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Chapter 1. Introduction 

1.1 Clathrin mediated endocytosis 

Endocytosis is a ubiquitous and essential function of mammalian cells, it mediates many 

downstream pathways through internalization of 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 

(1). 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 many downstream intercellular signaling cascades such as the endo-

lysosomal system. There are several distinct phases of CME: nucleation, cargo selection, coat 

assembly, scission and uncoating. Each phase is mediated by a host of proteins that have been 

described in detail through decades of studies (1, 2). 

Briefly, as shown in Figure 1, CME is initiated by proteins involved in nucleation (Figure 

1, Step 1), including FCH and µ domain containing endocytic adaptor 1/2 (FCHO1,2), 

Intersectin1 (ITSN1), and Epidermal growth factor receptor substrate 15 (EPS15). These cluster 

and bind to the plasma membrane to initiate membrane curvature and recruit other proteins, 

such as the 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 BAR-

domain containing proteins recruitment of Dynamin. 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 
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event. Cargo internalized through CME is typically sorted through the endolysosomal pathway 

for delivery to the appropriate cellular compartment (3-5).  

 

 

Figure 1.1 CME Step-by-step. 1) Nucleation: Initial invagination of the membrane surface and 

recruits further proteins to the pit. 2) Cargo selection: 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 endo-lysosomal pathway.  
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 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, like those that make up the AP-2 

complex, are typically embryonic lethal (6, 7). These changes can still have profound effects on 

CME function and are associated with cancer, psychiatric diseases, and various 

neurodegenerative diseases (4). For example, in Parkinson’s disease, mutations in synaptojanin 

and auxilin have been shown to be causative for early onset Parkinson’s (8). In Alzheimer’s 

disease (AD), genetic links have been made to AP-2 and importantly to the Phosphatidylinositol 

Binding Clathrin Assembly Protein gene (PICALM), one of the highest genetic risk factors in AD 

(7, 9).  

AD is the most common form of dementia (10) and is characterized by the progressive 

development of amyloid beta (Aβ) plaques and neurofibrillary tau protein tangles in the brain 

(11, 12). AD is often diagnosed 15-20 years after pathology begins to develop, and there are no 

reliable tools to detect early brain changes that lead to it (13). As such, the effort to identify early 

cellular changes before 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 (14, 15). 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 (16, 17). Others have since suggested that the imbalance of extracellular Aβ 

clearance and intracellular accumulation of Aβ initiates neuronal dysfunction rather than only 

accumulation of extracellular plaques (12, 18, 19). As such, the processes of Aβ production and 

clearance have been of particular interest in the field. 
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Amyloid precursor protein (APP) is endocytosed and processed in the endolysosomal 

pathway of neurons via a proteolytic cleavage which preferentially produces more pathogenic 

Aβ (Aβ1-42) than non-pathogenic Aβ (Aβ1-40) (12, 20). Although the endolysosomal pathway in 

AD has been extensively studied downstream of Aβ1-42 production, few investigators have 

evaluated the upstream contribution of endocytosis, specifically CME. 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. Yet how CME may change in the 

context of AD has not been evaluated carefully. 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 will 

discuss how CME in different brain cell types has thus far been implicated in AD risk and 

progression, and illustrate the importance of examining CME further as a potential early disease 

modifier. 

 

1.2 AD and Endolysosomal Function 

The endolysosomal pathway systematically internalizes and sorts extracellular 

molecules that can 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, then late 

endosomes, recycled to the surface membrane, or sent to the lysosome for degradation (21). In 

AD, defects in this 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 result in various neuropathological 
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outcomes such as Aβ1-42 over production and clearance deficits, as well as dystrophic neurites 

(22-24). 

Interestingly, the earliest presenting cytopathology in AD, even before accumulation of 

Aβ is observed, is enlargement of early endosomes containing accumulated APP in pyramidal 

neurons in the frontal cortex (25). 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 (26). Enlarged early endosomes are also observed in induced pluripotent stem cell 

(iPSC) derived neurons from sporadic AD patients (27) and iPSC lines with APP and presenilin 

1 (PSEN1) mutations, both genetic risk factors for sporadic AD (28). Interestingly, 

endolysosomal dysregulation and enlarged early endosomes are also seen in Down syndrome 

(DS), a genetic disorder caused by a triplication of chromosome HSA21(26). People with DS 

have a significantly higher risk of developing AD, with nearly all patients developing 

neuropathology and symptoms by age 65 (29, 30). This phenomenon is thought to be due to 

several AD related genes encoded on HSA21, such as APP and PSEN1 (23, 31-33). This 

connection between DS and AD could point towards 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 (34). 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 endosomal-

lysosomal markers, as well as triggered neuronal degeneration. Inhibiting general endocytosis, 

and CME specifically, attenuated this effect and returned endo-lysosomal markers to normal, 

suggesting that endocytosis of pathogenic Aβ1-42 contributes to downstream endosomal 
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dysfunction (35). Therefore, changes in CME may contribute to AD endolysosomal 

dysregulation in multiple ways. 

Kimura & Yanagiwasa summarized many of these endolysosomal disruptions into the 

“traffic jam” hypothesis (36). This hypothesis posits how disruptions in endocytosis and 

downstream endosome trafficking could be involved in altering the metabolism of AD related 

proteins and thus contributes to AD pathogenesis. 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 (37). However, as 

these hypotheses focus primarily on trafficking of endosomes after endocytosis, how 

endocytosis itself may be altered and affect cellular phenotypes needs to be considered. 

 

1.3 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. See Table 1 for a summary of CME proteins associated with AD, their 

function in CME, and the AD brain regions where they are changed. 



 
7 

 

Table 1.1 CME Proteins in AD. 

 

In 2018, Ahmad et al., calculated weighted genetic risk scores by combining data from 

the longitudinal AD Rotterdam Study (38) 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 interestingly, the clathrin/AP-2 adaptor complex pathway was 

modestly associated with white matter lesions (39). These associations suggest an early 

involvement of endocytosis, specifically CME, in AD risk/etiology. Indeed, proteins involved in 

CME such as AP180 (cargo selection), AP-2 (cargo selection/clathrin recruitment), and 

Dynamin I (scission) are shown to be decreased in AD in various regions of human post-mortem 

brains at the RNA and protein level (40-44). Together, the changes of CME protein levels point 

towards involvement of the pathway in AD, but each protein must be evaluated individually to 

understand how its changes may affect or contribute to potential CME dysfunction in AD. 

Gene Protein Name Role in CME Changed in AD? Method Brain Region References
decreased IHC layer II superior frontal gyrus

no change WB
total superior frontal gyrus, 
total hippocampus

localized to NFTs IHC temporal neocortex Srinivasan, 2021 PMID: 34820873

FCHO1
FCH and mu domain containing 
endocytic adaptor 1 Nucleation unknown - - 

decreased IHC
all layers superior frontal 
gyrus, hippocampus CA3/hilus Yao, 1999 PMID: 10579202

decreased IHC, WB
Dentat Gyrus, CA3, Entorhinal 
cortex, temporal cortex Cao, 2010 PMID: 20847448

increased RT-PCR frontal cortex Wilmot, 2008 PMID: 17174450

no change WB frontal cortex, temporal cortex Malakooti, 2019 PMID: 31263630
increased RT-PCR frontal cortex Baig, 2010 PMID: 20838239
localzed with NFTs IHC Hippocampus CA4
decreased WB neocortex

CLTA Clathrin, light chain localized to some NFTs IHC Hippocampus Nakamura, 1994 PMID: 814089
CLTC Clathrin, heavy chain  increased IHC frontal cortex Alsquati, 2023 PMID: 37449017

DNM1 Dynamin 1 Scission decreased IHC
Hippocampus, entorhinal 
cortex Cao, 2010 PMID: 20847448

decreased qRT-PCR Hippocampus Aidaraleiva, 2008 PMID: 18236001
decreased RT-PCR temporal cortex Kamagata, 2009 PMID: 19126407
increased PCR frontal cortex Chapuis, 2013 PMID: 23399914
decreased WB frontal cortez De Rossi, 2016 PMID: 27488240

AMPH Amphyphysin 1
paralog of BIN1, 
Scission decreaed WB frontal cortex De Jesús-Cortés,  PMID: 22975846

increased WB frontal cortex Alsquati, 2023 PMID: 37449017
increased WB hippocampus, frontal cortex Ginsberg, 2010 PMID: 20847427

BIN1 Amphiphysin 2 Scission

RAB5A Ras-related protein Rab-5A
Uncoating, early 
endosome fusion

Ando, 2013 PMID: 23589030

Coat Assembly, 
Scission, Uncoating

DMN2 Dynamin 2 Scission

ITSN1 Intersectin 1
Nucleation, Cargo 
Selection

PICALM
Phosphatidylinositol-binding clathrin 
assembly protein Cargo Selection

Yao, 2000 PMID: 11124443

SNAP91 Clathrin coat assembly protein AP180
paralog of CALM, 
Cargo Selection

AP2A1 AP-2 complex subunit alpha-1 Nucleation
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Several of these protein changes also translate to a transgenic mouse model of AD with 

a mutation in humanized APP (APPSWE) (45). Dynamin I and AP180 were decreased in APPSWE 

brains versus control, with varying degrees of specificity in subregions of the hippocampus, 

entorhinal cortex, and temporal cortex, similar to their changes in human AD brains (44). 

Interestingly, a separate study of the cortex in APPSWE mice, showed several CME proteins 

(APP, clathrin, Dynamin II, 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 (46). These observations 

demonstrate that proteins specific to CME, and not to other common endocytic pathways, are 

changed and could point towards 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 (47) or 5xFAD lines (48), recapitulate these 

changes or have CME disruptions. 

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 suggest a possible connection between this risk 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) (49). 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 young to old age groups. Clathrin-independent 

proteins such as caveolin-2 and flotillin-2, increased with age, while caveolin-3 was decreased. 

Of note, some of these protein changes contrast with those seen in AD brains in studies 

described above and may be related to general endocytosis changes, rather than specifically to 
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CME. It is unclear whether this effect may be due to evaluation of different brain regions or 

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 (50, 51). Examining protein levels in males only does not explore a potential 

sex difference in endocytosis during aging, which could be a factor in why there is a difference 

in the direction of expression change 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 (52), brain changes can occur 

for many years beforehand; thus, the 15 year difference between the middle aged and old aged 

groups could be an illuminating time point to evaluate. While 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. As illustrated above, CME proteins show different changes, depending on what brain 

region was analyzed. The effect on overall CME function could be different in each brain region, 

depending on how a specific protein, or set of proteins, is changed. An increase in one protein 

may reduce CME, while the same increase in a different protein could decrease CME in a 

different brain region. Additionally, many CME proteins are not only expressed in a single cell 

type. As AD has an observed effect on many brain cell types (e.g., neurons, astrocytes, and 

microglia), which have varying phenotypes throughout disease progression, CME proteins may 

not change in the same way in all cells. Thus, depending on the cell type, dysregulation of CME 

proteins and resulting downstream dysfunction may have distinct cellular outcomes. 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 in 
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distinct ways. Although brain region-specific changes are more difficult 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. 

 

1.4 CME in Neurons 

1.4.1 CME in Synaptic Dysfunction 

As AD is characterized by increasing loss of neurons throughout disease, most 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 (53), 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 (54). 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 (55-57). 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 (58, 59). 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 (54), indicating that CME is a major recycling mechanism, 

and that disruption of this machinery could contribute to AD synapse dysfunction. 
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Another source of synaptic dysfunction in AD results 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) (60). In AD, AMPAR trafficking 

is changed such that LTP is impaired and LTD is enhanced, which contributes to cognitive 

deficits (56, 61, 62). In LTD, AMPARs are internalized via CME, and internalization can be 

induced by interaction with Aβ1-42 (63-66), 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 (67). This directly implicates CME to AMPAR trafficking alterations and 

potential effects on learning and memory in AD. If CME dysfunction is an initial contributor to 

this early synaptic dysfunction in multiple contexts, it could very well be an upstream driver in 

disruption of many neuronal functions. 

 

1.4.2 CME in Aβ Processing and Uptake 

As briefly mentioned above, APP processing shifts towards producing more the 

amyloidogenic Aβ1-42 in the endo-lysosomal pathway of neurons after internalization via CME 

(20, 68). 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). Disrupted expression of these regulators could contribute to the increased 

production of Aβ1-42 in the endosome (69, 70). After amyloidogenic cleavage of APP, Aβ1-42 

peptides are secreted from the cell and aggregate to form toxic fibrils and plaques (71). In aged 

mouse hippocampal neurons, APP endocytosis is reduced with CME inhibition, but it is unclear 
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if this directly results in less Aβ1-42 production (72). 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 (73, 74). 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 (75). This accumulation of Aβ1-42 in late 

endosomes and lysosomes could contribute to endo-lysosomal dysfunction and associated 

cellular disruptions(23, 76). 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 Dynamin1 expression 

after stimulation, indicating that the replenishing of vesicles to the readily available pool is 

impaired by Aβ1-42 (44). 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 (77, 

78). It has since been shown that endocytosis in growth cones is increased after Aβ1-42, and that 

inhibition of CME prevents the cone collapse (79) suggesting that CME is a primary mechanism 

driving downstream effects of Aβ1-42. 
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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 (80). 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 

(81). Yet other groups report several forms of Aβ being 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 endo-lysosomal function. Importantly, a non-misfolded variant of Aβ1-42 was 

not internalized and did not show any effects on endo-lysosomal function (82). 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 (83), 

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 

neurons than fibrillar or monomeric Aβ1-42 (84, 85). 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 (86). Taken together, it is still unclear how each 

different form of Aβ fragment is internalized into neurons and what downstream effects they may 
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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. 

 

1.4.3 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 (87). Internalization of extracellular tau aggregates, as 

opposed to monomers, has recently been suggested to initiate tau propagation in recipient cells 

(88, 89). Internalization of tau has been observed to occur through several types of endocytosis, 

including phagocytosis, bulk endocytosis, and CME (90, 91). However, as with CME effects on 

Aβ there are few direct experiments that examine how CME disruption may affect Tau 

propagation and resulting neuronal dysfunction. Additionally, it may be difficult to distinguish 

AD-specific changes from changes in other tauopathies. Thus, although the potential cellular 

effects of tau internalization by CME are substantial, there is less evidence that CME is as 

prominent mechanism of tau endocytosis as it is for Aβ. 

 

1.5 CME in Non-Neuronal Cell Types 

As CME is a ubiquitous process, how it is changed 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 (92). Both have been implicated in reactivity to and protection from AD pathology, 

often in synchrony (93). 
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1.5.1 CME in Astrocytes 

Astrocytes perform many essential functions in a healthy central nervous system (CNS), 

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 (94-97). In 

AD, many astrocytes become reactive, localize around Aβ1-42 plaques, and excrete inflammatory 

cytokines that contribute to widespread neuroinflammation and subsequent neuronal 

dysfunction (93). It has also been shown that astrocytes can be induced to lose the ability to 

support neurons by activated microglia, and these neurotoxic astrocytes are abundant in AD 

and other neurodegenerative diseases (98). 

Astrocytes are closely tied to the clearance of dying neurons and take up large amounts 

of neuronal Aβ1-42 and debris (99). 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 (100). Additionally, 

internalization of Aβ protofibrils engulfed by mouse primary astrocytes are not degraded in the 

cell and induce lysosomal dysfunction within them (101). Astrocytes of aged primate brains 

show enlarged early endosomes filled with Aβ, suggesting that aging may also play a role in 

astrocytic dysfunction (102). And while it is largely thought that astrocytes internalize Aβ through 

phagocytosis, it has recently been shown that multiple forms of Aβ (1-40 and1-42) 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 

pharmacological inhibitors of CME, astrocytes exhibit significantly decreased uptake of Aβ1-42 

and a partial rescue of Aβ1-42 induced cell death (103). 
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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 (104). Many AD phenotypes are affected by APOE status, including Aβ 

clearance and lipid metabolism (105-107). Human iPSC-derived astrocytes expressing 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 (108). The connection of these two major genetic risk factors of AD through CME 

suggests that CME is instrumental in disease development. It is also 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 up questions regarding how aberrant CME early in AD 

contributes to non-neuronal disease phenotypes. 

 

1.5.2 CME in Microglia 

Microglia, CNS-resident phagocytes, are well recognized to have a dual role in AD, as 

reviewed recently (93, 109-111). 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 
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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 (112). 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. 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 (113). 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 (114), 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, LC3-associated endocytosis (LANDO) (115). 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 

(115). 

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. Hower, the recent evidence of CME in microglial clearance of Aβ1-42 does point 
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towards another potential effect of CME disruption in AD. CME in microglia needs to be further 

investigated to clarify what degree it and other endocytic mechanisms are disrupted in AD. 

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. 

 

1.6 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. 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. In this 

dissertation work, I have begun to assess CME in the context of AD, using human post-mortem 

samples and the 5xFAD AD mouse model. 
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Chapter 2. Intersectin 1 is Changed in an Isoform and 

Brain Region Specific Manner in Alzheimer’s Disease 

Brains 

Data shown in Figure 2.1 of this chapter is published in Sandau et al, 2020 (116). Therein, I 

developed the target prediction pipeline and performed the subsequent target prediction 

analysis. 

 

2.1 Abstract 

Alzheimer’s disease (AD) is the most common form of dementia and is characterized by the 

accumulation of amyloid-beta (Aβ) plaques and neurofibrillary Tau tangles in the brain. We 

previously identified a set of candidate AD microRNAs (miRNAs) in human cerebrospinal fluid 

(CSF) and used a target prediction pipeline to identify mRNAs and pathways that could be 

regulated by the miRNAs. Of these pathways, clathrin mediated endocytosis (CME) was 

selected for further investigation. CME is altered in multiple brain cell types in AD and is 

implicated in early cellular phenotypes such as enlarged early endosomes and pathogenic 

processing of Aβ. However, a comprehensive evaluation of major CME hub proteins in AD 

across multiple brain regions is lacking. Thus, we used immunoblot analysis to evaluate human 

post-mortem AD and control (CTL) frontal cortex (FC; AD n=22, CTL n=23) and hippocampus 

(HP; AD n=34, CTL n=22) for changes in Intersectin 1 (ITSN1), Phosphatidylinositol Binding 

Clathrin Assembly Protein gene (PICALM), Clathrin Light Chain (CLT), FCH and mu domain 

containing endocytic adaptor 1 (FCHO1), AP2 subunit alpha 1 (AP2A1), and Dynamin 2 

(DNM2). Of these, we found that in AD ITSN1-long was decreased in the FC of males and HP 

of females; while ITSN1-short was increased in the HP of both males and females. Further, by 

immunohistochemistry we showed a potential association of ITSN1 with Tau pathology in AD 
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brains. Here we illustrate the possibility of CME changes affecting AD and pose specific 

functional differences between the ITSN1 isoforms that are brain region dependent. 

