman, B. T., and 
Nixon, R. A. (2000). Endocytic pathway abnormalities precede amyloid β deposition in 
sporadic Alzheimer’s disease and Down syndrome. Am. J. Pathol. 157, 277–286. doi: 
10.1016/s0002-9440(10)64538-5

Chafekar, S. M., Baas, F., and Scheper, W. (2008). Oligomer-specific Abeta toxicity in 
cell models is mediated by selective uptake. Biochim. Biophys. Acta 1782, 523–531. doi: 
10.1016/j.bbadis.2008.06.003

Chapuis, J., Hansmannel, F., Gistelinck, M., Mounier, A., Van Cauwenberghe, C., 
Kolen, K. V., et al. (2013). Increased expression of BIN1 mediates Alzheimer genetic risk 
by modulating tau pathology. Mol. Psychiatry 18, 1225–1234. doi: 10.1038/mp.2013.1

Chater, T. E., and Goda, Y. (2022). The shaping of AMPA receptor surface distribution 
by neuronal activity. Front. Synaptic Neurosci. 14:833782. doi: 10.3389/fnsyn.2022.833782

Chen, Y., and Yu, Y. (2023). Tau and neuroinflammation in Alzheimer’s disease: 
interplay mechanisms and clinical translation. J. Neuroinflammation 20:165. doi: 
10.1186/s12974-023-02853-3

Cirrito, J. R., Kang, J.-E., Lee, J., Stewart, F. R., Verges, D. K., Silverio, L. M., et al. 
(2008). Endocytosis is required for synaptic activity-dependent release of amyloid-β 
in vivo. Neuron 58, 42–51. doi: 10.1016/j.neuron.2008.02.003

Cirrito, J. R., Yamada, K. A., Finn, M. B., Sloviter, R. S., Bales, K. R., May, P. C., et al. 
(2005). Synaptic activity regulates interstitial fluid amyloid-β levels in vivo. Neuron 48, 
913–922. doi: 10.1016/j.neuron.2005.10.028

Colacurcio, D. J., Pensalfini, A., Jiang, Y., and Nixon, R. A. (2018). Dysfunction of 
autophagy and endosomal-lysosomal pathways: roles in pathogenesis of Down 
syndrome and Alzheimer's disease. Free Radic. Biol. Med. 114, 40–51. doi: 10.1016/j.
freeradbiomed.2017.10.001

Congdon, E. E., Gu, J., Sait, H. B. R., and Sigurdsson, E. M. (2013). Antibody uptake 
into neurons occurs primarily via clathrin-dependent Fcγ receptor endocytosis and is a 

prerequisite for acute tau protein clearance. J. Biol. Chem. 288, 35452–35465. doi: 
10.1074/jbc.m113.491001

Cuddy, L. K., Alia, A. O., Salvo, M. A., Chandra, S., Grammatopoulos, T. N., 
Justman, C. J., et al. (2022). Farnesyltransferase inhibitor LNK-754 attenuates axonal 
dystrophy and reduces amyloid pathology in mice. Mol. Neurodegener. 17:54. doi: 
10.1186/s13024-022-00561-9

Cullen, P. J., and Steinberg, F. (2018). To degrade or not to degrade: mechanisms and 
significance of endocytic recycling. Nat. Rev. Mol. Cell Biol. 19, 679–696. doi: 10.1038/
s41580-018-0053-7

Das, R., Balmik, A. A., and Chinnathambi, S. (2020). Phagocytosis of full-length tau 
oligomers by actin-remodeling of activated microglia. J. Neuroinflammation 17:10. doi: 
10.1186/s12974-019-1694-y

De Jesus-Cortes, H. J., Nogueras-Ortiz, C. J., Gearing, M., Arnold, S. E., and Vega, I. E. 
(2012). Amphiphysin-1 protein level changes associated with tau-mediated 
neurodegeneration. Neuroreport 23, 942–946. doi: 10.1097/WNR.0b013e32835982ce

De La-Rocque, S., Moretto, E., Butnaru, I., and Schiavo, G. (2021). Knockin' on 
heaven's door: molecular mechanisms of neuronal tau uptake. J. Neurochem. 156, 
563–588. doi: 10.1111/jnc.15144

De Rossi, P., Buggia-Prévot, V., Clayton, B. L. L., Vasquez, J. B., Van Sanford, C., 
Andrew, R. J., et al. (2016). Predominant expression of Alzheimer’s disease-associated 
BIN1  in mature oligodendrocytes and localization to white matter tracts. Mol. 
Neurodegener. 11, 59. doi: 10.1186/s13024-016-0124-1

Deture, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of 
Alzheimer’s disease. Mol. Neurodegener. 14:32. doi: 10.1186/s13024-019-0333-5

Doherty, G. J., and McMahon, H. T. (2009). Mechanisms of endocytosis. Annu. Rev. 
Biochem. 78, 857–902. doi: 10.1146/annurev.biochem.78.081307.110540

Domínguez-Prieto, M., Velasco, A., Tabernero, A., and Medina, J. M. (2018). 
Endocytosis and transcytosis of amyloid-β peptides by astrocytes: a possible mechanism 
for amyloid-β clearance in Alzheimer’s disease. J. Alzheimers Dis. 65, 1109–1124. doi: 
10.3233/jad-180332

Eltom, K., Mothes, T., Libard, S., Ingelsson, M., and Erlandsson, A. (2024). Astrocytic 
accumulation of tau fibrils isolated from Alzheimer’s disease brains induces 
inflammation, cell-to-cell propagation and neuronal impairment. Acta Neuropathol. 
Commun. 12:34. doi: 10.1186/s40478-024-01745-8

Eroglu, C., and Barres, B. A. (2010). Regulation of synaptic connectivity by glia. Nature 
468, 223–231. doi: 10.1038/nature09612

Evans, L. D., Wassmer, T., Fraser, G., Smith, J., Perkinton, M., Billinton, A., et al. 
(2018). Extracellular monomeric and aggregated tau efficiently enter human neurons 
through overlapping but distinct pathways. Cell Rep. 22, 3612–3624. doi: 10.1016/j.
celrep.2018.03.021

Filippone, A., and Praticò, D. (2021). Endosome dysregulation in Down syndrome: a 
potential contributor to Alzheimer disease pathology. Ann. Neurol. 90, 4–14. doi: 
10.1002/ana.26042

Fortea, J., Zaman, S. H., Hartley, S., Rafii, M. S., Head, E., and Carmona-Iragui, M. 
(2021). Alzheimer's disease associated with Down syndrome: a genetic form of 
dementia. Lancet Neurol. 20, 930–942. doi: 10.1016/S1474-4422(21)00245-3

Fujikura, M., Iwahara, N., Hisahara, S., Kawamata, J., Matsumura, A., Yokokawa, K., 
et al. (2019). CD14 and toll-like receptor 4 promote Fibrillar Aβ42 uptake by microglia 
through a clathrin-mediated pathway. J. Alzheimers Dis. 68, 323–337. doi: 10.3233/
jad-180904

Ginsberg, S. D., Alldred, M. J., Counts, S. E., Cataldo, A. M., Neve, R. L., Jiang, Y., et al. 
(2010). Microarray analysis of hippocampal CA1 neurons implicates early endosomal 
dysfunction during Alzheimer's disease progression. Biol. Psychiatry 68, 885–893. doi: 
10.1016/j.biopsych.2010.05.030

Giusti, V., Kaur, G., Giusto, E., and Civiero, L. (2024). Brain clearance of protein 
aggregates: a close-up on astrocytes. Mol. Neurodegener. 19:5. doi: 10.1186/
s13024-024-00703-1

Gouras, G. K., Tsai, J., Naslund, J., Vincent, B., Edgar, M., Checler, F., et al. (2000). 
Intraneuronal Aβ42 accumulation in human brain. Am. J. Pathol. 156, 15–20. doi: 
10.1016/s0002-9440(10)64700-1

Guimas Almeida, C., Sadat Mirfakhar, F., Perdigão, C., and Burrinha, T. 
(2018). Impact of late-onset Alzheimer’s genetic risk factors on beta-amyloid 
endocytic production. Cell. Mol. Life Sci. 75, 2577–2589. doi: 10.1007/s00018-018- 
2825-9

Guntupalli, S., Jang, S. E., Zhu, T., Huganir, R. L., Widagdo, J., and Anggono, V. (2017). 
GluA1 subunit ubiquitination mediates amyloid-β-induced loss of surface α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. J. Biol. Chem. 292, 
8186–8194. doi: 10.1074/jbc.m116.774554

Hardy, J., and Allsop, D. (1991). Amyloid deposition as the central event in the 
aetiology of Alzheimer's disease. Trends Pharmacol. Sci. 12, 383–388. doi: 10.1016/ 
0165-6147(91)90609-v

Hardy, J. A., and Higgins, G. A. (1992). Alzheimer's disease: the amyloid cascade 
hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Heckmann, B. L., Teubner, B. J. W., Tummers, B., Boada-Romero, E., Harris, L., 
Yang, M., et al. (2019). LC3-associated endocytosis facilitates β-amyloid clearance and 

https://doi.org/10.3389/fnagi.2024.1378576
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3390/cells8111345
https://doi.org/10.3390/cells8111345
https://doi.org/10.1126/sciadv.abl5032
https://doi.org/10.1016/j.ejphar.2021.174310
https://doi.org/10.1097/nen.0b013e3181f52e01
https://doi.org/10.1016/j.jalz.2014.12.007
https://doi.org/10.1016/j.biopha.2022.112773
https://doi.org/10.1016/j.biopha.2022.112773
https://doi.org/10.1016/bs.pbr.2019.10.002
https://doi.org/10.1016/bs.pbr.2019.10.002
https://doi.org/10.1038/ncb2307
https://doi.org/10.1007/bf00308809
https://doi.org/10.3390/cells11091429
https://doi.org/10.14283/jpad.2022.30
https://doi.org/10.1242/jcs.255752
https://doi.org/10.3109/00207454.2013.833510
https://doi.org/10.1016/j.celrep.2016.09.063
https://doi.org/10.3233/JAD-2010-100162
https://doi.org/10.1016/j.neurobiolaging.2004.02.027
https://doi.org/10.1016/j.neurobiolaging.2004.02.027
https://doi.org/10.1016/s0002-9440(10)64538-5
https://doi.org/10.1016/j.bbadis.2008.06.003
https://doi.org/10.1038/mp.2013.1
https://doi.org/10.3389/fnsyn.2022.833782
https://doi.org/10.1186/s12974-023-02853-3
https://doi.org/10.1016/j.neuron.2008.02.003
https://doi.org/10.1016/j.neuron.2005.10.028
https://doi.org/10.1016/j.freeradbiomed.2017.10.001
https://doi.org/10.1016/j.freeradbiomed.2017.10.001
https://doi.org/10.1074/jbc.m113.491001
https://doi.org/10.1186/s13024-022-00561-9
https://doi.org/10.1038/s41580-018-0053-7
https://doi.org/10.1038/s41580-018-0053-7
https://doi.org/10.1186/s12974-019-1694-y
https://doi.org/10.1097/WNR.0b013e32835982ce
https://doi.org/10.1111/jnc.15144
https://doi.org/10.1186/s13024-016-0124-1
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1146/annurev.biochem.78.081307.110540
https://doi.org/10.3233/jad-180332
https://doi.org/10.1186/s40478-024-01745-8
https://doi.org/10.1038/nature09612
https://doi.org/10.1016/j.celrep.2018.03.021
https://doi.org/10.1016/j.celrep.2018.03.021
https://doi.org/10.1002/ana.26042
https://doi.org/10.1016/S1474-4422(21)00245-3
https://doi.org/10.3233/jad-180904
https://doi.org/10.3233/jad-180904
https://doi.org/10.1016/j.biopsych.2010.05.030
https://doi.org/10.1186/s13024-024-00703-1
https://doi.org/10.1186/s13024-024-00703-1
https://doi.org/10.1016/s0002-9440(10)64700-1
https://doi.org/10.1007/s00018-018-2825-9
https://doi.org/10.1007/s00018-018-2825-9
https://doi.org/10.1074/jbc.m116.774554
https://doi.org/10.1016/0165-6147(91)90609-v
https://doi.org/10.1016/0165-6147(91)90609-v
https://doi.org/10.1126/science.1566067


Jaye et al. 10.3389/fnagi.2024.1378576

Frontiers in Aging Neuroscience 11 frontiersin.org

mitigates neurodegeneration in murine Alzheimer’s disease. Cell 178, 536–551.e14. doi: 
10.1016/j.cell.2019.05.056

Hofman, A., Brusselle, G. G. O., Murad, S. D., Van Duijn, C. M., Franco, O. H., 
Goedegebure, A., et al. (2015). The Rotterdam study: 2016 objectives and design update. 
Eur. J. Epidemiol. 30, 661–708. doi: 10.1007/s10654-015-0082-x

Holmes, B. B., Devos, S. L., Kfoury, N., Li, M., Jacks, R., Yanamandra, K., et al. (2013). 
Heparan sulfate proteoglycans mediate internalization and propagation of specific 
proteopathic seeds. Proc. Natl. Acad. Sci. 110, E3138–E3147. doi: 10.1073/
pnas.1301440110

Hori, T., Eguchi, K., Wang, H.-Y., Miyasaka, T., Guillaud, L., Taoufiq, Z., et al. (2022). 
Microtubule assembly by tau impairs endocytosis and neurotransmission via dynamin 
sequestration in Alzheimer’s disease synapse model. eLife 11. doi: 10.7554/elife.73542