 

2.2 Introduction 

Alzheimer’s Disease (AD) is characterized by the accumulation of amyloid beta (Aβ) 

plaques and neurofibrillary Tau protein tangles as the disease progresses (11, 12). However, as 

there are no reliable tools to detect early brain changes, patients are often diagnosed 15-20 

years after the onset of neuropathology (13). Many scientists and clinicians are now focused on 

the development of more sensitive, affordable, and less invasive diagnostic tools, as well as 

disease modifying treatments to halt disease progression. To that end, we previously 

discovered (117) and validated (118) a set of candidate microRNA (miRNA) biomarkers in 

human cerebrospinal fluid (CSF) that distinguish AD patients from neurologically normal 

controls (CTL). Five of the miRNAs (miRs-142-3p, 146a-5p, 146b-5p, 193a-5p, 365a-3p) 

showed a trend towards decreased median expression across ordered diagnoses from normal 

control to mild cognitive impairment (MCI) to AD (119), suggesting that these miRNAs track with 

disease progression. 

 MiRNAs regulate protein expression via complementary binding to targeted messenger 

RNA (mRNA) sequences. This leads to suppression or degradation of the targeted mRNA 

transcripts (120-122) and subsequently reduced translation of the corresponding protein. As 

miRNAs themselves are also highly regulated, factors that alter their expression can affect 

target mRNA protein translation (122). It is currently unknown how CSF miRNAs may reflect or 

affect brain changes in AD through protein regulation. 

 The purpose of the current study is to utilize these novel candidate miRNA biomarkers to 

uncover potential cellular pathways involved in AD and to examine how the expression of 

proteins in these pathways may be altered in human postmortem AD brains. Using our miRNA 
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target prediction pipeline, we found that a significant number of proteins involved in clathrin 

mediated endocytosis (CME) may be regulated by AD CSF miRNAs, including Intersectin 1 

(ITSN1), Phosphatidylinositol Binding Clathrin Assembly Protein gene (PICALM), and Clathrin 

Light Chain A (CLTA). Many cellular processes rely on CME such as synaptic vesicle recycling, 

uptake of intracellular signals, and regulation of downstream cellular functions such as the 

endolysosomal system (1, 2). Additionally, changes in endocytosis is one of the earliest 

pathologies of AD (123) and CME has been directly implicated in Aβ processing in neurons (72) 

and Aβ clearance in astrocytes (108). 

PICALM is one of the highest genetic risk factors in AD (7, 9) and has been shown to 

have isoform specific changes in ageing and in male AD brains (49, 124). Another study 

reported that in AD there is an increase of the CME proteins Clathrin Heavy Chain, Dynamin 1, 

and Adaptor Protein 2 (AP2) (125). However, prior studies were limited in that they evaluated 

few proteins involved in CME in a small number of only male brains (49, 124, 125). Here, we 

examined, in both males and females, levels of CME hub proteins that have been previously 

implicated in AD: ITSN1 (126, 127), and CLTA (128), PICALM (7, 9), FCH and mu domain 

containing endocytic adaptor 1 (FCHO1) (129), AP2 subunit alpha 1 (AP2A1) (41, 130), and 

Dynamin 2 (DNM2) (131-133). Furthermore, PICALM, ITSN1, and CLTA are predicted targets of 

candidate AD miRNAs. We found that only ITSN1, a scaffolding protein that interacts with all 

CME hub proteins(4), is altered in AD brains compared to age-matched CTLs in an isoform and 

brain region specific manner. Our data suggest that CME dysfunction in AD may not be caused 

by a change in most CME hub proteins, and may be a product of disrupted interactions between 

supporting proteins such as ITSN1. 
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2.3 Methods 

Target Prediction 

We used TargetScan 7.2(134) and miRDB (135, 136) to predict target mRNAs of the top 

five miRNAs that show a trend in decreased median expression in the ordered diagnosis of 

CTL, MCI, and AD (miRs-142-3p, 146a-5p, 146b5p, 365a-3p, 193a-5p) from our previous study 

(116). These algorithms use the miRNA sequence and properties of mRNA sequences to 

predict the likelihood of a miRNA binding to an mRNA (137). To limit number of genes input for 

later pathway analysis, predicted targets were excluded if they had a Cumulative Weighted 

Context Score above –0.3 in TargetScan or a target score of below 60 in miRDB. To increase 

sensitivity and potential for predicting novel targets, we used the union of targets predicted by 

both TargetScan and miRDB (137, 138). The sensitivity, specificity, and precision of this method 

were calculated using validated miRNA-target pairs from miRTarBase, a database of 

experimentally validated miRNA-target interactions (139). The resulting values ranged from 0-1 

with high quality results performing closer to 1 (137, 138). The union of TargetScan and miRDB 

resulted in higher values of sensitivity (0.35), specificity (0.833), and precision (0.98) when 

compared with an intersection (only targets predicted by both algorithms). Pathway analysis of 

the union set of 1214 predicted targets with QIAGEN Ingenuity Pathway Analysis (IPA) revealed 

214 pathways in which the targets are significantly overrepresented. For this analysis we 

excluded cancer cell lines and related tissues to avoid the knowledge bias towards cancer in the 

IPA database.  

 

Human Brain Samples 

This study consisted of post-mortem tissue of 121 donors from the Oregon Brain Bank. All 

patients were aged individuals from the community and had either no known neurological 

disease (CTL) or a clinical history of AD established as previously described (140, 141). After 
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consent was given from the next of kin, brain autopsy was performed on all participants in 

accordance with Oregon Health & Science University IRB guidelines. Tissue was either stored 

unfixed at -80⁰C, or formalin fixed and paraffin embedded.  

 

Immunoblots 

Archived frozen brain tissue was thawed and while thawing white matter and leptomeninges 

were dissected away. 40-60 mg of post-mortem grey matter from AD and CTL frontal cortex 

(FC; AD n=22, CTL n=23) and hippocampus (HP; AD n=34, CTL n=22) was collected and total 

protein extracted by sonication for 25 seconds in lysis buffer (62.5 mM Tris pH 6.8, 2% SDS and 

10% glycerol) followed by centrifugation at 14,000 x g for 10 minutes. The supernatant was 

aliquoted and stored at -80⁰C until used for immunoblot analysis. Before use, protein lysates 

were analyzed for protein content using the Pierce BCA Protein Assay kit (ThermoFisher 

Scientific), loading buffer (50 mM DTT, 0.01% bromophenol blue) added, boiled and cooled 

before protein (50 µg: ITSN1, 40 µg: AP2A1, FCHO1, 20 µg: CLT, DNM2, PICALM) was loaded 

onto precast NuPAGE 3-8% Tris-Acetate gels (Invitrogen) and separated by electrophoresis. 

Protein was then transferred onto polyvinylidene difluoride (PVDF) membranes in transfer buffer 

containing 10% methanol for better transfer of high molecular weight proteins. Before primary 

antibody incubation, membranes were dried overnight at 4⁰C then activated with methanol and 

stained with Revert 700 Total Protein Stain Kit Total protein stain (TPS, LI-COR Biosciences), 

imaged on the Odyssey CLx Imager (LI-COR Biosciences), then destained and blocked with 

Intercept (TBS) Blocking Buffer (LI-COR Biosciences). After blocking, membranes were 

incubated with the specified primary antibodies (Table 2.1) for two hours at room temperature in 

Intercept blocking buffer (LI-COR Biosciences) with 0.2% Tween-20. After washing (4 x 5 min, 

TBS-T, 0.2% Tween-20). Membranes were then incubated with the appropriate IRDye 

secondary antibodies (LI-COR, Table 2.1) in Intercept blocking buffer with 0.2% Tween-20 and 
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0.02% SDS for 1 hour at room temperature. Membranes were washed (4 x 5 min, TBS-T) and 

bands visualized on the Odyssey CLx Imager. For low abundance proteins with high signal to 

noise ratios, such as ITSN1, we used the automated iBind Flex Western System (Thermo 

Fisher), which has been shown to increase sensitivity (142). The intensity of each signal was 

determined with Empiria Studio software version 2.2 (LI-COR Biosciences) using the 

Quantitative western blot function that employs automatic lane detection and background 

subtraction to reduce variability of between gel analyses. Signals were first normalized within 

gels to TPS, and as multiple gels were needed to include all samples, bands were normalized to 

a repeated sample run on every gel to account for between gel variation. 
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Table 2.1. Antibodies Used in This Study. Primary and secondary antibodies used for 

immunoblots (IB) and IHC. 

Antibody 
Host 
Species Dilution Vendor, Product # 

ITSN1 Rabbit 

IB: 1:2500 IHC: 

1:500 

Novus Biologicals, 

NBP1-87806 

CLTA Rabbit 1:2500 

Novus Biologicals,  

NBP2-38638 

DNM2 Rabbit 1:1000 

Novus Biologicals,  

NBP2-47477 

PICALM Rabbit  1:1000 

Atlas Antibodies, 

HPA019053 

FCHO1 Rabbit  1:200 

Invitrogen, 

PA5-31603 

AP2A1 Goat 1:16000 

LSBio,  

LS-B9566 

Aβ Mouse 1:5000 

BioLegend, 

87001 

Tau Mouse  1:5000 

Gift from Dr. Peter Davies 

(143) 

IRDye 800CW Donkey anti-

Rabbit Donkey 1:20000 

LI-COR Biosciences, 

926-32213 

IRDye 680RD Donkey anti-

Mouse Donkey 1:20000 

LI-COR Biosciences, 

926-68072 

Horse Anti-Mouse IgG 

Antibody (H+L), Biotinylated Horse  1:250 

Vector Laboratories, 

BA-2000 

Goat Anti-Mouse IgG Antibody 

(H+L), Biotinylated Goat  1:250 

Vector Laboratories, 

BA-1000 
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Peptide block for ITSN1 antibody specificity 

Hippocampal AD and CTL protein lysate samples were prepared and immunoblot was 

performed as described above. Before applying primary antibody to the membrane, the ITSN1 

antibody was incubated overnight with the peptide used to develop the antibody (Novus 

Biologicals, NBP1-87806PEP). ITSN1 peptide was applied in excess of the primary antibody at 

ratios of 5:1 and 10:1 peptide to antibody. Bands were assessed for presence or absence after 

the peptide block to determine specificity of the antibody.  

 

Immunohistochemistry (IHC)  

Archival formalin fixed paraffin embedded (FFPE) tissue was cut at 7 um and mounted on 

superfrost plus glass slides. Tissue was deparaffinaized and incubated in formic acid for 5 

minutes then citrate buffer (0.2% citric acid in DI water) for 45 minutes in an 80⁰-85⁰C water bath 

for antigen retrieval. After a 15-minute block with milk (3% in PBS), slides were incubated with 

primary antibodies for Tau, Aβ, and ITSN1 (Table 2.1) diluted in TBS-T with BSA overnight at 

4⁰C. After washing, biotinylated-secondary antibodies (Table 2.1) diluted in TBS-T with BSA 

were applied for 1 hour at room temperature. Sections were then washed for 10 minutes in 

methanol and treated with Avidin / Biotin Complex solution (Vectastain ABC Kit, Vector Labs) to 

reduce background staining before DAB (3,3′-Diaminobenzidine) was applied.  

 

Image Acquisition 

All images were taken in brightfield using a Zeiss Axioscan 7 Slidescanner and a Plan-

Apochromat 10X/0.45 M27 objective. Tiles were stitched together and then images compressed 

using the Zeiss JpgXr compression method.  
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Statistical Analysis 

For pathway analysis, IPA performs an overrepresentation analysis using Fishers Exact Test. 

For both the immunoblots and IHC, the experimenter was blinded to participant demographics 

until all data were collected. Immunoblot data were analyzed with GraphPad Prism software 

v10.1.0 (GraphPad Software, Inc., San Diego, CA). For immunoblots all hippocampal samples 

were run together and probed for antibody together, while all FC samples were grouped in the 

same way for each protein. Prior to running the immunoblot gels all protein lysates within each 

brain region were randomized for disease and sex. Immunoblot data are shown as mean protein 

levels ± the standard error of the mean (SEM) normalized to TPS versus experimental groups in 

both the FC and HP: CTL-male (FC n=12; HP n=11), AD-male (FC n=10; HP n=17), CTL-

female (FC n=11; HP n=11), AD-female (FC n=12; HP n=17). Biological replicates are displayed 

as individual symbols on each graph. To assess differences between protein levels in AD and 

CTL groups while considering both males and females we used a two-way ANOVA (disease x 

sex) followed by a Šídák multiple comparisons post hoc test, when appropriate. A p < 0.05 was 

considered to be a significant difference between groups. 

  



 
28 

 

2.4 Results 

AD CSF MiRNAs Predict Relevant Mechanistic Pathways 

To discover potential pathways regulated by the candidate AD miRNA biomarkers, we 

queried TargetScan 7.2 and miRDB with our previously discovered 5 trending AD CSF miRNAs 

(miRs-142-3p, 146a-5p, 146b-5p, 193a-5p, 365a-3p) (116, 118) as shown in Figure 2.1A. This 

resulted in 367 predicted mRNA targets from TargetScan and 1096 predicted targets from 

miRDB. Of these, 249 targets were predicted by both TargetScan and miRDB. The combined 

1214 unique predicted targets were input to IPA to discover which cellular pathways have a 

significant overrepresentation of predicted targets. 353 predicted targets were found to be 

overrepresented in 214 pathways. In the top 50 pathways, several were already known to be 

related to or altered in AD (Figure 2.1B). Notably, CME emerged as a pathway of interest that is 

predicted to be targeted by the AD CSF miRNAs. Table 2.2 lists proteins involved in CME 

whose mRNA are predicted targets of AD CSF miRNAs. We chose several of these to evaluate 

for changes between male and female CTL and AD brain. 
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Figure 2.1. Predicted mRNA Targets of AD MiRNAs are Represented in AD Related 

Pathways. (A) Target prediction pipeline in which five candidate AD miRNA biomarkers were 

analyzed for potential regulated mRNAs using TargetScan 7.2 and miRDB. There were 1214 

predicted mRNAs with a CWCS < -0.3 or a target score > 60 in TargetScan and miRDB, 

respectively. mRNAs predicted by both algorithms are shown in the overlap of the Venn 

diagram. Ingenuity Pathway Analysis (IPA) was used to identify pathways with significant 

overrepresentation of these mRNA targets, which identified 214 significant pathways that 

included 353 mRNA targets. (B) Canonical pathways known to be related to AD that have 

significant overrepresentation of the predicted mRNA targets using a Fishers Exact test in IPA. 

Ingenuity Canonical Pathways  -log(p-value) 

Axonal Guidance Signaling 6.24 

Synaptic Long-Term Potentiation 4.98 

Synaptogenesis Signaling Pathway 4.82 

Neuroinflammation Signaling Pathway 4.79 

ERK/MAPK Signaling 4.19 

Actin Cytoskeleton Signaling 3.38 

Clathrin-mediated Endocytosis Signaling 2.97 
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Table 2.2. Proteins Involved in CME are Targeted by One or More Candidate AD CSF 

MiRNA Biomarkers. The predicted mRNA targets of candidate AD miRNAs that are involved in 

clathrin mediated endocytosis (CME). Target mRNA symbol, miRNAs predicted to regulator the 

target, and target name are shown in alphabetical order. Targets we performed immunoblot on 

are indicated in bold. 

mRNA Target 
Symbol 

MiRNA 
(hsa-miR) mRNA Target Name 

CHP1 365a-3p Calcineurin Like EF-Hand Protein 1 

CLTA 142-3p Clathrin Light Chain A 

CTTN 142-3p Cortactin 

EPN1 142-3p Epsin 1 

FGF1 365a-3p Fibroblast Growth Factor 1 

FGF9 142-3p Fibroblast Growth Factor 9 

HGS 142-3p Hepatocyte Growth Factor-Regulated Tyrosine Kinase Substrate 

HSPA8 365a-3p Heat Shock Protein Family A (Hsp70) Member 8 

ITGB8 142-3p Integrin Subunit Beta 8 

ITSN1 193a-5p Intersectin 1 

NUMB 
146a-5p 

NUMB Endocytic Adaptor Protein 
146b-5p 

PICALM 142-3p Phosphatidylinositol Binding Clathrin Assembly Protein 

PIK3R3 365a-3p Phosphoinositide-3-Kinase Regulatory Subunit 3 

PIK3R6 142-3p Phosphoinositide-3-Kinase Regulatory Subunit 6 

PPP3R1 142-3p Protein Phosphatase 3 Regulatory Subunit B, Alpha 

RAC1 

142-3p 

Rac Family Small GTPase 1 
146a-5p 

146b-5p 

365a-3p 

STAM 142-3p Signal Transducing Adaptor Molecule 

SYNJ1 365a-3p Synaptojanin 1 

VEGFB 193a-5p Vascular Endothelial Growth Factor B 

WASL 142-3p WASP Like Actin Nucleation Promoting Factor 
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Donor Demographics for Post-Mortem Brain Tissues 

Both fresh frozen and FFPE postmortem brain samples from AD and CTL donors were 

obtained from the Oregon Health & Science University Layton Aging and Alzheimer’s disease 

research center. Specific demographics can be found in Tables 2.3 and 2.4. The samples 

included 45 fresh frozen samples from the FC (23 CTL, 22 AD) and 56 samples from the 

hippocampus (22 CTL, 34 AD) for a total of 101 samples used for immunoblot in four groups 

(disease by sex) with n ≥ 10. Disease state of all samples used were confirmed by post-mortem 

assessment with CTLs being Braak stage I/II and AD being Braak V/VI. There was no significant 

difference in the number of males to females and age at time of death between groups. All 

samples had PMI of less than 24 hours but given the constraints in availability of tissue there 

was a significant difference of PMI between male AD and CTL in both the FC (p = 0.02) and HP 

(p = 0.005). FFPE samples were used for IHC and included the FC and matching HP from 40 

cases (20 CTL, 20AD) for a total of 80 samples. CTLs used for IHC were all Braak stage I/II and 

AD were all Braak stage VI. There was no significant difference in number of males to females, 

age at time of death, or PMI between groups. 
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Table 2.3. Participant Demographics for Immunoblots. Sex, mean age ± standard deviation 

(SD), and mean PMI ± SD of participant samples used for immunoblots. The sex, age, and PMI 

were matched across groups to the best of our ability in order to mitigate these factors as 

potential confounds.  

 
FC HP 

CTL AD CTL AD 

Sex 

Female 11 12 11 17 

Male 12 10 11 17 

Total 23 22 22 34 

Age (Mean ± SD) 

Female 70 ± 10 76 ± 6 71 ± 11 74 ± 9 

Male 68 ± 9 76 ± 5 70 ± 10 74 ± 8 

Total 69 ± 9 76 ± 6 70 ± 10 74 ± 8 

PMI (Mean ± SD) 

Female 11 ± 7 14 ± 7 13 ± 8 9 ± 7 

Male 17 ± 6 10 ± 6 19 ± 3 11 ± 7 

Total 14 ± 7 12 ± 7 16 ± 6 10 ± 7 
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Table 2.4. Participant Demographics for Immunohistochemistry. Demographics of the 

paired cases of postmortem FC and hippocampus used for immunohistochemistry. The sex, 

mean age ± standard deviation (SD), and PMI ± SD were matched across groups to the best of 

our ability in order to mitigate these factors as potential confounds. 