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S., et al. (1996). 
Correlative memory deficits, Abeta elevation, and amyloid plaques in transgenic mice. 
Science 274, 99–103. doi: 10.1126/science.274.5284.99

Israel, M. A., Yuan, S. H., Bardy, C., Reyna, S. M., Mu, Y., Herrera, C., et al. (2012). 
Probing sporadic and familial Alzheimer’s disease using induced pluripotent stem cells. 
Nature 482, 216–220. doi: 10.1038/nature10821

Jang, S. K., Yu, J. M., Kim, S. T., Kim, G. H., Park, D. W., Lee, D. I., et al. (2015). An 
Aβ42 uptake and degradation via Rg3 requires an activation of caveolin, clathrin and 
Aβ-degrading enzymes in microglia. Eur. J. Pharmacol. 758, 1–10. doi: 10.1016/j.
ejphar.2015.03.071

Ji, C., and Sigurdsson, E. M. (2021). Current status of clinical trials on tau 
immunotherapies. Drugs 81, 1135–1152. doi: 10.1007/s40265-021-01546-6

Jiang, Y., Sato, Y., Im, E., Berg, M., Bordi, M., Darji, S., et al. (2019). Lysosomal 
dysfunction in Down syndrome is APP-dependent and mediated by APP-βCTF (C99). 
J. Neurosci. 39, 5255–5268. doi: 10.1523/jneurosci.0578-19.2019

Jin, S., Kedia, N., Illes-Toth, E., Haralampiev, I., Prisner, S., Herrmann, A., et al. (2016). 
Amyloid-β(1–42) aggregation initiates its cellular uptake and cytotoxicity. J. Biol. Chem. 
291, 19590–19606. doi: 10.1074/jbc.m115.691840

Kaksonen, M., and Roux, A. (2018). Mechanisms of clathrin-mediated endocytosis. 
Nat. Rev. Mol. Cell Biol. 19, 313–326. doi: 10.1038/nrm.2017.132

Kamagata, E., Kudo, T., Kimura, R., Tanimukai, H., Morihara, T., Sadik, M. G., et al. 
(2009). Decrease of dynamin 2 levels in late-onset Alzheimer's disease alters Abeta 
metabolism. Biochem. Biophys. Res. Commun. 379, 691–695. doi: 10.1016/j.
bbrc.2008.12.147

Kim, J., Basak, J. M., and Holtzman, D. M. (2009). The role of apolipoprotein E in 
Alzheimer's disease. Neuron 63, 287–303. doi: 10.1016/j.neuron.2009.06.026

Kim, S.-H., Cho, Y.-S., Kim, Y., Park, J., Yoo, S.-M., Gwak, J., et al. (2023). 
Endolysosomal impairment by binding of amyloid beta or MAPT/tau to V-ATPase and 
rescue via the HYAL-CD44 axis in Alzheimer disease. Autophagy 19, 2318–2337. doi: 
10.1080/15548627.2023.2181614

Kimura, N., Okabayashi, S., and Ono, F. (2014). Dynein dysfunction disrupts beta-
amyloid clearance in astrocytes through endocytic disturbances. Neuroreport 25, 
514–520. doi: 10.1097/WNR.0000000000000124

Kimura, N., and Yanagisawa, K. (2018). Traffic jam hypothesis: relationship between 
endocytic dysfunction and Alzheimer's disease. Neurochem. Int. 119, 35–41. doi: 
10.1016/j.neuint.2017.07.002

Koistinaho, M., Lin, S., Wu, X., Esterman, M., Koger, D., Hanson, J., et al. (2004). 
Apolipoprotein E promotes astrocyte colocalization and degradation of deposited 
amyloid-β peptides. Nat. Med. 10, 719–726. doi: 10.1038/nm1058

Kolarova, M., Sengupta, U., Bartos, A., Ricny, J., and Kayed, R. (2017). Tau oligomers 
in sera of patients with Alzheimer's disease and aged controls. J. Alzheimers Dis. 58, 
471–478. doi: 10.3233/JAD-170048

Koo, E., and Squazzo, S. (1994). Evidence that production and release of amyloid @
protein involves the endocytic pathway. J. Biol. Chem. 269, 17386–17389. doi: 10.1016/
S0021-9258(17)32449-3

Kuboyama, T., Lee, Y.-A., Nishiko, H., and Tohda, C. (2015). Inhibition of clathrin-
mediated endocytosis prevents amyloid β-induced axonal damage. Neurobiol. Aging 36, 
1808–1819. doi: 10.1016/j.neurobiolaging.2015.02.005

Kuboyama, T., Tohda, C., and Komatsu, K. (2005). Neuritic regeneration and synaptic 
reconstruction induced by withanolide A. Br. J. Pharmacol. 144, 961–971. doi: 10.1038/
sj.bjp.0706122

Kwart, D., Gregg, A., Scheckel, C., Murphy, E. A., Paquet, D., Duffield, M., et al. (2019). 
A large panel of isogenic APP and PSEN1 mutant human iPSC neurons reveals shared 
endosomal abnormalities mediated by APP β-CTFs, not Aβ. Neuron 104, 256–270.e255. 
doi: 10.1016/j.neuron.2019.07.010

Lacor, P. N., Buniel, M. C., Chang, L., Fernandez, S. J., Gong, Y., Viola, K. L., et al. 
(2004). Synaptic targeting by Alzheimer's-related amyloid beta oligomers. J. Neurosci. 
24, 10191–10200. doi: 10.1523/JNEUROSCI.3432-04.2004

Lacour, M., Quenez, O., Rovelet-Lecrux, A., Salomon, B., Rousseau, S., Richard, A.-C., 
et al. (2019). Causative mutations and genetic risk factors in sporadic early onset 
Alzheimer’s disease before 51 years. J. Alzheimers Dis. 71, 227–243. doi: 10.3233/
jad-190193

Laferla, F. M., Green, K. N., and Oddo, S. (2007). Intracellular amyloid-β in 
Alzheimer's disease. Nat. Rev. Neurosci. 8, 499–509. doi: 10.1038/nrn2168

Lai, S. S. M., Ng, K. Y., Koh, R. Y., Chok, K. C., and Chye, S. M. (2021). Endosomal-
lysosomal dysfunctions in Alzheimer’s disease: pathogenesis and therapeutic 
interventions. Metab. Brain Dis. 36, 1087–1100. doi: 10.1007/s11011-021-00737-0

Lamontagne-Kam, D., Ulfat, A. K., Hervé, V., Vu, T.-M., and Brouillette, J. (2023). 
Implication of tau propagation on neurodegeneration in Alzheimer’s disease. Front. 
Neurosci. 17. doi: 10.3389/fnins.2023.1219299

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., 
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated 
microglia. Nature 541, 481–487. doi: 10.1038/nature21029

Limone, A., Veneruso, I., D'Argenio, V., and Sarnataro, D. (2022). Endosomal 
trafficking and related genetic underpinnings as a hub in Alzheimer's disease. J. Cell. 
Physiol. 237, 3803–3815. doi: 10.1002/jcp.30864

Lin, Y.-T., Seo, J., Gao, F., Feldman, H. M., Wen, H.-L., Penney, J., et al. (2018). APOE4 
causes widespread molecular and cellular alterations associated with Alzheimer’s disease 
phenotypes in human iPSC-derived brain cell types. Neuron 98, 1141–1154.e7. doi: 
10.1016/j.neuron.2018.05.008

Malakooti, N., Fowler, C., Volitakis, I., McLean, C. A., Kim, R. C., Bush, A. I., et al. 
(2019, 2019). The down syndrome-associated protein, regulator of Calcineurin-1, is 
altered in Alzheimer's disease and dementia with lewy bodies. J. Alzheimers Dis. 
Parkinsonism 9:462. doi: 10.4172/2161-0460.1000462

Man, H.-Y., Lin, J. W., Ju, W. H., Ahmadian, G., Liu, L., Becker, L. E., et al. (2000). 
Regulation of AMPA receptor–mediated synaptic transmission by clathrin-dependent 
receptor internalization. Neuron 25, 649–662. doi: 10.1016/s0896-6273(00)81067-3

Maninger, J.-K., Nowak, K., Goberdhan, S., O'Donoghue, R., and Connor-Robson, N. 
(2024). Cell type-specific functions of Alzheimer's disease endocytic risk genes. Philos. 
Trans. R Soc. Lond. B Biol. Sci. 379. doi: 10.1098/rstb.2022.0378

Marshall, K. E., Vadukul, D. M., Staras, K., and Serpell, L. C. (2020). Misfolded 
amyloid-β-42 impairs the endosomal–lysosomal pathway. Cell. Mol. Life Sci. 77, 
5031–5043. doi: 10.1007/s00018-020-03464-4

Martens, Y. A., Zhao, N., Liu, C. C., Kanekiyo, T., Yang, A. J., Goate, A. M., et al. 
(2022). ApoE Cascade hypothesis in the pathogenesis of Alzheimer's disease and related 
dementias. Neuron 110, 1304–1317. doi: 10.1016/j.neuron.2022.03.004

Martini-Stoica, H., Cole, A. L., Swartzlander, D. B., Chen, F., Wan, Y.-W., Bajaj, L., et al. 
(2018). TFEB enhances astroglial uptake of extracellular tau species and reduces tau 
spreading. J. Exp. Med. 215, 2355–2377. doi: 10.1084/jem.20172158

Mayor, S., Parton, R. G., and Donaldson, J. G. (2014). Clathrin-independent pathways 
of endocytosis. Cold Spring Harb. Perspect. Biol. 6:a016758. doi: 10.1101/cshperspect.
a016758

McCarron, M., McCallion, P., Reilly, E., Dunne, P., Carroll, R., and Mulryan, N. 
(2017). A prospective 20-year longitudinal follow-up of dementia in persons with Down 
syndrome. J. Intellect. Disabil. Res. 61, 843–852. doi: 10.1111/jir.12390

McMahon, H. T., and Boucrot, E. (2011). Molecular mechanism and physiological 
functions of clathrin-mediated endocytosis. Nat. Rev. Mol. Cell Biol. 12, 517–533. doi: 
10.1038/nrm3151

Mettlen, M., and Danuser, G. (2014). Imaging and modeling the dynamics of clathrin-
mediated endocytosis. Cold Spring Harb. Perspect. Biol. 6:a017038. doi: 10.1101/
cshperspect.a017038

Milosevic, I. (2018). Revisiting the role of clathrin-mediated endoytosis in synaptic 
vesicle recycling. Front. Cell. Neurosci. 12:27. doi: 10.3389/fncel.2018.00027

Mintun, M. A., Lo, A. C., Duggan Evans, C., Wessels, A. M., Ardayfio, P. A., 
Andersen, S. W., et al. (2021). Donanemab in early Alzheimer's disease. N. Engl. J. Med. 
384, 1691–1704. doi: 10.1056/NEJMoa2100708

Mitchell, M. J., Billingsley, M. M., Haley, R. M., Wechsler, M. E., Peppas, N. A., and 
Langer, R. (2021). Engineering precision nanoparticles for drug delivery. Nat. Rev. Drug 
Discov. 20, 101–124. doi: 10.1038/s41573-020-0090-8

Mitsunari, T., Nakatsu, F., Shioda, N., Love, P. E., Grinberg, A., Bonifacino, J. S., et al. 
(2005). Clathrin adaptor AP-2 is essential for early embryonal development. Mol. Cell. 
Biol. 25, 9318–9323. doi: 10.1128/MCB.25.21.9318-9323.2005

Mohamed, N. V., Herrou, T., Plouffe, V., Piperno, N., and Leclerc, N. (2013). Spreading 
of tau pathology in Alzheimer's disease by cell-to-cell transmission. Eur. J. Neurosci. 37, 
1939–1948. doi: 10.1111/ejn.12229

Mun, B.-R., Park, S.-B., and Choi, W.-S. (2024). The oligomeric form of amyloid Beta 
triggers astrocyte activation, independent of neurons. Chonnam Med. J. 60, 27–31. doi: 
10.4068/cmj.2024.60.1.27

Nakamura, Y., Takeda, M., Yoshimi, K., Hattori, H., Hariguchi, S., Kitajima, S., et al. 
(1994). Involvement of clathrin light chains in the pathology of Alzheimer's disease. Acta 
Neuropathol. 87, 23–31. doi: 10.1007/bf00386251

Narayan, P., Sienski, G., Bonner, J. M., Lin, Y.-T., Seo, J., Baru, V., et al. (2020). 
PICALM rescues endocytic defects caused by the Alzheimer’s disease risk factor APOE4. 
Cell Rep. 33:108224. doi: 10.1016/j.celrep.2020.108224

Ni, J., Xie, Z., Quan, Z., Meng, J., and Qing, H. (2024). How brain ‘cleaners’ fail: 
mechanisms and therapeutic value of microglial phagocytosis in Alzheimer's disease. 
Glia 72, 227–244. doi: 10.1002/glia.24465