 
 CTL AD 

Sex 

Female 10 8 

Male 9 10 

Total 19 18 

Age (Mean ± SD) 

Female 67 ± 5 67 ± 6 

Male 67 ± 5 66 ± 6 

Total 67 ± 5 67 ± 6 

PMI (Mean ± SD) 

Female 26 ± 6 23 ± 7 

Male 28 ± 12 24 ± 14 

Total 27 ± 9 24 ± 11 
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Figure 2.2. ITSN1 Antibody Binding is Confirmed by Peptide Block. (A) Schematic of 

functional domains in ITSN1-L and ITSN1-S indicate the location where other CME proteins 

interact with ITSN1. The red box indicates the region of ITSN1 used as the antigen for the 

ITSN1 antibody and the peptide used in blocking experiment. (B) AD and CTL HP samples were 

used for immunoblots with ITSN1 primary antibody without ITSN1 peptide (0:1) and ITSN1 

primary antibody incubated ITSN1 peptide at 5:1 and 10:1 peptide:antibody ratios. Bands 

corresponding to ITSN1-L (190 kDa) and ITSN1-S (140 kDa) correspond to the expected 

molecular weights of the isoforms. Ladder (L). 

  



 
35 

 

ITSN1 is Decreased in AD FC and HP 

We first investigated ITSN1, as it is the interactor of many hub proteins in CME 

(144).There are two isoforms resulting from alternative splicing (145, 146): a neuronal specific 

long form (ITSN1-L) and a ubiquitous short form (ITSN1-S) (Figure 2.2A). The ITSN1 antibody 

is expected to detect both ITSN1-L (190 kDa) and ITSN1-S (140 kDa) isoforms, which we 

observe in immunoblots using CTL and AD hippocampal protein lysates (peptide:antibody = 0:1, 

Figure 2.2B). We performed a peptide blocking test (Figure 2.2B) to confirm the antibody binds 

to the expected peptide. Before application to immunoblots the ITSN1 primary antibody was 

incubated with an excess of a peptide that corresponds to the amino acids/antigen used 

produce the antibody. In peptide:antibody ratios of 5:1 and 10:1, we do not observe the 

expected bands for ITSN1-L (190 kDa) and ITSN1-S (140 kDa) (Figure 2.2B, red box). This 

indicates that the antibody is indeed binding to the antigen for both ITSN1-L and ITSN1-S. 
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Figure 2.3. ITSN1-L and ITSN1-S are Altered in AD brain. (A) Comparison of ITSN1-L in the 

frontal cortex (FC) of male and female AD and CTL protein lysates. (B) Comparison of ITSN1-L 

and (C) ITSN1-S in the hippocampus of male and female AD and CTL protein lysates. For each 

analysis, all graphs (A, B, C) show protein intensity values normalized to total protein stain 

(TPS) with representative immunoblot bands underneath. Data are represented as mean ± 

SEM. Statistical significance was determined by two-way ANOVA, with post-hoc Šídák multiple 

comparisons tests for analyses with significant group effects. *P<0.05. 

 

 Next, to determine if there is an effect of disease on ITSN1 levels in AD and CTL FC and 

HP, we performed immunoblots with fresh frozen post mortem tissue and evaluated signal 

intensity normalized with TPS (Figure 2.3A). In the FC there was a significant effect of disease 

on ITSN1-L levels (p = 0.021) (Figure 2.3A). Post-hoc multiple comparisons tests showed a 

significant decrease of ITSN1-L in AD males as compared to CTL males (p = 0.049), but no 

difference between AD and CTL females (p = 0.493). FC ITSN1-S signal was very faint and 

quantification attempts resulted in high signal to noise ratios. Thus, ITSN1-S levels were not 
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evaluated in the FC. In the HP, there was a main effect of sex on ITSN1-L levels (p = 0.004) 

and a significant interaction between disease and sex (p = 0.017) (Figure 2.3B). Post-hoc tests 

demonstrated that in AD females there was a significant decrease in ITSN1-L, as compared to 

CTL females (p = 0.033), but no difference between CTL and AD males (p = 0.540). We also 

show that in CTL males ITSN1-L is decreased, as compared to CTL females (p = 0.028). Also in 

the HP, ITSN1-S levels also showed a significant main effect of disease (p = 0008), with 

significant increases in both male (p=0.032) and female (p=0.028) AD versus CTL (Figure 

2.3C). All statistics are shown for the FC in Table 2.5 and HP in Table 2.6.  

  



 
38 

 

Table 2.5. Statistics for Frontal Cortex Immunoblot Results. This table shows the 2-way 

ANOVA results for frontal cortex (FC) immunoblots. Statistically significant results are in bold 

and trends are italicized.  
 

2-way ANOVA Post-Hoc tests 
FC F(DFn, DFd) p-value Šídák's multiple comparisons test 

ITSN1-L  Interaction F (1, 40) = 0.792 P=0.379 Male CTL-AD P=0.049 
Sex F (1, 40) = 3.718 P=0.061 
Diagnosis F (1, 40) = 5.820 P=0.021 Female CTL-AD P=0.493 

CLTa Interaction F (1, 41) = 2.654 P=0.111 CTL Male-Female P=0.024 
Sex F (1, 41) = 4.201 P=0.047 
Diagnosis F (1, 41) = 1.684 P=0.202 AD Male-Female P=0.947 

CLTb Interaction F (1, 41) = 0.3835 P=0.539 CTL Male-Female P=0.066 
Sex F (1, 41) = 6.012 P=0.019 
Diagnosis F (1, 41) = 2.439 P=0.126 AD Male-Female P=0.373 

PICALM 
isoforms 

1,2 

Interaction F (1, 41) = 0.829 P=0.368 _ _ 
Sex F (1, 41) = 1.185 P=0.283 
Diagnosis F (1, 41) = 0.372 P=0.545 

PICALM 
isoform 4 

Interaction F (1, 39) = 2.589 P=0.116 _ _ 
Sex F (1, 39) = 0.0002 P=0.989 
Diagnosis F (1, 39) = 2.232 P=0.143 

AP2A1 Interaction F (1, 40) = 1.177 P=0.284 _ _ 
Sex F (1, 40) = 0.802 P=0.376 
Diagnosis F (1, 40) = 0.802 P=0.376 

FCHO1 Interaction F (1, 50) = 0.085 P=0.772 _ _ 
Sex F (1, 50) = 0.022 P=0.883 
Diagnosis F (1, 50) = 1.487 P=0.229 

DNM2 Interaction F (1, 52) = 
0.08036 

P=0.778 _ _ 

Sex F (1, 52) = 1.089 P=0.302 
Diagnosis F (1, 52) = 1.239 P=0.271 
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Table 2.6. Statistics for Hippocampus Immunoblot Results. This table shows the 2-way 

ANOVA results for hippocampal immunoblots. Statistically significant results are in bold and 

trends are italicized. 
 

2-way ANOVA Post-Hoc tests 
HP F(DFn, DFd) p-value Šídák multiple comparisons test 

ITSN1-L  Interaction F (1, 53) = 6.1 P=0.017 Male CTL-AD P=0.540 
Sex F (1, 53) = 9.0 P=0.004 Female CTL-AD P=0.033 
Diagnosis F (1, 53) = 1.2 P=0.287 CTL Male-Female P=0.002 

AD Male-Female P=0.897 
ITSN1-S  Interaction F (1, 52) = 0.002 P=0.966 Male CTL-AD P=0.020 

Sex F (1, 52) = 0.198 P=0.658 
Diagnosis F (1, 52) = 12.65 P=0.0008 Female CTL-AD P=0.028 

CLTa Interaction F (1, 52) = 1.826 P=0.183 _ _ 
Sex F (1, 52) = 2.352 P=0.131 
Diagnosis F (1, 52) = 0.01390 P=0.907 

CLTb Interaction F (1, 52) = 1.516 P=0.224 _ _ 
Sex F (1, 52) = 3.422 P=0.070 
Diagnosis F (1, 52) = 0.1746 P=0.678 

PICALM 
isoforms 

1,2 

Interaction F (1, 52) = 1.825 P=0.183 _ _ 
Sex F (1, 52) = 1.517 P=0.224 
Diagnosis F (1, 52) = 0.1412 P=0.709 

PICALM 
isoform 

4 

Interaction F (1, 52) = 3.981 P=0.051 _ _ 
Sex F (1, 52) = 1.496 P=0.227 
Diagnosis F (1, 52) = 0.5529 P=0.461 

AP2A1 Interaction F (1, 51) = 0.6190 P=0.435 _ _ 
Sex F (1, 51) = 1.999 P=0.163 
Diagnosis F (1, 51) = 0.1116 P=0.740 

FCHO1 Interaction F (1, 50) = 0.08526 P=0.772 _ _ 
Sex F (1, 50) = 0.02193 P=0.883 
Diagnosis F (1, 50) = 1.487 P=0.229 

DNM2 Interaction F (1, 41) = 0.06373 P=0.802 _ _ 
Sex F (1, 41) = 0.08897 P=0.767 
Diagnosis F (1, 41) = 0.2218 P=0.640 
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ITSN1 is Associated with Tau Pathology in Human AD Brain 

To determine if ITSN1 is associated with AD pathology, we performed IHC on 20 AD and 

20 CTL samples, including males and females, with matching FC and HP sections. There was 

no appreciable difference between male and female staining patterns so representative images 

are from male AD and CTL cases. AD cases showed expected Aβ plaques (Figure 2.4A) and 

Tau tangles (Figure 2.4B) which are not present in CTL brains (Figure 2.4C, D). There is 

ITSN1 staining that appears in AD cases, but not in CTL (Figure 2.5). The staining ranges from 

subtle cytoplasmic staining (arrow heads, Figure 2.5A, B) and tangle-like structures (Figure 

2.5C, D) in both the HP and FC. In general, most neurons do not show ITSN1 staining in AD, 

and in all cases ITSN1 is less abundant than Tauopathy in adjacent sections (Figure 2.4B, D).  

 

 

Figure 2.4. Aβ and Tau are Present in AD Hippocampus. Representative brightfield images 

of Aβ (A, C) and Tau (B, D) immunohistochemistry in the CA1 subregion of AD (A, B) and CTL 

(C, D) hippocampus. Scale bars = 50 µm. 
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Figure 2.5. ITSN1 is Present in Neurons and Tangle-like Structures in AD Brains. 

Representative brightfield images of ITSN1 IHC in AD and CTL hippocampus (CA1 subregion; 

A, C, E) and frontal cortex (FC; B, D, F). Arrows indicate staining present in AD cases but not in 

CTL. Scale bars = 50 µm. 
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Clathrin Light Chain A and B are Not Altered by AD in the Human Brain 

Composed of three heavy chains and three light chains, Clathrin is a protein heavily 

involved in CME and cellular trafficking (4). ITSN1 interacts with clathrin heavy chain (CHC) and 

both paralogs of clathrin light chain (CLC), CLCA and CLCB which result from two separate 

genes CLTA and CLTB (147). Thus, we evaluated levels of CLCA in AD and CTL FC and HP by 

immunoblot. In the FC, there was no effect of disease, but a significant sex effect (p = 0.047) on 

CLCA with increased levels in CTL males versus CTL females (p = 0.024), but no difference 

between AD males and females (Figure 2.6A). For CLCB there was also a significant sex effect 

(p = 0.019) but no disease or interaction effects. Post-hoc tests did not reveal significant 

differences between CLCB in CTL male and females but levels did trend down in females (p = 

0.066) (Figure 2.6B). In the HP, there were no significant differences CLCA levels (Figure 

2.6C) or CLCB (Figure 2.6D). All statistics are shown for the FC in Table 2.5 and HP in Table 

2.6. 
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Figure 2.6. Clathrin Light Chain Shows No Change In AD, But a Sex-Difference in CTL 

Cortex. Comparison of Clathrin Light Chain A (CLTA) and Clathrin Light Chain B (CLTB) 

between males and females in AD and CTL frontal cortex (FC) and hippocampus (HP). For 

each analysis, all graphs (A, B, C, D) show protein intensity values normalized to total protein 

stain (TPS) with representative immunoblot bands underneath. Data are represented as mean ± 

SEM. Statistical significance was determined by two-way ANOVA, with post-hoc Šídák multiple 

comparisons tests for analyses with significant group effects. *P<0.05 
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Other CME Proteins are Not Altered by AD in the Human Brain 

We examined other proteins also involved in the CME pathway, which were predicted targets of 

the AD miRNAs, interactors with ITSN1 (144), and/or already known to be related to AD (41, 

126-130, 133) (Table 2.2). Thus, we examined phosphatidylinositol binding clathrin assembly 

protein (PICALM), FCH domain only 1 (FCHO1), adaptor-related protein complex 2, alpha 1 

subunit (AP2A1), dynamin 2 (DNM2) in the FC and HP by immunoblot. Previously, PICALM was 

shown to have differences in AD between isoforms (124, 125, 148), so we evaluated the effect 

of AD on both isoforms 1,2 (65-75kDa), and isoform 4 (50 kDa). In our sample cohort, PICALM 

isoforms 1,2 showed no significant effect of disease, sex, or an interaction in either the FC 

(Figure 2.7A) or HP (Figure 2.8A). Likewise, evaluation of PICALM isoform 4 showed no 

significant effect of disease, sex, or an interaction in the FC (Figure 2.7B), but in the HP there 

was a trending disease by sex interaction (p = 0.051, Figure 2.8B) with a potential increase in 

male AD and decrease in female AD compared to same sex CTLs. FCHO1, AP2A1, and DNM2 

levels were not significantly affected by disease, sex, or their interaction in the FC (Figure 2.7C-

E) or HP (Figure 2.8C-E). All statistics are shown for the FC in Table 2.5 and HP in Table 2.6. 
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Figure 2.7. Other CME Proteins Are Not Changed in AD Frontal Cortex. Comparison of 

proteins involved in CME between males and females in AD and CTL frontal cortex (FC). 

Proteins examined include PICALM isoforms 1,2 (A) and isoform 4 (B), FCHO1 (C), AP2A1 (D), 

and DNM2 (E). For each analysis, all graphs show protein intensity values normalized to total 

protein stain (TPS) with representative immunoblot bands underneath. Data are represented as 

mean ± SEM. Statistical significance was determined by two-way ANOVA, with post-hoc Šídák 

multiple comparisons tests for analyses with significant group effects. *P<0.05 

Frontal Cortex 
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Figure 2.8. Other CME Proteins Are Not Changed in AD Hippocampus. Comparison of 

proteins involved in CME between males and females in AD and CTL hippocampus. Proteins 

examined include PICALM isoforms 1,2 (A) and isoform 4 (B), FCHO1 (C), AP2A1 (D), and 

DNM2 (E). For each analysis, all graphs show protein intensity values normalized to total 

protein stain (TPS) with representative immunoblot bands underneath. Data are represented as 

mean ± SEM. Statistical significance was determined by two-way ANOVA, with post-hoc Šídák 

multiple comparisons tests for analyses with significant group effects. *P<0.05 
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2.5 Discussion 

The goal of this study was to use candidate AD miRNA biomarkers to discover and 

evaluate potential pathways contributing to AD mechanisms. We found that CME may be 

regulated by the candidate miRNAs and examined several CME hub proteins based on their 

existing association with AD, their potential to be regulated by the AD CSF candidate 

biomarkers, and how essential they are in the pathway. Our study is the first to perform a 

comprehensive evaluation of major CME hub proteins in the same cohort of samples and 

multiple brain regions. By immunoblot, protein levels of the scaffolding protein ITSN1 showed 

isoform and brain region specific differences between AD and CTL brains. However, there were 

no appreciable differences between AD and CTL in the other CME proteins assessed herein. 

 CME is a ubiquitous process by which cells internalize material from the cell surface 

and mediates many cellular functions (1, 2). As such, disruption of CME function is associated 

with many diseases (4, 8). In AD, genetic links have been made to AP-2 and PICALM (7, 9) and 

many proteins involved in CME have reported changes at the RNA and protein level (40-44) 

over a wide variety of brain regions. There are many cellular functions known to be disrupted in 

AD that are downstream of CME or use CME machinery. For example, one of the earliest 

pathologies specific to sporadic AD is the enlargement of early endosomes in pyramidal cells 

(25, 26). This in turn results in endolysosomal disruption and various neuropathological 

outcomes such as Aβ1-42 over production and clearance deficits as well as dystrophic neurites 

(22-24). Increased size and/or number of endosomes correlates with increased endocytosis (34) 

and suggests that CME changes may contribute to downstream endolysosomal changes in AD. 

Synapse dysfunction is another well characterized neuronal phenotype in AD (56) which 

correlates with cognitive impairment and leads to severe synaptic loss in early stages of disease 

(53, 149). One facet of synapse dysfunction in AD is the reduction of pre-synaptic vesicle 

recycling, which normally relies on CME to maintain a readily available pool of vesicles for fast 
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transmission (58, 59, 73). Blocking CME significantly reduces vesicle recycling in pre-synaptic 

terminals (1). Post-synaptic CME may contribute to AMPA receptor trafficking which contributes 

to cognitive function (63-66). This together suggests that alterations of CME could contribute to 

both pre- and post-synaptic dysfunction in AD. 

ITSN1 is a scaffolding protein (150) and both the neuronal specific, ITSN1-L, and 

ubiquitous, ITSN1-S, isoforms are highly involved in CME and can interact with many essential 

proteins (151, 152). ITSN1-L has an additional role in actin-cytoskeletal dynamics due to its 

additional functional domains (153, 154). There is evidence that both overexpression (155, 156) 

and under-expression (157, 158) reduce CME, indicating that any alteration in ITSN1 levels is 

disruptive to CME function. Interestingly, total knock out of ITSN1-L in mice results in learning 

and memory deficits (159) and ITSN1 total knock out results in deficits of neurotransmission 

(160, 161). Thus far, few studies have evaluated ITSN1 in the context of AD. At the RNA level, 

ITSN1-S was the most significantly upregulated gene in AD FC, but ITSN1-L showed no 

expression changes (126). Another transcriptomic study found ITSN1 significantly upregulated 

in AD temporal cortex with increasing neurofibrillary tangle pathology (162) though specific 

isoform was not specified. The only study to evaluated ITSN1 protein levels in AD brains found 

no difference in frontal or temporal cortex compared to CTL in either isoform (127). 

 Our study revealed that protein levels of ITSN1-L were decreased in the FC of AD 

males compared to CTL males but not changed between female CTL and AD brains. Our data 

may differ from the previous protein study due to differences in male to female ratios of the AD 

and CTL groups (127). The prior study had more female CTL cases than males and more male 

AD cases than females. In males, the decrease of ITSN1-L we report could be masked because 

of the comparison of female prominent CTL cases to male prominent AD cases. It is interesting 

though that ITSN1-L RNA was not previously found to be changed in the FC (126). This 

suggests a potential post-translational regulation of ITSN1-L, for example, regulation by 
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miRNAs. As our AD miRNA candidates have ordered changes over disease progression (116), 

and ITSN mRNA was found to increase with an increased tangle burden (162), it may be 

interesting to evaluate ITSN1 levels over disease progression. This study was not designed to 

evaluate whether ITSN1-L expression levels correlate with disease progression so future 

studies that include MCI groups would be valuable to answer this question. 

In the HP, ITSN1-L protein changed differently in females and males. In AD females 

compared to CTL females, we observed an decrease in ITSN1-L but no changes between male 

CTL and AD. There was also a significant increase in ITSN1-L in CTL females compared with 

CTL males, but not between AD males and females. Increased ITSN1-L in CTL females is 

particularly interesting given that females are more likely to develop AD (50, 51) and that in the 

HP we demonstrate a decrease in ITSN1 in AD females, but no change in males. Additionally, 

females with MCI and AD show faster hippocampal deterioration and connectivity changes (163, 

164), and in rodent models females can exhibit less learning and cognition compared to males 

(165). The decrease in ITSN1-L we observe in AD female HP could be connected to their 

increased vulnerability to neurodegeneration. Future studies should continue to include both 

sexes to evaluate whether ITSN1-L is specifically related to these sex differences. 

In the FC, ITSN1-S was not observable at a high enough level to measure accurately. 

This suggests a brain region specific function of ITSN1-S and highlights the importance of brain 

region specific studies. In the HP, we observed a significant increase in ITSN1-S in both male 

and female AD brains. The directional difference between ITSN1-L and ITSN1-S changes in the 

HP could be due to the additional functions of ITSN1-L in actin cytoskeletal dynamics (153, 

154). 

To our knowledge, this is the first evaluation of ITSN1 staining pattern in the human 

brain by IHC. In both AD and CTL HP and FC this revealed complex differences from our 

immunoblot data. While there was staining present in AD brains that was not in CTL brains, it 
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ranged from subtle cytoplasmic staining, to intense staining of what appeared as neuronal 

intracytoplasmic structures. It should be noted that the antibody used detects both isoforms and 

so we cannot distinguish between ITSN1-L and -S and whether one signature of staining is 

specific to one isoform. Taking this into consideration, the staining does seem to be neuronal 

specific which could mean that ITSN1-L and -S are both changing in neurons in different 

directions and thus we again cannot appreciate whether their individual differences are being 

masked. Additionally, not all neurons exhibited staining and ITSN1 abundance seemed to be 

less than Tauopathy. Immunofluorescent co-staining with ITSN1 isoform specific antibodies and 

Tau would illuminate potential differences. However, due to technical challenges resulting from 

the use of archival tissue, we were not able to include immunofluorescence in this study. 

 Of the other CME proteins we evaluated, DNM2 (131, 132), AP2A1 (41), CLCA (128), 

and PICALM (124, 125, 148) have been shown to exhibit various protein, RNA, or localization 

changes associated with AD. While we observed no changes by immunoblot in any of these 

proteins, our study differed from many of these in several ways. DNM2 is a susceptibility gene 

for AD (131) and its mRNA decreases in AD temporal cortex but has otherwise not been studied 

at the protein level (132, 166). Our finding that DNM2 protein levels do not change in AD could 

be masking a region or cell type specific localization change, though as of yet DNM2 has not 

been evaluated by IHC in the human brain. AP-2 was previously found to be decreased only in 

layer II of the superior frontal gyrus by IHC (41) while a separate study showed localization with 

Tau pathology in the temporal cortex and a decreased level by immunoblot in AD amygdala 

(130). CLTA localization is altered in the AD HP depending on which domain the antibody used 

was targeting (128). Our studies of AP2A1 and CLTA did not evaluate staining by IHC and its 

possible that these proteins have different localization in AD but no difference in gross levels. 

Additionally, our AP2A1 immunoblots examined the HP not the amygdala, and as we see with 

ITSN1, and brain region is an important factor to consider. FCHO1 is essential to the initiation of 
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CME (4) but has only tenuously been linked to AD as a potential genetic variant (129), thus our 

study is the first to examine it in the context of AD. 

 Of particular interest, our analysis of PICALM levels does not recapitulate previous 

studies, which show PICALM isoform 4 as both increased (148) or decreased (124, 125) in AD 

depending on if the soluble or insoluble protein fraction was extracted. As our sample 

preparation protocol captures both soluble and insoluble protein fractions, we may not capture 

the difference in PICALM levels seen previously in each fraction. However, the prior studies 

used primarily male AD brains due to the challenges of sample access. Our inclusion of both 

males and females allowed us to observe a trending interaction between sex and disease on 

PICALM isoform 4 levels (p = 0.051) in the HP with a potential increase in male AD and 

decrease in female AD compared to same sex CTLs. This points to a potential difference in how 

PICALM isoform 4 levels may change differently in AD between males and females. 

In summary, we show that ITSN1-L and -S are both changed in AD brains and could be 

involved in AD pathogenesis. Additionally, ITSN1 staining seems to be associated with Tau 

pathology in AD brains. The change of only ITSN1 and no other CME proteins could indicate 

that other functions of ITSN1, such as actin-cytoskeletal dynamics, but not CME are altered in 

AD. Alternatively, since ITSN1 is an important scaffolding protein in CME and any disruption is 

detrimental to the proper function of the pathway, it is possible that changes in ITSN1 alone are 

enough to disrupt CME. Further studies are required to tease apart the nuanced differences in 

AD brain changes between ITSN1 isoforms, how they may contribute differently to AD 

pathogenesis, and which of their functions are involved, CME or otherwise. 
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Chapter 3. ITSN1-L Changes Transiently Over Disease 

Progression in the 5xFAD Model. 

 

3.1 Abstract 

Intersectin 1 (ITSN1) has two isoforms, long (-L) and short (-S) that have similar functions as 

scaffolding proteins in clathrin mediated endocytosis. ITSN1-L is additionally important for 

synaptic plasticity and learning and memory, all of which are implicated in Alzheimer’s disease 

(AD). Both ITSN1-L and ITSN1-S change in AD brains at the RNA and protein level in the 

frontal cortex and hippocampus (HP). It is unknown which specific functions of each ITSN1 

isoform are affected by these changes and how they may contribute to AD pathogenesis. We 

evaluated ITSN1-L levels in cortex (CTX) and HP of the 5xFAD mouse model a different 

timepoints during disease progression by immunoblot (n = 5-8 per group) and 

immunohistochemistry (IHC, n = 3 per group) in both males and females. At 3 months, female 

5xFAD exhibited an increase of ITSN1-L in CTX and at 6 months male 5xFAD showed a 

decrease in HP. Immunofluorescent staining at 6 months revealed ITSN1-L loss in the male 

5xFAD dentate gyrus (DG) and CA1. Additionally, immunofluorescent staining of 5xFAD primary 

HP neurons over 28 days in vitro (DIV) showed an increase of ITSN1-L in matured 5xFAD 

neurons at 21 and 28 DIV. Our data suggest that ITSN1-L changes transiently over disease 

progression in the 5xFAD model, with levels increasing in CTX during early Aβ accumulation 

and decreasing in HP during later progression, specifically in areas important for synaptic 

plasticity. 
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3.2 Introduction 

As Alzheimer’s disease (AD) is the most common form of dementia, much research has 

been put into discovering disease mechanisms and developing disease modifying treatments. 

The hallmark pathologies of AD, amyloid beta (Aβ) plaques and neurofibrillary Tau protein 

tangles (12, 167), have long been targeted for therapeutic development, but as of yet no 

treatments have been successful (168) . To further our understanding of AD and recapitulate 

facets of its pathologies and cellular dysfunction, different animal models have been developed 

which introduce human genes, such as amyloid precursor protein (APP) and Presenilin1 

(PSEN1) that contain mutations found in some AD populations (23, 31-33). By utilizing these 

transgenic animal models, potential disease mechanisms can be studied more extensively in 

vivo. Each mutation introduced causes gene associated AD pathology (169) and related 

disruptions such as APP internalization and pathogenic processing of Aβ, synaptic plasticity 

dysfunction, neuron loss, and deficits in learning and memory which develop as the mice age 

(47, 48, 170, 171). Importantly, no single mouse model develops pathology and cognitive 

symptoms that exactly recapitulate AD in humans. When further investigating a change initially 

observed in humans, it is important to choose a model carefully and first evaluate whether the 

same change can be found. 

 We and others (126, 162) have previously observed a difference in intersectin-1 (ITSN1) 

in human AD brains, which showed an isoform and brain region specific change (see Chapter 

2). ITSN1 has two distinct isoforms resulting from alternative splicing (172), ITSN1-long (-L) 

which is neuronal specific and ITSN1-short (-S) which is ubiquitous (145). ITSN1-L and -S both 

act as essential scaffolding proteins in clathrin mediated endocytosis (CME) which bring 

together proteins at each step of the pathway (150). Both an increase or a decrease in ITSN1 

has been shown to reduce CME (155, 157, 173) suggesting ITSN1 is tightly regulated. 

Importantly, APP is internalized via CME and in AD processed into toxic Aβ (20, 68, 72). 
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Inhibition of CME both reduces internalization of APP (72) and prevents Aβ induced axon 

damage (79). ITSN1-L has several additional neuronal specific functions (174, 175). These 

include dendritic spine development (79, 154), fast neurotransmission (161, 176), synaptic 

plasticity through reelin (177) and mitogenic signaling pathways (159, 178). 

 

Figure 3.1. 5xFAD Mice Develop Amyloid Pathology and Cognitive Deficits Over Time. 

Timeline of 5xFAD mouse pathology and behavioral effects over 12 months. Amyloid plaques 

and gliosis appear at 2 months, synaptic loss and cognitive impairment between 4 and 6 

months, then after 6 months changes in synaptic transmission (long-term potentiation (LTP) and 

long-term depression (LTD)) and neuron loss. 

 

The goal of this study is to evaluate whether ITSN1 is changed the 5xFAD mouse cortex 

(CTX) and hippocampus (HP) and to determine if this model can be used to further study ITSN1 

and CME mechanisms in the context of AD. 5xFAD mice have human APP and PSEN1 

transgenes with 5 AD-linked mutations between them (48). As they age, they develop Aβ 

pathology and many cognitive symptoms associated with AD which have been extensively 

studied (179-181). Briefly, as shown in Figure 1, Aβ plaques and increased glial activity begins 

at 2 months, by 6 months there is significant synaptic loss and cognitive impairment and by 8 

months neuronal loss impacts processes involved in memory. Here we examined protein levels 

and cellular distribution of ITSN1-L in 5xFAD and WT littermate controls in the CTX and HP, at 
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1, 3, and 6 months. We found that ITSN1-L in 5xFAD mice increases early in disease in the 

CTX and decreases in later disease in the HP. This, and our finding that ITSN1-L increases in 

5xFAD primary hippocampal neurons, illustrates the potential for ITSN1-L to be compensatory 

as Aβ pathology develops in the CTX and in the HP ITSN1-L loss could become detrimental. 

Further, these differences in ITSN1-L between brain region and disease stage point to the 

potential of ITSN1-L changes to affect multiple mechanisms in AD. 
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3.3 Methods 

Animals 

All animal experiments were approved by the OHSU Institutional Animal Care and Use 

Committee (TR01_IP00000040) and were conducted in compliance with relevant ethical 

regulations for animal research. The 5xFAD mice were obtained from JAX (The Jackson 

Laboratory, #034840-JAX). These mice contain three familial AD mutations in humanized APP 

(K670N/M671L, 1716V, V717I) and two familial AD mutations in humanized PSEN1 (M146L, 

L286V). Male 5xFAD hemizygous were crossed with female B6SJLF1/J (JAX Strain #:100012). 

Animals were housed in standard conditions of temperature, light, and enrichment, and provided 

food and water ad libitum. After genotyping and weaning at 21 days, mice were social housed 

with littermates and aged until the correct timepoint reached. Some male mice developed 

aggression after 4 months of age and were subsequently housed individually.  

 

Genotyping 

For genotyping, primers that detect the mutant and wild-type (WT) APP amplicon (Forward: 5’-

ACCCCCATGTCAGAGTTCCT-3’, mutant reverse: 5’-CGGGCCTCTTCGCTATTAC-3’, and WT 

reverse: 5’-TATACAACCTTGGGGGATGG-3’) were used to determine presence of the 

transgenes. DNA extraction and PCR on tail snips (collected from weanlings or embryos) was 

performed with the REDExtract-N-Amp Tissue PCR Kit (Sigma Aldrich) and bands resolved on 

an agarose gel. The PCR thermal cycling protocol used is as follows: initial denaturation (94ºC, 

3 minutes, 1 cycle), denaturation (94ºC, 30 seconds), then 10 1 minute cycles starting at 65 ºC 

and decreasing by 0.5ºC each cycle (65ºC to 61ºC) followed by 28 1 minute cycles at 60ºC.  
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Tissue Collection 

Mice were euthanized at 1, 3, 6, and 8 months via CO2 inhalation, followed by cervical 

dislocation. Brains were removed and hemispheres separated along the midline. The left 

hemisphere was dissected to collect the hippocampus and cortex, which were frozen on dry ice 

and stored at -80ºC until immunoblot analysis. The right hemisphere was immersed and fixed in 

4% paraformaldehyde (PFA) overnight then transferred to 30% sucrose in PBS for two days, all 

at 4ºC. The right hemisphere was then frozen over dry ice and sectioned coronally at 30 μm 

using a cryostat (Cryostar NX50, Epredia). Serial sections were collected into 12-well plates 

containing cryoprotectant (30% sucrose in PBS) and stored at -20ºC for subsequent free-

floating tissue staining.  

 

Primary Neuronal Cultures 

Primary hippocampal neurons were collected, frozen as in (182), and grown in sandwich culture 

with glia as in (183) to enable lower density culture. Briefly, E15 embryos were collected from 

timed pregnant 5xFAD hemizygous mice and the hippocampus dissected from the brain. To 

determine the embryo genotypes, PCR with embryo tails was run simultaneously with 

dissection. After genotypes were confirmed, hippocampi of each genotype were pooled and 

incubated in 0.25% trypsin at 37ºC for 115 minutes. Cells were then gently homogenized with a 

flame polished glass pipet into single cell suspension and counted. 500,000 cells were then 

added to cryovials containing freezing media (80% Fetal bovine serum, 20% DMSO), frozen 

and stored in liquid nitrogen.  

 To prepare sandwich culture, 18mm round coverslips were cleaned in 70% nitric acid for 

48 hours, sterilized by glass autoclave, and then had wax feet applied. They were then coated 

with 1mg/mL poly-l-lysine on the same side as the wax feet overnight at room temperature and 

washed with PBS the next day. One week ahead of neuronal plating, 50,000 mouse neural stem 
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cells were seeded into Primaria 60 mm cell culture dishes (Corning, 353802) in differentiation 

media (10% fetal bovine serum, 10% 10X N2 supplement (183), 100U/mL penicillin-

streptomycin) and new media added every other day, these become glial feeder cells. 24 hours 

before neuronal plating, glial feeder medium is replaced with neuronal media (B27 Plus 

Neuronal culture system, Thermo Fisher). 

 Frozen neurons were thawed gently in a 37ºC water bath for 2 minutes. In a separate 

60mm dish from glial feeders, neurons were plated at 150,000 cells/dish on the prepared side of 

the coverslips in neuronal plating media (0.6% wt/vol D-Glucose, 10 % fetal bovine serum in 

minimum essential medium). After 3-4 hours, neurons have attached and coverslips were 

flipped into dishes with glial feeder cells. The neurons grow on the underside of the coverslip 

held above the glial cells by wax feet, enabling trophic support from the glia. Once established, 

cultures were fed with neuronal medium once per week and coverslips collected and fixed with 

10% neutral buffered formalin for 30 minutes at room temperature at 7, 14, 21, and 28 days in 

vitro (DIV). Coverslips were dehydrated in a gradient of ethanol (50% to 70% to 100%, 1 minute 

each) and stored in 100% EtOH at -20ºC until stained. For each time-point, n=2-3 separate 

primary culture preparations were used with three coverslips collected from each culture 

preparation at each timepoint for a total n=30-50 neurons. Within each time-point all coverslips 

were stained together for analysis. 

 

ITSN1 Immunoblots 

Fresh frozen tissue, collected as described above, was thawed and incubated in RIPA lysis 

buffer (Thermo Fisher) with Halt protease/phosphatase inhibitor (Thermo Fisher). Tissue was 

homogenized with a handheld mechanical pestle (Fisher Scientific) for 10 seconds and then 

digested in the RIPA buffer for 30 minutes, then vortexed once more halfway through the 

digestion. After protein extraction, samples were centrifuged at 12,000 x g for 20 minutes at 
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4ºC. Supernatant was collected and aliquoted for BCA analysis (Pierce BCA Protein Assay kit, 

ThermoFisher Scientific) and immunoblot. Laemmli running buffer was added to samples, which 

were then boiled, cooled, and stored at -80ºCuntil 10 µg of protein was loaded onto pre-cast 

Nupage 3-8% Tris-Acetate gels (Invitrogen) and separated by electrophoresis. Protein was then 

transferred onto polyvinylidene difluoride (PVDF) membranes in transfer buffer containing 10% 

methanol for better transfer of high molecular weight proteins. Before primary antibody 

incubation, membranes were dried overnight at 4⁰C then activated with methanol and stained 

with Revert 700 Total Protein Stain Kit Total protein stain (TPS, LI-COR Biosciences), imaged 

on the Odyssey CLx Imager (LI-COR Biosciences), then destained and blocked with Intercept 

(TBS) Blocking Buffer (LI-COR Biosciences). After blocking, membranes were incubated with 

ITSN1 primary antibody (1:2500, Novus Biologicals) for two hours at room temperature in 

Intercept blocking buffer (LI-COR Biosciences) with 0.2% Tween-20. After washing (4 x 5 min, 

TBS-T, 0.2% Tween-20). Membranes were then incubated with IRDye 800CW Donkey anti-

Rabbit (1:20,000, LI-COR Biosciences) in Intercept blocking buffer with 0.2% Tween-20 and 

0.02% SDS for 1 hour at room temperature. Membranes were washed (4 x 5 min, TBS-T) and 

bands visualized on the Odyssey CLx Imager. The intensity of each signal was determined with 

Empiria Studio software version 2.2 (LI-COR Biosciences) using the Quantitative western blot 

function that employs automatic lane detection and background subtraction to reduce variability 

of between gel analyses. Signals were first normalized within gels to TPS, and as multiple gels 

were needed to include all samples, bands were normalized to a repeated sample run on every 

gel to account for between gel variation. 