Nixon, R. A. (2017). Amyloid precursor protein and endosomal-lysosomal 
dysfunction in Alzheimer's disease: inseparable partners in a multifactorial disease. 
FASEB J. 31, 2729–2743. doi: 10.1096/fj.201700359

https://doi.org/10.3389/fnagi.2024.1378576
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.cell.2019.05.056
https://doi.org/10.1007/s10654-015-0082-x
https://doi.org/10.1073/pnas.1301440110
https://doi.org/10.1073/pnas.1301440110
https://doi.org/10.7554/elife.73542
https://doi.org/10.1126/science.274.5284.99
https://doi.org/10.1038/nature10821
https://doi.org/10.1016/j.ejphar.2015.03.071
https://doi.org/10.1016/j.ejphar.2015.03.071
https://doi.org/10.1007/s40265-021-01546-6
https://doi.org/10.1523/jneurosci.0578-19.2019
https://doi.org/10.1074/jbc.m115.691840
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1016/j.bbrc.2008.12.147
https://doi.org/10.1016/j.bbrc.2008.12.147
https://doi.org/10.1016/j.neuron.2009.06.026
https://doi.org/10.1080/15548627.2023.2181614
https://doi.org/10.1097/WNR.0000000000000124
https://doi.org/10.1016/j.neuint.2017.07.002
https://doi.org/10.1038/nm1058
https://doi.org/10.3233/JAD-170048
https://doi.org/10.1016/S0021-9258(17)32449-3
https://doi.org/10.1016/S0021-9258(17)32449-3
https://doi.org/10.1016/j.neurobiolaging.2015.02.005
https://doi.org/10.1038/sj.bjp.0706122
https://doi.org/10.1038/sj.bjp.0706122
https://doi.org/10.1016/j.neuron.2019.07.010
https://doi.org/10.1523/JNEUROSCI.3432-04.2004
https://doi.org/10.3233/jad-190193
https://doi.org/10.3233/jad-190193
https://doi.org/10.1038/nrn2168
https://doi.org/10.1007/s11011-021-00737-0
https://doi.org/10.3389/fnins.2023.1219299
https://doi.org/10.1038/nature21029
https://doi.org/10.1002/jcp.30864
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.4172/2161-0460.1000462
https://doi.org/10.1016/s0896-6273(00)81067-3
https://doi.org/10.1098/rstb.2022.0378
https://doi.org/10.1007/s00018-020-03464-4
https://doi.org/10.1016/j.neuron.2022.03.004
https://doi.org/10.1084/jem.20172158
https://doi.org/10.1101/cshperspect.a016758
https://doi.org/10.1101/cshperspect.a016758
https://doi.org/10.1111/jir.12390
https://doi.org/10.1038/nrm3151
https://doi.org/10.1101/cshperspect.a017038
https://doi.org/10.1101/cshperspect.a017038
https://doi.org/10.3389/fncel.2018.00027
https://doi.org/10.1056/NEJMoa2100708
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1128/MCB.25.21.9318-9323.2005
https://doi.org/10.1111/ejn.12229
https://doi.org/10.4068/cmj.2024.60.1.27
https://doi.org/10.1007/bf00386251
https://doi.org/10.1016/j.celrep.2020.108224
https://doi.org/10.1002/glia.24465
https://doi.org/10.1096/fj.201700359


Jaye et al. 10.3389/fnagi.2024.1378576

Frontiers in Aging Neuroscience 12 frontiersin.org

Nixon, R. A. (2020). The aging lysosome: an essential catalyst for late-onset 
neurodegenerative diseases. Biochim. Biophys. Acta Proteins Proteom. 1868:140443. doi: 
10.1016/j.bbapap.2020.140443

Nixon, R. A., Cataldo, A. M., and Mathews, P. M. (2000). The endosomal-lysosomal 
system of neurons in Alzheimer's disease pathogenesis: a review. Neurochem. Res. 25, 
1161–1172. doi: 10.1023/a:1007675508413

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P., Craft, J., et al. (2006). Intraneuronal 
β-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five 
familial Alzheimer's disease mutations: potential factors in amyloid plaque formation. 
J. Neurosci. 26, 10129–10140. doi: 10.1523/jneurosci.1202-06.2006

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R., et al. 
(2003). Triple-transgenic model of Alzheimer's disease with plaques and tangles. Neuron 
39, 409–421. doi: 10.1016/s0896-6273(03)00434-3

Omtri, R. S., Davidson, M. W., Arumugam, B., Poduslo, J. F., and Kandimalla, K. K. 
(2012). Differences in the cellular uptake and intracellular itineraries of amyloid beta 
proteins 40 and 42: ramifications for the Alzheimer’s drug discovery. Mol. Pharm. 9, 
1887–1897. doi: 10.1021/mp200530q

Ou-Yang, P., Cai, Z.-Y., and Zhang, Z.-H. (2023). Molecular regulation mechanism of 
microglial autophagy in the pathology of Alzheimer's disease. Aging Dis. 14, 1166–1177. 
doi: 10.14336/ad.2023.0106

Pechstein, A., Bacetic, J., Vahedi-Faridi, A., Gromova, K., Sundborger, A., Tomlin, N., 
et al. (2010). Regulation of synaptic vesicle recycling by complex formation between 
intersectin 1 and the clathrin adaptor complex AP2. Proc. Natl. Acad. Sci. 107, 
4206–4211. doi: 10.1073/pnas.0911073107

Pei, Y. A., Davies, J., Zhang, M., and Zhang, H. T. (2020). The role of synaptic 
dysfunction in Alzheimer's disease. J. Alzheimers Dis. 76, 49–62. doi: 10.3233/
JAD-191334

Piras, I. S., Krate, J., Delvaux, E., Nolz, J., De Both, M. D., Mastroeni, D. F., et al. (2019). 
Association of AEBP1 and NRN1 RNA expression with Alzheimer's disease and 
neurofibrillary tangle density in middle temporal gyrus. Brain Res. 1719, 217–224. doi: 
10.1016/j.brainres.2019.06.004

Puangmalai, N., Bhatt, N., Montalbano, M., Sengupta, U., Gaikwad, S., Ventura, F., 
et al. (2020). Internalization mechanisms of brain-derived tau oligomers from patients 
with Alzheimer’s disease, progressive supranuclear palsy and dementia with Lewy 
bodies. Cell Death Dis. 11, 314. doi: 10.1038/s41419-020-2503-3

Rabinovici, G. D., and La Joie, R. (2023). Amyloid-targeting monoclonal antibodies 
for Alzheimer disease. JAMA 330, 507–509. doi: 10.1001/jama.2023.11703

Raj, T., Li, Y. I., Wong, G., Humphrey, J., Wang, M., Ramdhani, S., et al. (2018). 
Integrative transcriptome analyses of the aging brain implicate altered splicing in 
Alzheimer’s disease susceptibility. Nat. Genet. 50, 1584–1592. doi: 10.1038/
s41588-018-0238-1

Rajan, K. B., Weuve, J., Barnes, L. L., McAninch, E. A., Wilson, R. S., and Evans, D. A. 
(2021). Population estimate of people with clinical Alzheimer's disease and mild 
cognitive impairment in the United  States (2020–2060). Alzheimers Dement. 17, 
1966–1975. doi: 10.1002/alz.12362