 

Brain and Primary Neuron Immunofluorescence Staining 

Tissue sections were removed from cryoprotectant and washed three times in PBS then 

blocked with 10% normal goat serum in PBS for two hours at room temperature. Rabbit anti-
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ITSN1 (1:500, Novus Biologicals) and rat anti-alpha tubulin (1:500, Thermo Fisher) primary 

antibodies were applied overnight at 4ºC in 10% normal goat serum. After washing in PBS, 

Alexa Fluor 488 Goat anti-Rabbit IgG (1:500) and Alexa Fluor 647 Goat anti-Rat IgG (1:1,000, 

Thermo Fisher) secondary antibodies in 10% normal goal serum were incubated for two hours 

at room temperature and counterstained with DAPI. Sections were then mounted onto slides 

and dried before applying coverglass with ProLong Gold antifade mountant (Thermo Fisher). 

 Fixed primary hippocampal neurons were rehydrated by incubation for 1 minute each in 

70% ethanol, 50% ethanol, and then PBS. They were then permeabilized in PBS-T (0.1% 

Tween-20) for 10 minutes at room temperature then blocked for 30 minutes. Rabbit anti-ITSN1 

(1:500, Novus Biological) and chicken anti-MAP2 (1:10,000, Thermo Fisher Scientific) primary 

antibodies were applied overnight at 4ºC. After washing with PBS, Alexa Fluor 647 Donkey anti-

Chicken IgY (1:500, Thermo Fisher) and Alexa Fluor 488 Donkey anti-Rabbit IgG (1:500, 

Thermo Fisher) secondary antibodies were incubated for 1 hour at room temperature and 

counterstained with (4′,6-diamidino-2-phenylindole) DAPI. Blocking, primary, and secondary 

antibody incubation were all in 3% bovine serum albumin. Coverslips were mounted on glass 

slides with ProLong Gold antifade mountant (Thermo Fisher). 

 

Brain and Primary Neuron Image Acquisition & Analysis 

Stained mouse hemispheres, 3 animals from each group (timepoint x sex) and 4 sections per 

animal, were fluorescently imaged over multiple z planes via Zeiss Axioscan 7 Slidescanner and 

a Plan-Apochromat 10X/0.45 M27 objective. Images were stitched together and max projections 

created for comparison of staining across groups. All images within each time-point are 

displayed with the same settings. 

 Primary hippocampal neurons were imaged using confocal laser scanning microscopy 

using an LSM 900 Axio Observer.Z1/7 (Zeiss) inverted microscope equipped with a Plan-
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Apochromat 63x/1.40 NA oil immersion objective, 1.00 Airy Units/56 µm pinhole for each 

channel. 5-10 cells were imaged in three dimensions from each coverslip for total n = 30-50 

neurons for each genotype at each timepoint. For analysis, maximum projections of each image 

were created from 5 z steps around the focus plane with sharpest signal. Signal intensities of 

maximum projections were collected using the Intellesis automated segmentation package in 

Zeiss ZEN 3.6. Intellesis segmentation is a machine learning segmentation tool in which a 

model is trained to segment image objects in complex images such as neurons. We trained the 

program to segment neurons based on microtubule associated protein 2 (MAP2) signal and 

collected the signal intensity of the ITSN1 staining within the MAP2 segmentation to analyze. 

 

Statistical Analysis 

Data were analyzed with GraphPad Prism software v10.1.0 (GraphPad Software, Inc., San 

Diego, CA). Immunoblot data are shown as mean ± standard error of the mean (SEM) of ITSN1 

protein levels normalized to total protein within each age group for both the cortex and 

hippocampus of male and female 5xFAD and littermate WT mice. Immunoblots for each 

timepoint were run together. Biological replicates are displayed as individual symbols on each 

graph. To assess differences between protein levels in 5xFAD and WT mice while considering 

sex (male vs. female) we used a two-way ANOVAs (genotype x sex) followed by Šídák multiple 

comparisons tests when appropriate. Data from primary neurons are shown as mean signal 

intensity of ITSN1 within the MAP2 segmentation for each genotype at 7, 14, 21, and 28 DIV. 

Experiments were carried out independently 2-3 times per group and imaged across three 

coverslips per repetition for a total n=30-45 cells per group. To assess differences in ITSN1 

signal intensity between 5xFAD and WT neurons we used unpaired, two-tailed, t-tests at 7, 21 

and 28 DIV, and Welch’s corrected t-test at 14 DIV. Data were not compared between time-
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points for either immunoblot or primary neuron experiments as samples of each time-point were 

prepared and assayed at different times. 
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3.4 Results 

Decreased ITSN1-L in the Aged 5xFAD Hippocampus 

To examine if the changes in ITSN1 we observed in human brains also occurs in an AD 

mouse model with amyloid pathology, we performed immunoblots on the CTX and HP of 5xFAD 

and WT littermate controls. As ITSN1 is involved in neurodevelopment (177) and AD pathology 

does not appear until adulthood, we examined ITSN1 levels between 5xFAD and WT at 1-, 3-, 

6-, and 8- months in both males and females. (Figures 3.2 and 3.3). ITSN1-S was much less 

abundant than ITSN1-L and did not have high enough signal to noise ratio to measure by 

immunoblot. In the CTX, there was no effects of genotype on ITSN1-L levels at 1 (Figure 3.2A) 

or 6 months (Figure 3.2C). However, at 3 months, we found a significant effect of genotype on 

ITSN1-L (p = 0.0095) (Figure 3.2B). Subsequent post-hoc tests revealed a significant increase 

of ITSN1-L in 5xFAD females compared to CTL females. At 8 months, tentatively, there is a 

trend towards decreased ITSN1-L in both male and female 5xFAD mice, compared to WT 

(Figure 3.2D). Note that 8 month protein lysates were derived from mice raised in a separate 

facility (generous donation from Dr. Nora Gray) from the 1-, 3-, and 6- month time-point mice. 

Thus, these data are preliminary and were not statistically analyzed. Mice raised in the same 

conditions as earlier time-points are currently aging and will be used for statistical comparison to 

include in this data set. In the HP, there was no significant effect of genotype at 1 and 3 months 

(Figure 3.3A, B). However, at 6 months we observed a significant main effect of genotype (p = 

0.0002) and a significant interaction between genotype and sex (p = 0.038) (Figure 3.3C). Post-

hoc tests revealed a significant decrease of ITSN1 levels in 5xFAD males as compared to WT 

males (p = 0.0002). Interestingly, there was also a trending decrease in female WT mice 

compared to male WTs (p = 0.061) indicating a baseline difference between sexes. At 8 months 

we observed a trend towards decreased ITSN1-L in both male and female 5xFAD, compared to 

WT (Figure 3.3D). Full statistical results for ITSN1 in the CTX and HP are reported in Table 1. 
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Figure 3.2. ITSN1 Expression Is Increased in Female 5xFAD Cortex At 3 Months of Age. 

Immunoblot comparison of ITSN1-L between males and females in 5xFAD and WT littermate 

controls in the cortex at 1, 3, 6, and 8 months of age. For each analysis, all graphs (A, B, C, D) 

show protein intensity values at 1, 3, 6, and 8 months normalized to total protein stain (TPS) 

with representative immunoblot bands underneath. Data are represented as mean ± SEM. 

Statistical significance was determined by two-way ANOVAs followed by Šídák multiple 

comparisons post-hoc tests for analyses with a significant main effect. *P<0.05 
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Figure 3.3. ITSN1-L Is Decreased in Male 5xFAD Hippocampus At 6 Months of Age. 

Immunoblot comparison of ITSN1-L between males and females in 5xFAD and WT littermate 

controls in the hippocampus at 1, 3, 6, and 8 months of age. For each analysis, all graphs (A, B, 

C, D) show protein intensity values at 1, 3, 6, and 8 months normalized to total protein stain 

(TPS) with representative immunoblot bands underneath. Data are represented as mean ± 

SEM. Statistical significance was determined by two-way ANOVAs followed by Šídák multiple 

comparisons post-hoc tests for analyses with a significant main effect. **P<0.01 
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Table 3.1. Statistics for Cortical and Hippocampal ITSN1 Immunoblot Results. This table 

shows the 2-way ANOVA results for hippocampal and cortex immunoblots of ITSN1-L in 5xFAD 

and WT mice over time. Statistically significant results are in bold and trends italicized.  

 
 

2-way ANOVA Post-Hoc tests 
Cortex F (DFn, DFd) P value Šídák multiple comparisons test 

1 month Interaction F (1, 23) = 0.299 P=0.590 _ _ 
Sex F (1, 23) = 0.910 P=0.350 
Genotype F (1, 23) = 0.846 P=0.367 

3 months Interaction F (1, 19) = 0.909 P=0.353 Male WT-5X P=0.324 
Sex F (1, 19) = 1.341 P=0.261 
Genotype F (1, 19) = 8.320 P=0.0095 Female WT-5X P=0.031 

6 months Interaction F (1, 22) = 0.157 P=0.696 _ _ 
Sex F (1, 22) = 1.916 P=0.180 
Genotype F (1, 22) = 0.660 P=0.425 

Hippocampus F(DFn, DFd) p-value   
1 month Interaction F (1, 22) = 0.0006 P=0.981 _ _ 

Sex F (1, 22) = 0.205 P=0.655 
Genotype F (1, 22) = 0.355 P=0.558 

3 months Interaction F (1, 18) = 1.053 P=0.318 _ _ 
Sex F (1, 18) = 1.217 P=0.285 
Genotype F (1, 18) = 0.080 P=0.781 

6 months Interaction F (1, 22) = 4.901 P=0.038 Male WT-5X P=0.0002 
Sex F (1, 22) = 1.368 P=0.255 Female WT-5X P=0.222 
Genotype F (1, 22) = 20.13 P=0.0002 WT Male-Female P=0.061 

5X Male-Female P=0.697 
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Age-Related Changes in ITSN1 Staining Patterns 

To evaluate whether ITSN1 localization changes between 5xFAD and WT mice at each 

timepoint, we performed immunofluorescence to detect ITSN1 and α-Tubulin, a neuronal marker 

which marks the axon and cell body (184, 185). There were no gross differences in ITSN1 

observed between males and females of each group so representative images in Figure 3.4-6 

are from only males at each time-point. White boxes in Figure 3.4-6A indicate the area of 

hippocampal (CA1 and DG) and cortical regions shown in Figures 3.4-6 B, C, and D. 

Comparisons between intensity values of images at different time-points was not valid as 

tissues were processed at different times. Thus, overall signal intensity was not compared 

between time-points. There were no differences in ITSN1 patterning between 5xFAD and WT at 

1 month (Figure 3.4B). Generally, ITSN1 showed staining across the tissue with some bright 

puncta in HP CA1 and dentate gyrus (DG) subregions, but this was not always concentrated 

around the α-Tubulin neurons. Areas which include ITSN1 staining unique to α-Tubulin were the 

corpus callosum and a band in the medial entorhinal cortex. In the cortex, ITSN1 was 

sometimes seen to be more concentrated in the soma of neurons where the nucleus is located 

(Figure 3.4B, WT, white arrows,). However, some cells that were α-Tubulin negative also 

contain concentrated ITSN1 near the nucleus (Figure 3.4B, 5xFAD, white arrows,). Similarly, at 

3 months no gross differences in ITSN1 can be seen between 5xFAD and WT mice. White 

arrows indicate bright puncta, also seen at 1 month, in both 5xFAD and WT brains (Figure 

3.5C). At 6 months, where immunoblot of whole hippocampal tissue showed a decrease of 

ITSN1 in 5xFAD mice (Figure 3.3), a similar trend was seen in the DG and CA3 (Figure 3.6B, 

D). As expected, the 6 month mice showed amyloid plaques throughout the cortex and a few in 

the HP. They appeared as holes in the tissue devoid of staining, were relatively uniform in 

shape, and were primarily in the deeper cortical layers (Figure 3.4B circles,). Interestingly, 

ITSN1 infiltrates into the area of plaques which have no α-Tubulin (white circles, Figure 3.4B). 
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Figure 3.4. ITSN1 Is in Neuronal and 

Non-Neuronal Cells At 1 Month. (A) 

Representative wide field images of male 

5xFAD and WT brains stained for ITSN1 

(yellow) and α-Tubulin (violet) and 1 

month of age. White boxes in A indicate 

areas magnified in B, C, and D in the 

cortex (CTX, top box), hippocampal CA1 

(middle box), and dentate gyrus (DG, 

bottom box). Each region is shown with 

inlay at a higher magnification 

underneath. Arrows indicate cells with 

both ITSN1 and α-Tubulin (WT) and only 

ITSN1 (5xFAD) Scale bars are 500 µm in 

A, 100µm and 10 µm in B, C, and D. 
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Figure 3.5. 5xFAD ITSN1 Staining Does 

Not Differ from WT at 3 Months. (A) 

Representative wide field images of male 

5xFAD and WT brains stained for ITSN1 

(yellow) and α-Tubulin (violet) and 3 

months of age. White boxes in A indicate 

areas magnified in B, C, and D in the 

cortex (CTX, top box), hippocampal CA1 

(middle box), and dentate gyrus (DG, 

bottom box). Each region is shown with 

inlay at a higher magnification 

underneath. White arrows indicate areas 

with bright puncta of ITSN1 in both WT 

and 5xFAD. Scale bars are 500 µm in A, 

100µm and 10 µm in B, C, and D. 
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Figure 3.6. ITSN1 is Decreased in 

5xFAD DG and CA3 at 6 months. (A) 

Representative wide field images of male 

5xFAD and WT brains stained for ITSN1 

(yellow) and α-Tubulin (violet) and 6 

months of age. White boxes in A indicate 

areas magnified in B, C, and D in the 

cortex (CTX, top box), hippocampal CA1 

(middle box), and dentate gyrus (DG, 

bottom box). Each region is shown with 

inlay at a higher magnification 

underneath. White circles indicate borders 

of an Aβ plaque as defined by lack of α-

Tubulin signal (B, right inset). Scale bars 

are 500 µm in A, 100µm and 10 µm in B, 

C, and D. 
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Increased ITSN1 in 5xFAD Aged Hippocampal Neurons 

To further evaluate the impact of ageing on ITSN1 in 5xFAD neurons we grew primary 

hippocampal neurons in sandwich culture with glia. We performed immunofluorescence of 

5xFAD and WT neurons at 7, 14, 21, and 28 DIV and imaged individual cells at each time-point. 

Analysis of staining in neurons has historically been challenging as traditional segmentation 

methods cannot automatically detect the intricate processes of a neuron. To mitigate this, we 

used Zeiss Zen Intellesis trainable segmentation. The segmentation algorithm was trained on a 

subset of images across time-points to identify the neuron and processes by evaluating MAP2, 

which was then applied it to all images to create an object that encompasses the neuronal cell 

body as well as dendrites. Mean ITSN1 signal was measured within the MAP2 segmentation 

and compared between 5xFAD and WT neurons. At 7 and 14 DIV, there were no significant 

differences in ITSN1 (Figure 3.7A, B). At 21 DIV, we observed a significant increase of ITSN1 

in 5xFAD cells (p = 0.023) and again at 28 DIV (p = 0.025) (Figure 3.7C, D). Interestingly once 

neurons reached maturity at 21 DIV, ITSN1 localized to the axon initial segment in both 5xFAD 

and WT neurons (white arrows, Figure 3.7D). 
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Figure 3.7. ITSN1 is Increased in Aged Cultured 5xFAD Hippocampal Neurons. Confocal 

microscopy images of 5xFAD and WT primary hippocampal neurons at 7 (A), 14 (B), 21 (C) and 

28 (D) days in vitro (DIV). Both WT and 5X neurons were stained with ITSN1-L (yellow) and 

microtubule associated protein 2 (MAP2, violet). Neurons were individually segmented by MAP2 

using Zeiss Zen Intellesis trainable artificial intelligence segmentation. For each set of images, 

graphs show the intensity mean values of ITSN1 in the MAP2 segmented area with each data 

point corresponding to one neuron. Experiments were carried out independently 2-3 times per 

group and imaged across three coverslips per repetition for a total n=30-45 cells per group. 

*P<0.05, all scale bars 10 µm. 
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3.5 Discussion 

The goal of this study was to evaluate ITSN1, which we and others (126, 162) have found 

altered in human postmortem AD brains, in an AD mouse model. A mouse model that 

recapitulates human ITSN1 expression levels could be used to mechanistically examine CME 

and other ITSN1 functions in the context of AD. By immunoblot we found that in the 5xFAD 

mice, ITSN1-L in the CTX is increased in females at 3 months, but in the HP decreased in 

males at 6 months. Additionally, we gained further resolution of this loss in males at 6 months 

with immunofluorescence staining of ITSN1 which showed decreased levels in DG and CA3. 

5xFAD primary neurons showed a similar age-related phenotype with ITSN1-L increased 

compared to WT upon neuron maturation to 21 and 28 DIV. 

 CME has been implicated in AD through both human and mouse model studies that 

evaluated RNA and protein levels of essential proteins in the pathway (40-44). For example, 

mice with a mutation in APP (45) that exhibit an AD-like Aβ pathology, show a decrease in 

essential CME proteins dynamin I and adaptor protein-180 in the HP (44) but in cortex other 

CME proteins APP, clathrin, and dynamin II (46) are increased. This suggests CME could be 

changed differently between brain regions, a similar trend to our observations in humans (see 

Chapter 2) and here where we observe an increase of ITSN1 in the CTX but a decrease in the 

HP of 5xFAD mice. 

 ITSN1 has two distinct isoforms resulting from alternative splicing (172), ITSN1-long (-L) 

which is neuronal specific and ITSN1-short (-S) which is ubiquitous (145). ITSN1-L and -S both 

act as essential scaffolding proteins in CME which bring together proteins at each step of the 

pathway (150). In this role ITSN1 interacts with many essential CME proteins such as adaptor-

protein 2, clathrin, dynamin, and AD risk factor PICALM (59, 146, 151, 160). Both an increase or 

a decrease in ITSN1 has been shown to reduce CME (155, 157, 173) suggesting that ITSN1 is 

tightly regulated. Importantly, APP is internalized via CME and in AD is processed into toxic Aβ 
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(20, 68, 72). Inhibition of CME both reduces internalization of APP (72) and prevents Aβ 

induced axon damage (79). A change in ITSN1 which affects CME function may therefore affect 

the internalization of APP and production of toxic Aβ. 

To begin to elucidate what pathological mechanism(s) (e.g., Aβ vs. Tau) impact ITSN1 

changes in AD, we evaluated ITSN1 levels in the 5xFAD mouse model over the lifespan. We 

found that ITSN1-S was not abundant enough to measure by immunoblot, but did observe 

changes in ITSN1-L at different time-points. Interestingly, the changes observed in 5xFAD mice 

in each brain region are in opposite directions and at different time-points. In the CTX, we saw 

an increase of ITSN1-L in 3 month female 5xFAD mice. This is interesting as female 5xFAD 

mice exhibit more plaques earlier than males (3) which could suggest that an increase in ITSN1-

L is associated with the increase of Aβ burden in early stages of pathology development in 

female 5xFAD mice. However, at later timepoints (6, 8 months) this increase in ITSN1-L is not 

sustained and may even transition to a decrease in ITSN1-L by 8 months. This could suggest a 

transient mechanism by which ITSN1-L is compensatory early in disease to combat the effects 

of increased Aβ burden by decreasing CME. It’s unclear what specific mechanisms may be 

involved as early plaques begin to accumulate because most studies characterizing 5xFAD 

models typically begin observations at 4 months, after significant pathology has developed (179-

181, 186). Those at earlier time-points have exhibited gene expression changes between 

5xFAD and WT mice at 2 months (48) and as early as postnatal day 1 (187). Interestingly CME 

has changed expression patterns in 5xFAD at this early postnatal time (187). How an increase 

in ITSN1 could be contributing to a difference in CME in a compensatory manner and whether 

this function changes over disease progression is yet to be revealed. 

In pursuit of a model to examine ITSN1 changes mechanistically, we compared ITSN1 

levels via immunofluorescence in 5xFAD and WT primary hippocampal neurons. We found that 

ITSN1 was significantly increased in 5xFAD neurons at 21 and 28 DIV. As previously shown in 
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WT primary hippocampal neurons, CME and production of APP is increased in 28 DIV ‘aged’ 

neurons compared to younger neurons (72). The same study also showed that inhibition of 

CME limits Aβ production which reverts in vitro age-related synaptic loss (72). Thus, the 

increase we saw in ITSN1 at 21 and 28 DIV 5xFAD primary hippocampal neurons, which 

correspond to increased CME and APP production, could also function as a compensatory 

mechanism to reduce CME and Aβ and prevent subsequent synaptic loss. This further supports 

the above hypothesis that the early ITSN1-L increase in 5xFAD females is a protective 

response to Aβ. 

In the HP, the decrease of ITSN1-L in 5xFAD males, but not females, corresponds with 

the expected age when synaptic and neuron loss occur in the 5xFAD model, 4 months and 

onward (48, 170). This suggests that ITSN1-L changes in the HP, which we specifically observe 

in the DG and CA3, could be related to mechanisms causing neuron loss through synaptic 

plasticity dysfunction. Recently, ITSN1 has been discovered as an important component of 

synaptic plasticity. ITSN1-L knockout mice exhibit behavioral deficits in learning and long-term 

spatial memory (159), loss of long-term potentiation (LTP) through the reelin pathway (188), and 

loss of LTP via mitogen-activated protein kinase (MAPK) pathway (159). LTP and long-term 

depression (LTD) are key forms of synaptic plasticity changes which affect cognitive function 

and memory formation and are known to be affected in AD (189-192). The DG and CA3, where 

we see ITSN1 changes, are both regions important in how synaptic LTP and LTD affect learning 

and memory (193, 194). 

Immunofluorescence staining of ITSN1 in brain sections revealed interesting age and 

genotype related staining patterns. While we cannot compare the signal intensity between time-

points, as samples in each time-point were prepared and assayed separately, there are some 

noticeable expression pattern changes as the mice age. In general, the ITSN1 staining does not 

appear to be solely neuronal. This could indicate that ITSN1 has different functions, or is more 
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prominent in different cell types, during different times in the lifespan. Between 5xFAD and WT 

mice, there were no dramatic differences in localization, but notably in 6-month 5xFAD mice 

where plaques appeared ITSN1 overlapped the empty space where α-Tubulin staining had 

been lost. It is likely that this staining is ITSN1-S in microglia or astrocytes which can be found 

in close proximity to plaques (195). Further evaluation of ITSN1 in more specific brain regions 

with markers of neuronal subtypes and non-neuronal cells would help to get a better idea of cell 

types involved in the ITSN1 changes we observed. 

 Limitations of this study include the inability to compare ITSN1 immunoblots, IHC, or 

primary neuron levels between time-points due to processing samples in time-point batches. As 

there seems to be an association with disease progression and ITSN1 has developmental 

importance, how levels compare over the lifetime in each brain region may help point to which 

specific function of ITSN1 may be altered in 5xFAD mice and when. Additionally, the 5xFAD 

model does not develop Tauopathy. According to our human data (see Chapter 2), ITSN1 is 

potentially associated with Tau, but evaluating Tau associations in 5xFAD is not possible.  

 In summary, we show that ITSN1-L is changed in the CTX and HP at different time-

points in the 5xFAD mouse model. An increase in ITSN1 earlier in disease progression, as Aβ 

begins accumulating, which we saw at 3 months in 5xFAD females and in 21 and 28 DIV 5xFAD 

primary hippocampal neurons, could point to a potential early compensatory mechanism in 

which CME is reduced to decrease pathogenic Aβ production. Additionally, the loss of ITSN1 in 

the DG and CA3 of 6 month 5xFAD males, could indicate loss of ITSN1 functions in synaptic 

plasticity that contribute to later cognitive decline. Interestingly, we see a similar decrease of 

ITSN1-L in the HP of human female AD brains (See Chapter 2) so further characterization of 

these ITSN1-L changes in the 5xFAD HP may be relevant to human disease mechanism. These 

data suggest that ITSN1-L function may be associated with pathology progression in the 5xFAD 
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model and further supports the potential for ITSN1 to have different functions in specific brain 

regions. 
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Chapter 4. Additional Experiments and Data 

 

This chapter includes studies and methods I performed over the course of my research which 

did not result in complete data for technical reasons or did not fit into the scope of my overall 

work. Methods are categorized by the research question I aimed to answer with each technique.  

 

4.1 Does MiR-193a-5p Regulate ITSN1-S mRNA And Affect Protein Levels? 

Our initial target prediction results identified that the candidate AD miRNA biomarker miR-193a-

5p could bind Intersectin1-short (ITSN1-S). To test the hypothesis that miR-193a-5p binds to 

and regulates ITSN1-S mRNA, and decreases ITSN1 protein levels, we performed in vitro 

assays in HT-1080 and HEK293T cells. In HT-1080 cells, we performed luciferase assays which 

examine whether miR-193a-5p can bind to ITSN1-S mRNA to repress luciferase expression. In 

HEK293T cells, we used qPCR and immunoblots to evaluate if mRNA or protein levels of 

ITSN1-S decreased following transfection with miR-193a-5p mimic. The luciferase assay in HT-

1080 cells revealed no regulation of ITSN1-S by miR-193a-5p as measured by relative 

luminescence. If ITSN1-s mRNA is regulated by miR-193a-5p, we expect to see the transfection 

of a miR-193a-5p mimic to reduce the relative luminescence of the ITSN1 3’ UTR as we see 

with the miR-193a-5p positive control 3’ UTR. Instead we say no significant change in 

luminescence between any of the conditions. This outcome indicated that miR-193a-5p does 

not bind to the 3’UTR of ITSN, where expected miRNA translational repression occurs, or was 

not able on its own to reduce ITSN1 expression (Figure 4.1). In parallel we transfected 

HEK293T cells, which express endogenous ITSN1-S mRNA and protein, with miR-193a-5p 

mimic (Figure 4.2A). As higher amounts of miR-193a-5p were added, ITSN1 mRNA levels 

decreased, but unexpectedly, protein levels increased, which is inverse to the expected 

outcome of decreased protein. Additionally, a miR-193a-5p inhibitor did not reverse this effect in 
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either mRNA or protein (Figure 4.2B). These data suggest that ITSN1-S levels may be affected 

by miR-193a-5p but through a more complicated mechanism than direct miRNA-mRNA binding. 

 

Figure 4.1. Luciferase Assay Shows No Regulation of ITSN1-S by MiR-193a-5p. Relative 

luminescent units of HT-1080 cells transfected with a miR-193a-5p mimic and plasmids 

containing a positive control 3’ UTR, a random 3’ UTR, or the ITSN1-S 3’ UTR downstream of a 

luciferase open reading frame.  
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Figure 4.2. MiR-193a-5p Effects on Endogenous ITSN1 mRNA and Protein in HEK293T 

Cells. (A) Experimental workflow to evaluate RNA and protein from the same sample after 

transfection with miR-193a-5p mimic or inhibitor. (B) Levels of ITSN1 RNA and protein relative 

to a transfection reagent only condition (Duo). 

 

  

A
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4.2 What Cell Type(s) Show ITSN1 Change in AD Brains? 

Following my immunoblot results that ITSN1 is changed in an isoform specific manner in 

AD brains, we wanted to visualize how this change may be happening in different cell types. 

Unfortunately, ITSN1-S cannot be distinguished from ITSN1-L by antibody due to their identical 

structure before the additional distinct domains in ITSN1-L. To visualize ITSN1-S only, we used 

RNAscope to label the distinct ITSN1-S mRNA 3’ UTR in archival formalin fixed paraffin 

embedded (FFPE) brain tissue. To examine potential cell types in which ITSN1 expressed we 

used fluorescent immunohistochemistry in fresh frozen archival brain tissue. We first validated 

the RNAscope assay and probes in HE293T cells (Figure 4.3A) and wild-type (WT) mouse 

cortex (Figure 4.3B). ITSN1-S Signal was clearly visible in both cells and mouse tissue but very 

sparse compared to positive control Peptidylprolyl Isomerase B (PPIB) in mouse brain. 

However, in human FFPE hippocampus, RNAscope signal of both PPIB and ITSN1-S could not 

be seen above background levels in the bacterial DAPB negative control (Figure 4.3C). When 

adjusting assay parameters did not improve signal, we isolated RNA from FFPE tissue of one 

AD and one CTL hippocampus and analyzed RNA at the OHSU Gene Profiling Shared 

Resource. Bioanalyzer results showed the RNA isolated from FFPE tissue was highly degraded 

as determined by low RNA integrity (RIN) scores of 2.5 and DV200s of less than 30%. This 

indicates that less than 30% of the RNA in each sample is more than 200 base pairs, illustrated 

by the displayed bioanalyzer traces (Figure 4.3D). As all of the RNAscope probes used are well 

over 200 base pairs, it is unlikely that they could bind to any of the small degraded RNA in 

FFPE tissue. 

We encountered similar difficulties with fluorescent IHC in FFPE tissue with the ITSN1 

antibody we use. Again, ITSN1 fluorescence levels did not rise above negative control 

background with two different fluorophores, though NeuN did (Figure 4.4A). This could mean 

that the processing of FFPE tissue masks the epitope of ITSN1 that the antibody targets. As a 
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preliminary test, we obtained fresh frozen tissue from the OHSU Layton Ageing and Alzheimer’s 

Disease Center/Oregon Brain Bank, and performed immunofluorescence of ITSN1 with NeuN or 

GFAP in one AD and one CTL hippocampus. Interestingly, ITSN1 corresponded to cell bodies 

associated with GFAP staining (Figure 4.4C) and not NeuN staining (Figure 4.4B) in the AD 

sample. This pattern was not apparent in the CTL sample but is hard to draw conclusions as the 

tissue was severely impacted by damage from ice artifacts. Repeating this study in 

cryoprotected fresh frozen tissue would be extremely illuminating as to what cell types are 

involved in ITSN1 changes in AD brains. 
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Figure 4.3. RNAscope Signal of ITSN1 Does Not Show Above Background due to RNA 

Degeneration in Archival Tissue. Fluorescent RNAscope (green) with a positive control probe 

(PPIB), a negative control probe (DAPB), and ITSN1-S probe in HEK293T cells (A) and mouse 

cortex (B) and human formalin fixed paraffin embedded hippocampus (C). RNA isolated from 

human liver, FFPE AD hippocampus and CTL hippocampus were examined using an Agilent 

Bioanalyzer. RNA Integrity Numbers (RINs) were calculated from the Bioanalyzer traces (D). 

Scale bars 50 µm. 
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Figure 4.4. Fluorescent IHC in FFPE and Fresh Frozen tissue. (A) Fluorescent IHC of ITSN1 

and NeuN using both green and red fluorophores in human hippocampal FFPE tissue. 

Fluorescent IHC of ITSN1 and NeuN (B) or GFAP (C) in fresh frozen human post mortem 

hippocampus of one AD and one CTL brain. Scale bars 50 µm. 
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4.3 Are CSF EV MiRNAs Changed in AD Brains? 

In our published paper, Sandau et al., 2022 (196), we found four miRNAs increased in AD CSF 

extracellular vesicles (EVs). Figure 4.5 and legend are taken directly from the publication. For 

this study, I performed target prediction and pathway analysis in Figure 4.5F and G. We found 

that the synaptogenesis pathway is a target of multiple AD CSF EV miRNAs and that a key 

component, SNAP-25, is a predicted target of miR-16-5p. To establish if the CSF EV miRNA 

miR-16-5p is also changed in AD brains we visualized the miR-16-5p using miRNAscope and 

quantified the amount of miR-16-5p between a preliminary set of AD and CTL FFPE cortex 

sections (Figure 4.6A). Because miRNAs are much smaller than mRNAs, the degradation of 

FFPE mRNA did not seem to affect the miRNA signal. We measured the percent area of miRNA 

puncta in each, and compared these values for AD and CTL separately in white matter versus 

gray matter (Figure 4.6B). We did not perform statistics on these data, but there is a trend of 

increased miR-16-5p in AD white matter but not gray matter, which is the same direction of 

change of miR-16-5p in CSF EVs. Additionally, we evaluated if a target of miR-16-5p, SNAP-25 

which is highly involved in synaptogenesis, also changes in AD brains by immunoblot. Indeed, 

SNAP-25 is decreased in AD frontal cortex, which is the expected from repression of mRNA 

translation resulting from an increase in miR-16-5p and subsequent binding to SNAP-25 mRNA 

(Figure 4.7A, B). This preliminary data is a proof of concept that we are able to quantitatively 

measure miRNAs in FFPE tissue and potentially relate it to targeted protein changes. Future 

studies will confirm miRNA-mRNA binding of miR-16-5p and SNAP-25 mRNA and perform dual 

miRNAscope immunohistochemistry to visualize if miR-16-5p and SNAP-25 are in the same cell 

type. 
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Figure 4.5. Hsa-miR-16-5p is Predicted to Regulate SNAP-25 mRNA (196). MiRNAs are 

differentially expressed in AD vs. CTL CSF EVs. For legend descriptions of A-E see full figure in 

Appendix C. (F) Workflow of the target prediction analysis for the four significant miRNAs: miR-

16-5p, -331-3p, -409-3p, and -454-3p. MiRNAs were queried using TargetScan 7.2 with a 

CWCS of < −0.3 (272 MiRNAs total) and miRDB with a target score >60 (2,245 MiRNAs total). 

The Venn diagram shows the overlap in miRNA targets predicted by TargetScan 7.2 and 

miRDB. Of the 2,319 predicted mRNA targets (74 from TargetScan +2047 from miRDB +198 in 

common to both), we identified 189 significant pathways (B-H FDR 0.01). (G) Top 10 canonical 

pathways predicted by the mRNA targets, all of which are relevant to AD. Note all 10 pathways 

were in the top 17 of all 189 significant pathways, and senescence, TGF-β signaling, and 

epithelial adherens junction signaling pathways were the top three overall. 
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Figure 4.6. MiRNAscope Can Be Used to Visualize and Quantify MiR-16-5p Levels in 

Human Post-mortem Brains. Four AD and four CTL post mortem frontal cortex (A) were 

probed for miR-16-5p via miRNAscope. After brightfield slide scanning, Zeiss Zen Intellesis 

trainable segmentation was used to identify and quantify miRNA signal (C). Segmentation 

shown as an orange overlay of miRNA puncta (C). Percent area of miRNA segmentation is 

shown for white matter and gray matter separately (B) as they were segmented with differently 

trained analysis modules. 
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Figure 4.7. SNAP-25 Decreases in AD Brains Compared to CTL. Comparison of SNAP-25 

between males and females in AD and age-matched normal control (CTL) frontal cortex (A) and 

hippocampus (B). Data are represented as mean ± SEM. Statistical significance was 

determined by two-way ANOVA with post-hoc Šídák multiple comparisons test. *P<0.05, 

**P<0.005 

  

  2-way ANOVA Post-Hoc tests 
FC   Šídák multiple comparisons test 

SNAP-
25 

Interaction F (1, 41) = 0.09306 P=0.762 CTL-AD 
Sex F (1, 41) = 1.932 P=0.172 Male P=0.0016 
Diagnosis F (1, 41) = 13.51 P=0.0007 Female P=0.040 

HP F(DFn, DFd) p-value   

SNAP-
25 

Interaction F (1, 50) = 1.292 P=0.261 CTL-AD 
Sex F (1, 50) = 1.381 P=0.245 Male P=0.223 
Diagnosis F (1, 50) = 11.93 P=0.0011 Female P=0.0031 

 

C
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4.4 Methods 

Luciferase Assay 

HT-1080 cells (ATCC- CCL-121) were seeded into solid white bottom 96-well plates at 5000 

cells/well the day before transfection. We used GoClone plasmid constructs (Active Motif) 

containing a luciferase reporter open reading frame upstream of experimental 3’ UTRs. 3’ UTR 

constructs used included the ITSN1-S 3’ UTR containing two target sites for miR-193a-5p, a 

positive control 3’ UTR containing the complimentary sequence match to miR-193a-5p, and a 

negative control 3’ UTR with a random sequence. Approximately 24 hours after cells were 

seeded, each luciferase reporter construct were added to serum and antibiotic free DMEM and 

combined with either a miR-193a-5p mimic or a nontargeting miRNA mimic (Active Motif). The 

3’ UTR-miRNA mimic mixes were then incubated with DharmaFECT Duo transfection reagent 

(Horizon) for 30 minutes at room temperature. Media was then removed from the cells and 

100uL of transfection mix added to each well. We used 100ng of luciferase reporter plasmid, up 

to 100nM of each miRNA mimic and 0.163 µL DharmaFECT Duo per well transfected, with 

three replicate wells per condition. 24 hours after transfection mix added, we added 100µL of 

the LightSwitch Luciferase Assay system (Active Motif) directly to each well, incubated for 30 

minutes at room temperature, then luminescence of each well recorded for 2 seconds using the 

SpectraMax iD3 (Molecular Devices) microplate reader. 

 

miRNA mimic transfection in HEK cells 

HEK293T cells (ATCC- CRL-1573) were seeded at 300,000 cells/well in 6 well tissue culture 

plates. 24 hours later, 100 ng of miR-193a-5p mimic or inhibitor (Active Motif) was incubated 

with 6 µL/well of DharmaFECT Duo (Horizon Discovery) in 2 mLs of serum and antibiotic free 

DMEM for 20 minutes at room temperature. Media was then removed from the cells and 

transfection mix added. 24 hours after transfection, cells were trypsinized, spun down 
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resuspended in 500 µL cold PBS, and then divided. 100 µL of cell suspension was used for 

RNA isolation and 400 µL for protein analysis. 