Ratan, Y., Rajput, A., Maleysm, S., Pareek, A., Jain, V., Pareek, A., et al. (2023). An 
insight into cellular and molecular mechanisms underlying the pathogenesis of 
neurodegeneration in Alzheimer’s disease. Biomedicines 11:1398. doi: 10.3390/
biomedicines11051398

Rennick, J. J., Johnston, A. P. R., and Parton, R. G. (2021). Key principles and methods 
for studying the endocytosis of biological and nanoparticle therapeutics. Nat. 
Nanotechnol. 16, 266–276. doi: 10.1038/s41565-021-00858-8

Root, J., Merino, P., Nuckols, A., Johnson, M., and Kukar, T. (2021). Lysosome 
dysfunction as a cause of neurodegenerative diseases: lessons from frontotemporal 
dementia and amyotrophic lateral sclerosis. Neurobiol. Dis. 154:105360. doi: 10.1016/j.
nbd.2021.105360

Sanchez-Mico, M. V., Jimenez, S., Gomez-Arboledas, A., Muñoz-Castro, C., 
Romero-Molina, C., Navarro, V., et al. (2021). Amyloid-β impairs the phagocytosis of 
dystrophic synapses by astrocytes in Alzheimer's disease. Glia 69, 997–1011. doi: 
10.1002/glia.23943

Schork, N. J., and Elman, J. A. (2023). Pathway-specific polygenic risk scores correlate 
with clinical status and Alzheimer’s disease-related biomarkers. J. Alzheimers Dis. 95, 
915–929. doi: 10.3233/jad-230548

Schreij, A. M. A., Fon, E. A., and McPherson, P. S. (2016). Endocytic membrane 
trafficking and neurodegenerative disease. Cell. Mol. Life Sci. 73, 1529–1545. doi: 
10.1007/s00018-015-2105-x

Schrezenmeier, E., and Dörner, T. (2020). Mechanisms of action of hydroxychloroquine 
and chloroquine: implications for rheumatology. Nat. Rev. Rheumatol. 16, 155–166. doi: 
10.1038/s41584-020-0372-x

Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer's disease at 
25 years. EMBO Mol. Med. 8, 595–608. doi: 10.15252/emmm.201606210

Sevigny, J., Chiao, P., Bussiere, T., Weinreb, P. H., Williams, L., Maier, M., et al. (2016). 
The antibody aducanumab reduces Abeta plaques in Alzheimer's disease. Nature 537, 
50–56. doi: 10.1038/nature19323

Shi, J.-M., Zhu, L., Lan, X., Zhao, D.-W., He, Y.-J., Sun, Z.-Q., et al. (2020). Endocytosis 
is a key mode of interaction between extracellular β-amyloid and the cell membrane. 
Biophys. J. 119, 1078–1090. doi: 10.1016/j.bpj.2020.07.035

Small, S. A., Simoes-Spassov, S., Mayeux, R., and Petsko, G. A. (2017). Endosomal 
traffic jams represent a pathogenic hub and therapeutic target in Alzheimer’s disease. 
Trends Neurosci. 40, 592–602. doi: 10.1016/j.tins.2017.08.003

Snyder, E. M., Nong, Y., Almeida, C. G., Paul, S., Moran, T., Choi, E. Y., et al. (2005). 
Regulation of NMDA receptor trafficking by amyloid-β. Nat. Neurosci. 8, 1051–1058. 
doi: 10.1038/nn1503

Sofroniew, M. V. (2020). Astrocyte reactivity: subtypes, states, and functions in CNS 
innate immunity. Trends Immunol. 41, 758–770. doi: 10.1016/j.it.2020.07.004

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta 
Neuropathol. 119, 7–35. doi: 10.1007/s00401-009-0619-8

Söllvander, S., Nikitidou, E., Brolin, R., Söderberg, L., Sehlin, D., Lannfelt, L., et al. 
(2016). Accumulation of amyloid-β by astrocytes result in enlarged endosomes and 
microvesicle-induced apoptosis of neurons. Mol. Neurodegener. 11:38. doi: 10.1186/
s13024-016-0098-z

Song, M. S., Baker, G. B., Todd, K. G., and Kar, S. (2011). Inhibition of beta-
amyloid1-42 internalization attenuates neuronal death by stabilizing the endosomal-
lysosomal system in rat cortical cultured neurons. Neuroscience 178, 181–188. doi: 
10.1016/j.neuroscience.2010.12.055

Soykan, T., Maritzen, T., and Haucke, V. (2016). Modes and mechanisms of synaptic 
vesicle recycling. Curr. Opin. Neurobiol. 39, 17–23. doi: 10.1016/j.conb.2016.03.005

Srinivasan, S., Gal, J., Bachstetter, A., and Nelson, P. T. (2022). Alpha adaptins show 
isoform-specific association with neurofibrillary tangles in Alzheimer's disease. 
Neuropathol. Appl. Neurobiol. 48:e12776. doi: 10.1111/nan.12776

Stenmark, H., Parton, R. G., Steele-Mortimer, O., Lütcke, A., Gruenberg, J., and 
Zerial, M. (1994). Inhibition of rab5 GTPase activity stimulates membrane fusion in 
endocytosis. EMBO J. 13, 1287–1296. doi: 10.1002/j.1460-2075.1994.tb06381.x

Streit, W. J., Khoshbouei, H., and Bechmann, I. (2021). The role of microglia in 
sporadic Alzheimer’s disease. J. Alzheimers Dis. 79, 961–968. doi: 10.3233/jad-201248

Swanson, C. J., Zhang, Y., Dhadda, S., Wang, J., Kaplow, J., Lai, R. Y. K., et al. (2021). 
A randomized, double-blind, phase 2b proof-of-concept clinical trial in early 
Alzheimer's disease with lecanemab, an anti-Abeta protofibril antibody. Alzheimers Res. 
Ther. 13:80. doi: 10.1186/s13195-021-00813-8

Szabo, M. P., Mishra, S., Knupp, A., and Young, J. E. (2022). The role of Alzheimer's 
disease risk genes in endolysosomal pathways. Neurobiol. Dis. 162:105576. doi: 
10.1016/j.nbd.2021.105576

Szewczyk-Roszczenko, O. K., Roszczenko, P., Shmakova, A., Finiuk, N., Holota, S., 
Lesyk, R., et al. (2023). The chemical inhibitors of endocytosis: from mechanisms to 
potential clinical applications. Cells 12:2312. doi: 10.3390/cells12182312

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., Deteresa, R., Hill, R., et al. (1991). 
Physical basis of cognitive alterations in Alzheimer's disease: synapse loss is the major 
correlate of cognitive impairment. Ann. Neurol. 30, 572–580. doi: 10.1002/ana.410300410