 

RNA isolation and qPCR 

RNA from cells was isolated post transfection using the MagMAX™ mirVana™ Total RNA 

Isolation Kit 9 (Thermo Fisher) protocol for adherent cells. RNA was stored at 20ºC until RT-

qPCR performed. We used TaqMan assays for ITSN1-S and beta actin (ACTB) (Thermo 

Fisher), Samples were prepped using SuperScript VILO cDNA Synthesis Kit (Thermo Fisher) 

and TaqMan Universal Master Mix II (Thermo Fisher) run in 96 well PCR plates on a 

QuantStudio12K Flex, and analyzed with Quant Studio Design and Analysis Software version 

2.6.0 (Thermo Fisher). Values are represented as ITSN1 relative to ACTB. 

 

Human Brain Samples 

This study consisted of post-mortem tissue of 119 donors from the Oregon Health & Science 

University Layton Aging and Alzheimer Disease Center. All donors were aged individuals from 

the community and had either no known neurological disease (CTL) or a clinical history 

established, as previously described (AD)(140, 141). After consent was given from the next of 

kin, brain autopsy was performed on all participants in accordance with Oregon Health & 

Science University guidelines. Tissue was either stored unfixed at -80⁰C, or formalin fixed and 

paraffin embedded. Patient demographics can be found in Chapter 2, Table 2.2. Note that two 

samples represented there were removed here due to degradation or postmortem interval time 

of over 24 hours. 

 



 
91 

 

Immunoblots 

Archived frozen brain tissue was thawed and while thawing white matter and leptomeninges 

were dissected away. 40-60 mg of post-mortem grey matter from AD and CTL frontal cortex 

(FC; AD n=22, CTL n=23) and hippocampus (HP; AD n=34, CTL n=22) was collected and total 

protein extracted by sonication for 25 seconds in lysis buffer (62.5 mM Tris pH 6.8, 2% SDS and 

10% glycerol) followed by centrifugation at 14,000 x g for 10 minutes. The supernatant was 

aliquoted and stored at -80⁰C until used for immunoblot analysis. Before use, protein lysates 

were analyzed for protein content using the Pierce BCA Protein Assay kit (ThermoFisher 

Scientific), loading buffer (50 mM DTT, 0.01% bromophenol blue) added, boiled and cooled 

before protein (10 µg) was loaded onto precast NuPAGE 3-8% Tris-Acetate gels (Invitrogen) 

and separated by electrophoresis. 

Cells post transfection, collected as described above, were incubated with RIPA lysis 

buffer (Thermo Fisher) with Halt protease/phosphatase inhibitor (Thermo Fisher). After protein 

extraction, samples were centrifuged at 12,000 x g for 20 minutes at 4ºC. Supernatant was 

collected and aliquoted for BCA analysis (Pierce BCA Protein Assay kit, ThermoFisher 

Scientific) and immunoblot. Laemmli running buffer was added to samples, which were then 

boiled, cooled, and stored at -80ºC until protein (10 µg) was loaded onto precast NuPAGE 3-8% 

Tris-Acetate gels (Invitrogen) and separated by electrophoresis. 

Protein was then transferred onto polyvinylidene difluoride (PVDF) membranes in 

transfer buffer containing 10% methanol for better transfer of high molecular weight proteins. 

Before primary antibody incubation, membranes were dried overnight at 4⁰C then activated with 

methanol and stained with Revert 700 Total Protein Stain Kit Total protein stain (TPS, LI-COR 

Biosciences), imaged on the Odyssey CLx Imager (LI-COR Biosciences), then destained and 

blocked with Intercept (TBS) Blocking Buffer (LI-COR Biosciences). After blocking, membranes 

were incubated with the specified primary antibodies (SNAP-25 1:1000 Santa Cruz 
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Biotechnologies, ITSN1 1:2500 Novus Biologicals) for two hours at room temperature in 

Intercept blocking buffer (LI-COR Biosciences) with 0.2% Tween-20. After washing (4 x 5 min, 

TBS-T, 0.2% Tween-20). Membranes were then incubated with the appropriate IRDye 

secondary antibodies (IRDye 800CW Donkey anti-Rabbit, IRDye 680RD Donkey anti-Mouse, 

LI-COR) in Intercept blocking buffer with 0.2% Tween-20 and 0.02% SDS for 1 hour at room 

temperature. Membranes were washed (4 x 5 min, TBS-T) and bands visualized on the 

Odyssey CLx Imager. The intensity of each signal was determined with Empiria Studio software 

version 2.2 (LI-COR Biosciences) using the Quantitative western blot function that employs 

automatic lane detection and background subtraction to reduce variability of between gel 

analyses. Signals were first normalized within gels to TPS, and as multiple gels were needed to 

include all samples, bands were normalized to a repeated sample run on every gel to account 

for between gel variation. 

 

RNAscope and miRNAscope 

Post mortem FFPE human hippocampus on glass slides were baked at 60˚C for 1 hour, then 

incubated in xylene for 10 minutes, followed by 100% EtOH for 5 minutes. Tissue was then 

treated with hydrogen peroxide for 10 minutes at room temperature and underwent target 

retrieval for 15 minutes in 100⁰C buffer (ACD Bio) and RNAscope protease plus (ACD Bio) 

treatment for 30 minutes at 40C. After pre-treatment we used RNA probes for PPIB (RNAscope 

3-plex Positive Control Probe_Hs, RNAscope 3-plex Positive Control Probe_Mm, ACD Bio), 

DAPB (RNAscope 3-plex Negative Control Probe, ACD Bio), and ITSN1-S (RNAscope 3-plex 

Positive Control Probe_Hs, RNAscope Probe- Mm-ITSN1-O1, ACD Bio) and the RNAscope 

Multiplex Fluorescent Detection Reagents v2 (ACD Bio) with fluorophore in the Opal 520 

Reagent Pack (Akoya Biosciences). For miRNAscope, the same deparaffinization and 

pretreatment protocol as RNAscope is used followed by the miRNAscope HD detection kit – 
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RED (ACD Bio). miRNA probes used were positive control RNU6 (miRNAscope positive control 

probe - SR-RNU6-S1, ACD Bio), negative control RNA scramble (miRNAscope negative control 

probe- SR-Scramble-S1, ACD Bio) and miR-16-5p (miRNAscope singleplex target probe- miR-

16-5p, ACD Bio). 

 

Image acquisition 

miRNAscope images were taken in brightfield using a Zeiss Axioscan 7 Slidescanner and a 

Plan-Apochromat 10X/0.45 M27 objective. Tiles were stitched together and then images 

compressed using the Zeiss JpgXr compression method. Fluorescent images were taken using 

an Olympus CX3 inverted confocal with a 20X or 40X objective lens. 

 

RNA isolation from FFPE and quality analysis  

The Oregon Health & Science University Gene Profiling Shared Resource isolated total RNA 

from FFPE tissue using the RNeasy FFPE Kit (Qiagen) and assessed RNA quality using the 

Agilent Bioanalyzer (Agilent). 

 

Fluorescent IHC- FFPE and Fresh Frozen Tissue 

Post mortem FFPE human hippocampus on glass slides were baked at 60˚C for 1 hour, then 

incubated in xylene for 30 minutes, followed by 100% to 95% to 70% EtOH for 10 minutes each. 

Slides were then fixed in 10% neutral buffered formalin at 4⁰C for 20 minutes and rinsed with 

water. Fresh frozen sections were fixed in chilled 10% neutral buffered formalin at 4⁰C for 1 hour 

followed by 50% to 70% to 100% EtOH for 5 minutes each. From this point on FFPE and fresh 

frozen samples were treated the same. After preparation, sections underwent heat induced 

epitope retrieval for 15 minutes in 100⁰C AR6 buffer (Akoya Biosciences) then rinsed with TBS 

+ 0.1% Tween (TBST) and blocked with Opal Antibody Diluent/Block (Akoya Biosciences) for 10 
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minutes at room temperature in a humidity tray. Primary antibody (NeuN 1:1000, Abcam or 

GFAP 1:1000, Abcam) incubated in Opal Antibody Diluent/Block (Akoya Biosciences) overnight 

at 4⁰C and then washed in TBST. Opal Secondary Antibody - OPAL POLYMER ANTI-RABBIT 

HRP KIT (Akoya Biosciences) was applied for 10 minutes and washed in TBST. Then Opal 620 

Reagent Pack (Akoya Biosciences) working solution was applied for 10 minutes and again 

washed in TBST. Samples underwent heat induced epitope retrieval again for 15 minutes in 

100⁰C AR6 buffer (Akoya Biosciences). ITSN1 primary antibody (1:500, Novus Biologicals) was 

applied overnight at 4⁰C in Opal Antibody Diluent/Block (Akoya Biosciences) and then washed 

in TBST. Opal Secondary Antibody - OPAL POLYMER ANTI-RABBIT HRP KIT (Akoya 

Biosciences) was applied to 10 minutes and washed in TBST and then Opal 520 Reagent Pack 

(Akoya Biosciences) working solution was applied for 10 minutes and then washed in TBST. 

Samples underwent a third heat induced epitope retrieval as before and then were 

counterstained with DAPI and mounted with Prolong Diamond Antifade Mountant (Thermo 

Fisher). 

 

Target prediction (Sandau et al., 2022)  

We used TargetScan 7.2 (134) and miRDB (135, 136) to predict target mRNAs of the four CSF 

EV miRNAs significantly associated with AD (miRs-16-5p, 331-3p, 409-3p, 454-3p). These 

algorithms use the miRNA sequence and properties of mRNA sequences to predict the 

likelihood of a miRNA binding to an mRNA (137). To limit number of genes input for later 

pathway analysis, predicted targets were excluded if they had a Cumulative Weighted Context 

Score above –0.3 in TargetScan or a target score of below 60 in miRDB. To increase sensitivity 

and potential for predicting novel targets, we used the union of targets predicted by both 

TargetScan and miRDB (137, 138). The sensitivity, specificity, and precision of this method 

were calculated using validated miRNA-target pairs from miRTarBase, a database of 
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experimentally validated miRNA-target interactions(139). The resulting values ranged from 0-1 

with high quality results performing closer to 1 (137, 138). The union of TargetScan and miRDB 

resulted in higher values of sensitivity (0.35), specificity (0.833), and precision (0.98) when 

compared with an intersection (only targets predicted by both algorithms). Pathway analysis of 

the union set of 2319 predicted targets with QIAGEN Ingenuity Pathway Analysis (IPA) revealed 

189 pathways in which the targets are significantly overrepresented. For this analysis we 

excluded cancer cell lines and related tissues to avoid the knowledge bias towards cancer in the 

IPA database. 
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Chapter 5. Summary and Conclusion 

 

5.1 Biomarkers as Clues for AD Disease Mechanisms  

Alzheimer’s disease (AD) is diagnosed through several modalities that attempt to 

classify clinical symptoms and pathological decline as disease progresses. Brain pathologies 

such as amyloid beta (Aβ) plaques and Tau tangles, along with their associated cellular 

changes, begin to appear in patients long before they exhibit enough symptoms to diagnose 

(13). Additionally, there are few treatments which can slow or counteract the progression of 

pathology, and they have only emerged in recent years. Currently, all treatments are Aβ-

targeting monoclonal antibodies and have varying success in reducing Aβ burden and slowing 

cognitive decline (168). However, they are also most effective in early stages of disease, as 

characterized by Aβ and Tau levels. Aβ burden can be decreased in some patients, but 

progression is not completely halted (197-200) suggesting that targeting Aβ is not sufficient to 

significantly alter other molecular pathways involved in later stage AD pathophysiology.  

Historically, AD was not always distinguishable from other neurodegenerative diseases, 

but in 1976 it was revealed to be much more common than initially thought (201). The 1980’s 

and 90’s brought an abundance of research on AD and led to diagnoses based on specific 

types of cognitive decline which are distinct from other dementias (202, 203). Since then, in 

addition to cognitive assessments, diagnostic criteria for AD have incorporated a variety of 

biomarkers such as: cerebrospinal fluid (CSF) levels of Aβ1-40, Aβ1-42, total Tau, phosphorylated 

Tau, ratio of Aβ1-40: Aβ1-42,, and neuroimaging of Aβ and Tau by positron emission tomography 

(204-207). Recently, the National Institute on Aging and Alzheimer’s Association (NIA-AAA) has 

developed an updated research framework for defining AD that centers biological 

measurements of biomarkers (208). Progression of AD biomarkers is continuous and begins 

before symptoms (209, 210). For example, CSF Aβ and phosphorylated Tau begin to increase 
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long before symptoms appear, however, patients do not usually seek medical treatment at this 

time. By the time cognitive impairments appear in patients and they begin to receive medical 

care, CSF Aβ and phosphorylated Tau levels are near plateau in contrast to early disease when 

biomarkers are changing rapidly (12, 209). Thus, discovering biomarkers for this period of time 

between disease onset and when patients seek medical help may be valuable in starting 

available treatments early enough to be more beneficial. 

 Recently, research has focused on identifying circulating extracellular RNA biomarkers 

to fill this gap (211-215), specifically microRNAs (miRNAs). MiRNAs are short, non-coding 

RNAs that regulate protein expression via complementary binding to targeted sequences in the 

untranslated regions (UTR) of messenger RNAs (mRNAs). This interaction leads to suppression 

or degradation of the targeted mRNA transcripts (120-122, 216) and subsequently reduced 

translation of the corresponding protein. This regulation of protein translation is highly utilized by 

cells to control specific functions through suppression or de-repression of mRNA targets, which 

initiate or inhibit downstream signaling cascades (217, 218). 

Factors like disease can affect miRNA levels and alter their regulation of target mRNA 

protein translation (122). MiRNAs in extracellular biofluids serve as sensitive biomarkers for 

altered physiological states, including disease and injury (117, 219). We previously discovered 

(117) and validated (118) a set of candidate miRNA biomarkers in human cerebrospinal fluid 

(CSF) that distinguish AD patients from neurologically normal controls (CTL). Five of the 

miRNAs (miRs-142-3p, 146a-5p, 146b-5p, 193a-5p, 365a-3p) showed a trend towards 

decreased median expression across ordered diagnoses from CTL to mild cognitive impairment 

(MCI) to AD (119), suggesting that these miRNAs track with disease progression. It is unknown 

how these miRNAs may relate to or result from disease mechanisms in the brain. However, if 

biomarkers such as Aβ and Tau can be associated with pathophysiology, it is reasonable to 

examine other biomarkers, like miRNAs, for clues to novel mechanisms. 
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We designed a miRNA target prediction pipeline to evaluate if potential targets of the AD 

CSF miRNAs are involved in AD-relevant disease pathways. This pipeline involves collecting a 

list of predicted mRNA targets and then running pathway analyses to evaluate which cellular 

processes are overrepresented in the targets. However, miRNA-mRNA interactions are not 

solely influenced by sequence matching (220), and other factors, such as secondary structure, 

context of sequence around the miRNA recognition element, including the abundance and 

evolutionary conservation of miRNA recognition elements (138, 221-223) affect the likelihood of 

an miRNA-mRNA interaction. A wide variety of target prediction algorithms have been 

developed (224, 225), each taking a different approach in using and categorizing influencing 

factors. Algorithm effectiveness can be tested against experimentally validated miRNA-mRNA 

interactions, collected in the miRTarBase database (226).  

The diversity of parameters used in each algorithm can make selecting one to use 

challenging (227). Additionally, miRNA-mRNA regulation can be extremely complex, as one 

miRNA can modulate hundreds of genes and one gene can be regulated by many different 

miRNAs at multiple sites (228, 229), which can lead to hundreds or thousands of predicted 

targets. To increase sensitivity of predictions, multiple algorithms can be combined by either 

taking all targets predicted by each algorithm (union) or for higher specificity only targets 

predicted by both (intersection) (137). I took the union of TargetScan 7.2 (134) and miRDB (135, 

136), which when combined, evaluated over 20 parameters of miRNA-mRNA interactions. 

Amazingly, the resulting analysis of predicted targets using Ingenuity pathway analysis (IPA) 

found many pathways already known to be involved in AD, which illustrates how candidate AD 

miRNA biomarkers can and do reveal AD related pathways. We chose to follow up on clathrin-

mediated endocytosis (CME), as the mechanisms of other pathways such as axonal guidance 

(230, 231), synaptic long-term potentiation (232-234), and synaptogenesis (235, 236) have 

been extensively studied in the context of AD. 
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There are several limitations of our target prediction. First, in our study, there is no 

expression data associated with predicted miRNA targets, so pathway analysis does not 

consider potentially altered levels of mRNAs or proteins. Second, interactions cannot happen if 

the miRNA and mRNA are not in the same cell or brain region, so when evaluating any one 

predicted miRNA-mRNA interaction, confirmation of the cellular location of each is important. 

Future analyses of miRNA biomarkers that include existing AD transcriptomic and proteomic 

data (136, 237) may enable increased accuracy in narrowing of pathways regulated by the 

miRNAs. 

 

5.2 Intersectin 1 Isoforms: Potential Impacts on Clathrin Mediated Endocytosis and AD 

Pathogenesis 

 CME is an essential process for many cells, as its machinery is involved in multiple 

processes that regulate cellular homeostasis and survival. Given that CME is an indispensable 

cellular process, many diseases are associated with mutations or changes in the level CME 

proteins (4, 6-8). In AD, there are several ways in which neuronal cellular processes may be 

affected by CME. For example, neuronal endolysosomal dysfunction, the first step by CME (21), 

is thought to result from enlarged endosomes that cause decreased endosomal transport (34, 

36) which results in many neuropathological outcomes (22-24). CME is also involved in 

important functions at synapses, both pre- and post-synaptic, which is relevant to AD, as 

synaptic dysfunction and loss are highly correlated with cognitive decline (53). Pre-synaptic 

vesicle recycling is facilitated by CME machinery and is reduced in AD (58, 59, 238). In the 

post-synaptic terminal, receptors are internalized and recycled through CME (239). In AD, 

dysfunction of AMPA receptor recycling is connected to deficits in long-term potentiation and 

depression (56, 60-62). CME is also strongly involved in Aβ pathology, as neuronal 

internalization of both amyloid precursor protein (APP) (20, 68) and pathogenic Aβ occurs 
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through CME (80, 82, 83) and results in downstream effects on cellular mechanisms (44, 78, 

79). CME-mediated internalization of pathogenic Aβ by astrocytes and microglia also causes a 

variety of functional deficits (100-103, 108, 109, 111, 112). While all of these observations point 

to CME disruption in AD as a candidate pathway contributing to pathophysiology, the CME 

mechanisms and functions that could be altered in AD have not been directly investigated. 

 In Chapter 2, we started to pursue this by first evaluating the level of CME proteins in AD 

brains, which are potential targets of the AD CSF miRNAs or are essential to CME function. Our 

data showed that Intersectin1 (ITSN1) was significantly changed in AD brains. ITSN1 acts as a 

scaffolding protein to bring together proteins needed for CME (150). It interacts with every major 

CME protein at each step, from the first membrane invagination to clathrin uncoating of the 

internalized vesicle (151, 152). There are a variety of ITSN1 variants (240-242), with the most 

well characterized being neuronal specific ITSN1-long (ITSN1-L) and ubiquitous ITSN1-short 

(ITSN1-S). There is evidence that both overexpression (155, 156) and under-expression (157, 

158) of ITSN1 reduce CME, indicating that any alteration of ITSN1 levels is disruptive to CME 

function. Importantly, total knock out of ITSN1 isoforms, and specific knockout of ITSN1-L, in 

mice resulted in enlarged early endosomes (157) and later learning and memory deficits (159). 

In humans, enlarged early endosomes are some of the earliest brain changes observed in AD 

(25, 26). This discovery suggests that ITSN1 disruption might contribute to brain changes in 

early AD pathogenesis.  

 However, there does seem to be more to the story. Our finding that ITSN1-L and ITSN1-

S each have unique expression changes in the hippocampus (HP) and frontal cortex (FC) 

suggest that they may be acting in different functions of CME in each region. We found a 

decrease of ITSN1-L in FC of AD males, whereas in the HP only AD females had decreased 

ITSN1-L. For ITSN1-S, cortical levels were too low to measure in the FC, but in the AD HP there 

was a significant increase in ITSN1-S for both sexes. Interestingly, ITSN1 is encoded on 
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chromosome HSA21, which is triplicated in down syndrome (DS) (26). People with DS have a 

significantly higher risk of developing AD, nearly all developing neuropathology and symptoms 

by age 65 (29, 30). This pathology is thought to be due to several AD related genes encoded on 

HSA21, such as APP and presenilin1 (PSEN1) (23, 31-33). ITSN1 RNA and protein are 

increased in DS brains (243-245), and when comparing ITSN1 protein levels between CTL, DS 

alone, and DS + AD diagnosis, ITSN1-L and ITSN1-S were upregulated in DS alone compared 

to CTLs, but significantly decreased in DS + AD relative to levels in DS alone (245). This 

observation suggests that while ITSN1 is increased due to the triplication of its gene, the 

increase does not contribute to the development of AD in DS. In fact, it could be that the loss of 

ITSN1 is related to AD progression. We saw a similar decrease of ITSN1-L in AD FC in both 

males and females, but in HP, a significant decrease was only seen in AD females. However, 

this finding is interesting, as females have higher instances of AD (50, 51). Additionally, we 

observed a sex difference in CTL ITSN1-L HP, with females having a higher baseline level than 

males. This could again point to the reduction of ITSN1-L being involved with AD progression 

and potentially contributes to the higher instance of AD in females. 

 In contrast, our findings of increased ITSN1-S do not support the idea that a general 

decrease in ITSN1 contributes to AD. The difference in ITSN1-S and -L levels in AD point to 

their having distinct functions. This would not be the first instance of each isoform performing 

different functions in the same context, as shown in glioma, where ITSN1-S promotes disease 

progression and ITSN1-L inhibits it (246). ITSN1-S is only involved in CME and has identical 

functional domains as ITSN1-L that interact with CME proteins. However, ITSN1-L has several 

additional neuronal-specific functions due to the three additional binding domains at the C-

terminus (174, 175). These functions include dendritic spine development (79, 154), fast 

neurotransmission (161, 176), mitogenic signaling (178, 247), and RAS/MAPK regulation (248) . 
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So, while the increase of ITSN1-S most likely affects only cellular functions which use CME 

machinery, the decrease of ITSN1-L may not involve CME at all. 

Unfortunately, the subtle differences between isoform function, specifically which CME 

processes involve ITSN1-S versus ITSN1-L, have not been studied. Our data suggest that 

future research should focus on distinguishing how changes in each isoform affects specific 

cellular functions. As a first step, discovering which cell types are driving ITSN1-S changes may 

help to narrow down the specific function of ITSN1-S in the affected cell type. For example, it is 

reasonable to expect that ITSN1-S is increased in astrocytes and microglia versus in neurons, 

as reduction of CME in relation to Aβ uptake is observed in these cells. Our IHC study is not 

helpful in this analysis as there are no specific antibodies for ITSN1-S. Due to their identical 

structure, only the additional domains at the C-terminus in ITSN1-L are individually targetable. 

Future studies might include RNAscope to probe for ITSN1-S-specific 3’ UTR sequences paired 

with IHC of cell type markers. As discussed in Chapter 4, our efforts to perform RNAscope and 

fluorescent IHC were unsuccessful, due to the lack of available tissue that was not RNA 

degraded or did not contain ice artifacts. 

We did see a preliminary potential difference in ITSN1 expression when staining fresh 

frozen AD and CTL brain, in which there were several cell bodies with strong ITSN1 signal that 

localized with GFAP and not NeuN. While this study was limited by the poor quality of available 

tissue, future studies conducted with fresh tissue specifically stored for fluorescent IHC and 

RNAscope staining may reveal the potential of ITSN1-S involvement in astrocyte-specific 

functions. If it is discovered that both ITSN1-L and -S are changed in neurons, super-resolution 

microscopy studies of ITSN1 localization within different neuronal compartments may help to 

distinguish their functions. A dual immunofluorescence comparison of with an ITSN1-L-specific 

antibody and an ITSN1 antibody that does not distinguish isoforms would allow us to infer the 

location of ITSN1-S in the absence of ITSN1-L-specific antibody staining. 
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We did observe a potential association with Tau- and ITSN1-stained neurons, which 

could point towards ITSN1-L dysfunction affecting cytoskeletal disturbances in neurons (249, 

250). However, only a small subset of neurons showed this phenotype, suggesting that there 

may be a more vulnerable population of neurons affected by changes in ITSN1. Importantly, 

there is evidence of select neuronal populations being more vulnerable to Tau pathology (251). 

Experiments which co-stain for ITSN1 with Tau and actin could shed some light on whether this 

is the case. 

There are also several possible explanations for why the ITSN1 isoforms were the only 

proteins changed in AD brains, compared to the other CME proteins we examined (see Chapter 

2). ITSN1-L could be essential to CME functioning, and a decrease could disrupt any major 

CME functions in the neuron. This interpretation is most likely only partially true, as total 

knockdown studies of ITSN1 have reported a marked decrease in CME, but not total reduction 

(157, 158) indicating that there are other mechanisms by which CME can continue without 

ITSN1-L. Alternatively, a change in only ITSN1-L could point to the non-CME related functions 

of ITSN1-L being disrupted, with CME not changing at all. Outside of CME functions, changes to 

ITSN1-L in neurons could affect other neuronal specific functions such as fast 

neurotransmission and dendritic spine development, both cellular functions related to AD. 

Again, these findings demonstrate the importance of considering that ITSN1-L and ITSN1-S 

may be impacting cellular processes differently in AD. 

 

5.3 Evaluating ITSN1 and CME in AD Animal Models 

  Currently, many studies that have evaluated CME proteins in the context of AD use 

transgenic mouse models containing humanized mutations to mimic aspects of AD 

pathophysiology. As of yet, these studies have not evaluated how CME is mechanistically 

changed and are limited to RNA and protein expression studies of CME-related proteins (45, 46, 
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252) and not how changes may affect CME function. However, in order for mechanistic studies 

to have the potential of translating to human disease, careful evaluation of the model is needed 

(253). To further characterize how changes of ITSN1-L and ITSN1-S may affect CME in AD, we 

began by measuring ITSN1 by immunoblot in the 5xFAD AD mouse model. If ITSN1-L and 

ITSN1-S change in a similar manner in 5xFAD mice as they do in humans, this model may be 

useful in studying their mechanisms and/or involvement in AD. 

 5xFAD mice contain three AD familial mutations in humanized APP and two in PSEN1: 

Swedish (K670N/M671L) (254), Florida (I716V) (255), and London (V717I) (256) in APP, and 

PSEN1 mutations of M146L and L286V (257, 258). They exhibit Aβ plaques, 

neurodegeneration, and cognitive decline as they age (48, 170, 180, 181). Differences in protein 

expression between 5xFAD and WT mice can be seen as early as postnatal day 1, and pathway 

analysis of these genes revealed changes in CME (259). In Chapter 3, we showed that as 

animals age, ITSN1-L levels are changed in 5xFAD mice differently in the HP and cortex (CTX). 

ITSN1-L in the HP is decreased in 5xFAD males at 6 months. While in the CTX, ITSN1-L is 

increased in 5xFAD females at 3 months, with no changes emerging at later time-points. 

Additionally, our preliminary evaluation of ITSN1-L in 5xFAD mice at 8 months suggested that in 

both the cortex and HP, ITSN1-L is decreased in 5xFAD males and females. 

5xFAD mice begin extracellular deposition of plaques between 2-4 months, and plaques 

first appear in the subiculum and cortical layer V (48). It’s possible that early in disease, 

changes in 5xFAD, like the cortical increase we saw at 3 months, have a different effect on 

pathology progression than changes at 6 months, when we see HP ITSN1 increase. An 

increase at 3 months could correspond with the increase in Aβ plaques in the CTX (48) and 

shows the potential for ITSN1 to be involved in CME dysfunction resulting from Aβ build up. A 

change of ITSN1 is likely to reduce CME, and could be a compensatory mechanism as Aβ 

accumulates. We also see evidence of this response in aged 5xFAD primary neurons, where 
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ITSN1 increases at timepoints corresponding to Aβ accumulation (72).Both of these results 

point towards increased ITSN1 as a response to Aβ production and/or build up early in disease. 

ITSN1-L knock out mice exhibit decreased dendritic spine density and learning and 

memory deficits (159, 260). As such, the decrease of ITSN1 we see in male 5xFAD at 6 months 

could correlate with the onset of cognitive effects in the 5xFAD mice that occur later in disease 

(170, 181) and may be more related to functions of ITSN1-L involved in spine development or 

synaptic plasticity. However, behavioral assays have not revealed significant learning and 

memory performance differences between male and female 5xFAD (180), so it is unclear if our 

observed sex specific ITSN1-L changes might contribute to behavior differently. Additionally, 

that ITSN1-L potentially decreases in both the cortex and HP at 8 months supports the idea that 

there are distinct ITSN1 functions during ageing. 

Another potential consequence of ITSN1-L loss in the HP is the impairment of 

neurogenesis. The reduction of adult neurogenesis is clearly linked to AD and is especially 

vulnerable at early disease stages (261-263). 5xFAD mice show a reduction in neurogenic 

markers by 2 months (262). ITSN1 has not been directly involved in neurogenesis, but several 

studies have shown that it plays roles in proliferation of neural stem cells (264)and survival of 

differentiating cells (265). Interestingly, there appeared to be a reduction of ITSN1 staining in 

the CA3 of 6-month 5xFAD mice that we examined. CA3 may regulate neurogenesis (266, 267) 

and as such, a change of ITSN1-L in this region could support the hypothesis of ITSN1-L 

involvement in this process. If not directly affecting neurogenesis, ITSN1 could be supporting 

survival of newborn neurons. A loss of ITSN1-L could reduce neuron survival due to loss of its 

functions supporting neuronal migration (177), axonal guidance (153, 268), and dendritic spine 

development (154, 158).  

 A limitation of our study is the inability to compare ITSN1 between age groups in each 

brain region. Age is the highest risk factor for AD (269), and CME proteins increase with age 
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(49). Therefore, as ITSN1 itself is increased with age in a DS mouse model (270), there is a 

high likelihood that age related changes may play an important role in ITSN1 function and 

dysfunction in AD. Increased ITSN1-L with ageing could even be protective, and loss of that 

protection from decreased ITSN1-L in aged 5xFAD mice may contribute to further disease 

progression. In humans, this is similarly illustrated by the decrease of ITSN1-L in people with 

AD and DS compared to the “normally” elevated ITSN1-L levels in DS alone (245). Future 

studies should examine the relationship between age, genotype, and sex effects on ITSN1-L in 

5xFAD mice. 

 Another significant limitation to our studies in the 5xFAD model is the inability to gain 

insights to ITSN1 functions potentially involved in AD Tau pathology. Our studies have 

examined ITSN1 and CME within the framework that Aβ pathology may more impacted by 

changes of CME than Tau pathology. However, there are several ways in which Tau pathology 

could be impacted by CME as well. The aggregation of Tau proteins can be spread from cell to 

cell by secretion to the extracellular space and subsequent internalization by a nearby neuron. 

This internalization can happen in several ways, one of which is CME (90, 271). Future studies 

could measure levels of ITSN1 in the 3xTg mouse model, which is the only model to develop 

both amyloid and Tau pathology with aging (47, 272). 

 

5.4 Differences in ITSN1 Between Humans and the 5xFAD Mouse Model 

 Findings from mouse models of AD rarely translate to humans in a manner that can be 

used for development of therapeutics (253, 273, 274). However, transgenic mouse models are 

often the only option for many researchers, as human tissue can be difficult to obtain and long-

term storage of samples varies widely between tissue banks. Additionally, as human brains are 

collected post-mortem, it is difficult to examine brain changes in early AD progression, and it is 

impossible to perform mechanistic studies. This is where the utility of transgenic mouse models 
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comes in. But as stated above, due to the many inter-species differences, careful consideration 

must be taken when comparing changes in the human AD brain to changes in an AD model. 

 We found several differences between our human and mouse studies that warrant 

further investigation. First, and most strikingly, we could not measure ITSN1-S in the 5xFAD HP 

or CTX, whereas in human AD HP, we observed a significant increase in its levels. This 

discrepancy could suggest a fundamental species difference in ITSN1-S expression or function. 

Alternatively, it is possible that ITSN1-S expression does change in 5xFAD mice, but its 

baseline levels are significantly lower than ITSN1-L, and any specific effect of ITSN-S may be 

masked by high ITSN1-L expression on the immunoblots. We also found evidence of 

differences in the abundance of ITSN1 between human and mouse brains in the imaging 

studies we performed and the amount of protein lysate required for immunoblot. In humans, we 

observed very sparse ITSN1 in the cortex and HP by IHC, and to evaluate levels by 

immunoblot, we needed to use 50 µg of protein per lane to gain an optimal signal to noise ratio. 

In the 5xFAD mice, ITSN1 staining was widely present throughout the brain, and we only 

needed to load 10 µg of protein per lane to obtain a sufficient signal to noise ratio of ITSN1-L. 

This result suggests that ITSN1-L may play a much larger role in the adult mouse brain than the 

adult human brain. Re-evaluation of mouse tissue in a more sensitive manner, such as 

increasing protein used for immunoblot, qPCR, or the iBind immunoblot technique (used for the 

human samples), would be helpful to determine if ITSN1-S is also increased in 5xFAD HP. 

However, if these methods do not work and mice naturally have very little ITSN1-S, a transgenic 

mouse in which ITSN1-S is overexpressed may help to elucidate how increases in protein levels 

affect CME functions. 

 These species differences could be the reason for somewhat conflicting results we found 

between human AD FC and 5xFAD CTX ITSN1-L levels. We observed CTX levels of ITSN1-L in 

the 5xFAD were increased in female mice, which contrasts the decrease in ITSN-L that we saw 
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only in males in human AD FC. Conversely, in human AD HP, ITSN1-L levels were decreased 

in females but not males, whereas in 5xFAD mice at 6 months ITSN1-L is decreased in males 

but not females. It is as of yet unknown if sex differences seen in human AD are mechanistically 

similar to those seen in 5xFAD mice. Indeed, in humans we found that baseline ITSN1-L was 

lower in CTL males than CTL females whereas in WT mice at 6 months there is potentially 

increased ITSN1-L in males versus females. These discrepancies may illustrate the limitation 

that human samples do not represent early stages of the disease, whereas disease progression 

in 5xFAD mice can be monitored over time. Together, these considerations highlight another 

reason why species differences must be carefully considered. 

However, in human HP, both AD HP and CTX ITSN1-L levels were decreased 

compared to CTL levels. Similarly, the 5xFAD mice also showed a decrease in HP levels of 

ITSN1-L. This result suggests that the 5xFAD HP may be a model that can be further used to 

investigate ITSN1-L mechanisms in the context of AD. Figure 5.1 summarizes our findings of 

how ITSN1 levels change in human AD, 5xFAD mice, and 5xFAD primary neurons relative to 

disease stage. 

With all of this in mind, future experiments to elucidate specific ITSN1 isoform functions 

in relation to AD might utilize either the 5xFAD or 3xTg mouse crossed with a total ITSN1 knock 

out or ITSN1-L specific knock out mouse. We could then evaluate if ITSN1-L loss induces 

enlarged early endosomes, synapse dysfunction, and neuronal survivability via 

immunofluorescence and immunoblot. To evaluate ITSN1-S functions in a human-specific 

model which captures earlier stages of disease, levels in patient-derived iPSC neurons could be 

evaluated and ITSN1-S overexpressed if necessary. Then, CME function could be tested with 

transferrin internalization assays. Alternatively, effects of cell type specific expression of ITSN1-
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L and -S on Aβ and Tau pathology could be examined using in vitro transfection assays in 

neurons vs astrocytes s microglia and measuring Aβ and Tau levels. 

 

Figure 5.1. Summary Figure. ITSN1-L and -S change in an isoform and brain region specific 

manner in post-mortem AD human brains (A). In the human HP, ITSN1-S is increased in both 

AD males and females whereas ITSN1-L is decreased only in AD males. In the FC, ITSN1-L is 

only decreased in AD males. These changes in ITSN1-L are somewhat recapitulated in the 

5xFAD model (B). Interestingly, our ‘early stage’ models of AD, 5xFAD at 3 months and 5xFAD 

primary neurons (C), capture disease states earlier than possible with human post-mortem 

tissue and show an interesting increase in ITSN1-L illustrating a potential transient mechanism 

in which ITSN1-L is increased during early-stage disease and decreased during late-stage 

disease. 
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5.5 Conclusion 

 The pathophysiology of AD is extremely complex, affecting many cell types, brain 

regions, and higher order brain functions. The results of this dissertation work illustrate how 

target prediction of candidate miRNA AD biomarkers leads to AD related cellular pathways. 

Here, we began to evaluate one of these pathways, CME, for specific changes in AD. Of the 

CME proteins we assayed, ITSN1 was revealed as the only protein significantly changed in AD 

postmortem brains. ITSN1 isoform and brain region specific changes of ITSN1, in both human 

AD brain and 5xFAD mice, suggest distinct functions of ITSN1-L and -S, and the possibility of 

different ITSN1-L functions in early vs late disease stages. Our results develop a compelling 

reason to further investigate specific ITSN1-L and -S functions in AD, while also illustrating that 

those future studies must be carefully designed with specific models that can capture different 

points in disease progression. 
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