Tesi, N., Van Der Lee, S. J., Hulsman, M., Jansen, I. E., Stringa, N., Van Schoor, N. M., 
et al. (2020). Immune response and endocytosis pathways are associated with the 
resilience against Alzheimer’s disease. Transl. Psychiatry 10:332. doi: 10.1038/
s41398-020-01018-7

Thal, D. R., and Tome, S. O. (2022). The central role of tau in Alzheimer's disease: from 
neurofibrillary tangle maturation to the induction of cell death. Brain Res. Bull. 190, 
204–217. doi: 10.1016/j.brainresbull.2022.10.006

Theerasri, A., Janpaijit, S., Tencomnao, T., and Prasansuklab, A. (2022). Beyond the 
classical amyloid hypothesis in Alzheimer's disease: molecular insights into current 
concepts of pathogenesis, therapeutic targets, and study models. WIREs Mech. Dis. 
15:e1591. doi: 10.1002/wsbm.1591

Thomas, R. S., Henson, A., Gerrish, A., Jones, L., Williams, J., and Kidd, E. J. (2016). 
Decreasing the expression of PICALM reduces endocytosis and the activity of 
β-secretase: implications for Alzheimer’s disease. BMC Neurosci. 17:50. doi: 10.1186/
s12868-016-0288-1

Thomas, R. S., Lelos, M. J., Good, M. A., and Kidd, E. J. (2011). Clathrin-mediated 
endocytic proteins are upregulated in the cortex of the Tg2576 mouse model of 
Alzheimer’s disease-like amyloid pathology. Biochem. Biophys. Res. Commun. 415, 
656–661. doi: 10.1016/j.bbrc.2011.10.131

Torres-Ceja, B., and Olsen, M. L. (2022). A closer look at astrocyte morphology: 
development, heterogeneity, and plasticity at astrocyte leaflets. Curr. Opin. Neurobiol. 
74:102550. doi: 10.1016/j.conb.2022.102550

Usenovic, M., Niroomand, S., Drolet, R. E., Yao, L., Gaspar, R. C., Hatcher, N. G., et al. 
(2015). Internalized tau oligomers cause neurodegeneration by inducing accumulation 
of pathogenic tau in human neurons derived from induced pluripotent stem cells. J. 
Neurosci. 35, 14234–14250. doi: 10.1523/jneurosci.1523-15.2015

Vainchtein, I. D., and Molofsky, A. V. (2020). Astrocytes and microglia: in sickness 
and in health. Trends Neurosci. 43, 144–154. doi: 10.1016/j.tins.2020.01.003

Van Gool, W. A., Weinstein, H. C., Scheltens, P. K., and Walstra, G. J. M. (2001). Effect 
of hydroxychloroquine on progression of dementia in early Alzheimer's disease: an 
18-month randomised, double-blind, placebo-controlled study. Lancet 358, 455–460. 
doi: 10.1016/S0140-6736(01)05623-9

Varma, V. R., Desai, R. J., Navakkode, S., Wong, L.-W., Anerillas, C., Loeffler, T., et al. 
(2023). Hydroxychloroquine lowers Alzheimer’s disease and related dementias risk and 
rescues molecular phenotypes related to Alzheimer’s disease. Mol. Psychiatry 28, 
1312–1326. doi: 10.1038/s41380-022-01912-0

https://doi.org/10.3389/fnagi.2024.1378576
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.bbapap.2020.140443
https://doi.org/10.1023/a:1007675508413
https://doi.org/10.1523/jneurosci.1202-06.2006
https://doi.org/10.1016/s0896-6273(03)00434-3
https://doi.org/10.1021/mp200530q
https://doi.org/10.14336/ad.2023.0106
https://doi.org/10.1073/pnas.0911073107
https://doi.org/10.3233/JAD-191334
https://doi.org/10.3233/JAD-191334
https://doi.org/10.1016/j.brainres.2019.06.004
https://doi.org/10.1038/s41419-020-2503-3
https://doi.org/10.1001/jama.2023.11703
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1038/s41588-018-0238-1
https://doi.org/10.1002/alz.12362
https://doi.org/10.3390/biomedicines11051398
https://doi.org/10.3390/biomedicines11051398
https://doi.org/10.1038/s41565-021-00858-8
https://doi.org/10.1016/j.nbd.2021.105360
https://doi.org/10.1016/j.nbd.2021.105360
https://doi.org/10.1002/glia.23943
https://doi.org/10.3233/jad-230548
https://doi.org/10.1007/s00018-015-2105-x
https://doi.org/10.1038/s41584-020-0372-x
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1038/nature19323
https://doi.org/10.1016/j.bpj.2020.07.035
https://doi.org/10.1016/j.tins.2017.08.003
https://doi.org/10.1038/nn1503
https://doi.org/10.1016/j.it.2020.07.004
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.1186/s13024-016-0098-z
https://doi.org/10.1186/s13024-016-0098-z
https://doi.org/10.1016/j.neuroscience.2010.12.055
https://doi.org/10.1016/j.conb.2016.03.005
https://doi.org/10.1111/nan.12776
https://doi.org/10.1002/j.1460-2075.1994.tb06381.x
https://doi.org/10.3233/jad-201248
https://doi.org/10.1186/s13195-021-00813-8
https://doi.org/10.1016/j.nbd.2021.105576
https://doi.org/10.3390/cells12182312
https://doi.org/10.1002/ana.410300410
https://doi.org/10.1038/s41398-020-01018-7
https://doi.org/10.1038/s41398-020-01018-7
https://doi.org/10.1016/j.brainresbull.2022.10.006
https://doi.org/10.1002/wsbm.1591
https://doi.org/10.1186/s12868-016-0288-1
https://doi.org/10.1186/s12868-016-0288-1
https://doi.org/10.1016/j.bbrc.2011.10.131
https://doi.org/10.1016/j.conb.2022.102550
https://doi.org/10.1523/jneurosci.1523-15.2015
https://doi.org/10.1016/j.tins.2020.01.003
https://doi.org/10.1016/S0140-6736(01)05623-9
https://doi.org/10.1038/s41380-022-01912-0


Jaye et al. 10.3389/fnagi.2024.1378576

Frontiers in Aging Neuroscience 13 frontiersin.org

Volloch, V., and Rits-Volloch, S. (2022). The amyloid Cascade hypothesis 2.0: on the 
possibility of once-in-a-lifetime-only treatment for prevention of Alzheimer's disease 
and for its potential cure at symptomatic stages. J. Alzheimers Dis. Rep. 6, 369–399. doi: 
10.3233/ADR-220031

Volloch, V., and Rits-Volloch, S. (2023). The amyloid cascade hypothesis 2.0: 
generalization of the concept. J. Alzheimers Dis. Rep. 7, 21–35. doi: 10.3233/ADR-220079

Wendimu, M. Y., and Hooks, S. B. (2022). Microglia phenotypes in aging and 
neurodegenerative diseases. Cells 11:2091. doi: 10.3390/cells11132091

Wesén, E., Jeffries, G. D. M., Matson Dzebo, M., and Esbjörner, E. K. (2017). Endocytic 
uptake of monomeric amyloid-β peptides is clathrin- and dynamin-independent and 
results in selective accumulation of Aβ(1–42) compared to Aβ(1–40). Sci. Rep. 7:2021. 
doi: 10.1038/s41598-017-02227-9

Wesén, E., Lundmark, R., and Esbjörner, E. K. (2020). Role of membrane tension 
sensitive endocytosis and rho GTPases in the uptake of the Alzheimer’s disease peptide 
Aβ(1-42). ACS Chem. Neurosci. 11, 1925–1936. doi: 10.1021/acschemneuro.0c00053

Wilmot, B., McWeeney, S. K., Nixon, R. R., Montine, T. J., Laut, J., Harrington, C. A., 
et al. (2008). Translational gene mapping of cognitive decline. Neurobiol. Aging 29, 
524–541. doi: 10.1016/j.neurobiolaging.2006.11.008

Wu, J. W., Herman, M., Liu, L., Simoes, S., Acker, C. M., Figueroa, H., et al. (2013). 
Small misfolded tau species are internalized via bulk endocytosis and anterogradely and 
retrogradely transported in neurons. J. Biol. Chem. 288, 1856–1870. doi: 10.1074/jbc.
M112.394528

Wu, F., and Yao, P. J. (2009). Clathrin-mediated endocytosis and Alzheimer's disease: 
an update. Ageing Res. Rev. 8, 147–149. doi: 10.1016/j.arr.2009.03.002

Xie, A. J., Hou, T. Y., Xiong, W., Huang, H. Z., Zheng, J., Li, K., et al. (2019). Tau 
overexpression impairs neuronal endocytosis by decreasing the GTPase dynamin 1 
through the miR-132/MeCP2 pathway. Aging Cell 18:e12929. doi: 10.1111/acel.12929

Yao, P. J. (2004). Synaptic frailty and clathrin-mediated synaptic vesicle trafficking in 
Alzheimer's disease. Trends Neurosci. 27, 24–29. doi: 10.1016/j.tins.2003.10.012

Yao, P. J., Morsch, R., Callahan, L. M., and Coleman, P. D. (1999). Changes in synaptic 
expression of clathrin assembly protein AP180  in Alzheimer's disease analysed by 
immunohistochemistry. Neuroscience 94, 389–394. doi: 10.1016/s0306-4522(99)00360-7

Yao, P. J., Weimer, J. M., O'Herron, T. M., and Coleman, P. D. (2000). Clathrin 
assembly protein AP-2 is detected in both neurons and glia, and its reduction is 
prominent in layer II of frontal cortex in Alzheimer's disease. Neurobiol. Aging 21, 
921–929. doi: 10.1016/s0197-4580(00)00228-1

Yao, P. J., Zhu, M., Pyun, E. I., Brooks, A. I., Therianos, S., Meyers, V. E., et al. (2003). 
Defects in expression of genes related to synaptic vesicle trafficking in frontal cortex of 
Alzheimer's disease. Neurobiol. Dis. 12, 97–109. doi: 10.1016/s0969-9961(02)00009-8

Yuan, W. Q., Huang, W. P., Jiang, Y. C., Xu, H., Duan, C. S., Chen, N. H., et al. (2023). 
The function of astrocytes and their role in neurological diseases. Eur. J. Neurosci. 58, 
3932–3961. doi: 10.1111/ejn.16160

Zhang, Y.-W., Thompson, R., Zhang, H., and Xu, H. (2011). APP processing in 
Alzheimer's disease. Mol. Brain 4:3. doi: 10.1186/1756-6606-4-3

Zhang, F., Zhong, R.-J., Cheng, C., Li, S., and Le, W.-D. (2021). New therapeutics 
beyond amyloid-β and tau for the treatment of Alzheimer’s disease. Acta Pharmacol. Sin. 
42, 1382–1389. doi: 10.1038/s41401-020-00565-5

Zhang, X., Zou, L., Tang, L., Xiong, M., Yan, X.-X., Meng, L., et al. (2024). Bridging 
integrator 1 fragment accelerates tau aggregation and propagation by enhancing 
clathrin-mediated endocytosis in mice. PLoS Biol. 22:e3002470. doi: 10.1371/journal.
pbio.3002470

Zhao, Y., Liu, B., Wang, J., Xu, L., Yu, S., Fu, J., et al. (2022). Aβ and tau regulate 
microglia metabolism via exosomes in Alzheimer’s disease. Biomedicines 10:1800. doi: 
10.3390/biomedicines10081800

Zhao, Z., Ukidve, A., Kim, J., and Mitragotri, S. (2020). Targeting strategies for tissue-
specific drug delivery. Cell 181, 151–167. doi: 10.1016/j.cell.2020.02.001

Zhao, J., Wu, H., and Tang, X. Q. (2021). Tau internalization: a complex step in tau 
propagation. Ageing Res. Rev. 67:101272. doi: 10.1016/j.arr.2021.101272

https://doi.org/10.3389/fnagi.2024.1378576
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3233/ADR-220031
https://doi.org/10.3233/ADR-220079
https://doi.org/10.3390/cells11132091
https://doi.org/10.1038/s41598-017-02227-9
https://doi.org/10.1021/acschemneuro.0c00053
https://doi.org/10.1016/j.neurobiolaging.2006.11.008
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1074/jbc.M112.394528
https://doi.org/10.1016/j.arr.2009.03.002
https://doi.org/10.1111/acel.12929
https://doi.org/10.1016/j.tins.2003.10.012
https://doi.org/10.1016/s0306-4522(99)00360-7
https://doi.org/10.1016/s0197-4580(00)00228-1
https://doi.org/10.1016/s0969-9961(02)00009-8
https://doi.org/10.1111/ejn.16160
https://doi.org/10.1186/1756-6606-4-3
https://doi.org/10.1038/s41401-020-00565-5
https://doi.org/10.1371/journal.pbio.3002470
https://doi.org/10.1371/journal.pbio.3002470
https://doi.org/10.3390/biomedicines10081800
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1016/j.arr.2021.101272

	Clathrin mediated endocytosis in Alzheimer’s disease: cell type specific involvement in amyloid beta pathology
	1 Introduction
	2 AD and endolysosomal function
	3 Clathrin mediated endocytosis in AD
	4 CME dysfunction and AD cellular disruptions across multiple cell types
	4.1 Neurons
	4.1.1 CME involvement in synaptic dysfunction
	4.1.2 CME involvement in Aβ processing and uptake
	4.1.3 CME involvement in Tau dysfunction
	4.2 Astrocytes
	4.3 Microglia

	5 Targeting CME for AD treatment
	6 Conclusion
	Author contributions

	References

