
Frontiers in Neuroscience 01 frontiersin.org

A clathrin mediated endocytosis 
scaffolding protein, Intersectin 1, 
changes in an isoform, brain 
region, and sex specific manner in 
Alzheimer’s disease
Sierra Jaye 1, Ursula S. Sandau 1, Trevor J. McFarland 1, 
Randy L. Woltjer 2 and Julie A. Saugstad 1*
1 Department of Anesthesiology and Perioperative Medicine, Oregon Health and Science University, 
Portland, OR, United States, 2 Division of Neuropathology, Department of Pathology, Oregon Health 
and Science University, Portland, OR, United States

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 potentially 
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 humans with AD across multiple 
brain regions is lacking. Thus, we used immunoblots 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), 
Adaptor Related Protein Complex 2 (AP2) Subunit Alpha 1 (AP2A1), and Dynamin 
2 (DNM2). Of these, we found that in AD, ITSN1-long (ITSN1-L) was decreased 
in the FC of males and HP of females, while ITSN1-short was increased in the 
HP of both males and females. We  further evaluated ITSN1-L levels in cortex 
(CTX) and HP of the 5xFAD mouse model of Aβ pathology at different timepoints 
during aging and disease progression by immunoblot (n  =  5–8 per group). At 
3  months, female 5xFAD exhibited an increase of ITSN1-L in CTX but a decrease 
at 6 and 9  months. Additionally, immunofluorescent staining of 5xFAD primary 
HP neurons showed an increase of ITSN1-L in matured 5xFAD neurons at 21 and 
28  days in vitro. Together, our studies show that in AD, isoforms of ITSN1 change 
in a brain region-and sex-dependent manner. Further, changes in ITSN1-L are 
transient with levels increasing during early Aβ accumulation and decreasing 
during later progression. These findings suggest that ITSN1 expression, and 
consequently CME activity, may change depending on the stage of disease 
progression.
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1 Introduction

Alzheimer’s Disease (AD) is characterized by the accumulation of 
amyloid beta (Aβ) plaques and neurofibrillary Tau protein tangles as 
the disease progresses (Braak and Braak, 1991; Selkoe and Hardy, 
2016). However, as there are no reliable tools to detect early brain 
changes in AD, patients are often diagnosed 15–20 years after the onset 
of neuropathology (Deture and Dickson, 2019; Alzheimer’s 
Association, 2023). 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 (Lusardi et al., 2016) 
and validated (Wiedrick et al., 2019) a set of candidate microRNA 
(miRNA) biomarkers in human cerebrospinal fluid (CSF) that 
distinguish AD patients from neurologically normal controls (CTL).

MiRNAs regulate protein expression via complementary binding 
to targeted messenger RNA (mRNA) sequences. This leads to 
suppression or degradation of the targeted mRNA transcripts and 
subsequently reduced translation of the corresponding protein 
(Filipowicz et al., 2008; Shyu et al., 2008; Gebert and Macrae, 2019). 
As miRNAs themselves are also highly regulated, factors that alter 
their expression, such as disease state, can affect target mRNA protein 
translation (Gebert and Macrae, 2019). We previously published a 
target prediction analysis in which we utilized these novel candidate 
miRNA biomarkers to uncover potential cellular pathways involved 
in AD (Sandau et al., 2020b). We found that a significant number of 
proteins involved in clathrin mediated endocytosis (CME) may 
be regulated by AD CSF miRNAs.

CME is a ubiquitous process by which cells internalize material 
from the cell surface and mediates many cellular functions (Doherty 
and McMahon, 2009; Kaksonen and Roux, 2018). As such, disruption 
of CME function is associated with many diseases (McMahon and 
Boucrot, 2011; Schreij et al., 2016). In humans with AD, genetic links 
have been made to Adaptor Related Protein Complex 2 (AP2) and 
Phosphatidylinositol Binding Clathrin Assembly Protein (PICALM) 
(Raj et al., 2018; Azarnia et al., 2019) and many proteins involved in 
CME have reported changes at the RNA and protein level over a wide 
variety of brain regions (Yao et al., 1999, 2000, 2003; Cao et al., 2010; 
Jaye et al., 2024). There are many cellular functions 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 (Cataldo et al., 
1997, 2000; Nixon, 2005). This in turn results in endolysosomal 
disruption (Nixon, 2017; Colacurcio et al., 2018; Szabo et al., 2022) 
and various neuropathological outcomes such as Aβ1–42 over 
production (Koo and Squazzo, 1994; Wu and Yao, 2009; Burrinha 
et al., 2021) and clearance deficits (Narayan et al., 2020) as well as 
dystrophic neurites (Sanchez-Mico et al., 2021). Increased size and/or 
number of endosomes correlates with increased endocytosis 
(Stenmark et al., 1994) and suggests that CME changes may contribute 
to downstream endolysosomal changes in AD. Inhibition of CME 
both reduces internalization of Amyloid Beta Precursor Protein (APP) 
(Burrinha et  al., 2021) and prevents Aβ induced axon damage 
(Kuboyama et al., 2015).

Synapse dysfunction is another well characterized neuronal 
phenotype in AD (Pei et al., 2020), which correlates with cognitive 
impairment and leads to severe synaptic loss in early stages of disease 
(Terry et al., 1991; Jacobs and Kahana, 2010). 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 transmission (Cirrito et al., 2008; Pechstein et al., 2010; 
Milosevic, 2018). Blocking CME significantly reduces vesicle recycling 
in pre-synaptic terminals (Doherty and McMahon, 2009). 
Additionally, post-synaptic CME may contribute to AMPA receptor 
trafficking, which contributes to cognitive function (Man et al., 2000; 
Lacor et al., 2004; Snyder et al., 2005; Guntupalli et al., 2017). This 
together suggests that alterations of CME could contribute to both 
pre-and post-synaptic dysfunction in AD.

The current study examines how the expression of proteins in the 
CME pathway may be altered in human postmortem AD brains, the 
5xFAD mouse model of amyloidosis, and 5xFAD primary neurons. 
Here, we examined, in both males and females, levels of CME proteins 
that have been previously implicated in human AD: Intersectin 1 
(ITSN1) (Wilmot et al., 2008; Malakooti, 2019), Clathrin Light Chain 
A (CLTA) (Nakamura et al., 1994), PICALM (Raj et al., 2018; Azarnia 
et al., 2019; Alsaqati et al., 2023), FCH and Mu Domain Containing 
Endocytic Adaptor 1 (FCHO1) (Teerlink et al., 2021), Adaptor Related 
Protein Complex 2 (AP2) Subunit Alpha 1 (AP2A1) (Yao et al., 2000; 
Srinivasan et al., 2022), and Dynamin 2 (DNM2) (Aidaralieva et al., 
2008; Kamagata et al., 2009; Du et al., 2021). We found that ITSN1 is 
altered in human AD brains compared to age-matched CTLs in an 
isoform-, brain region-, and sex-specific manner. These findings were 
also repeated in aged, 9 month old 5xFAD mice, a timepoint associated 
with Aβ pathology, synaptic loss and cognitive impairment (Forner 
et al., 2021; Oblak et al., 2021). Further, using 1, 3, 6, and 9 months old 
5xFAD and wildtype (WT) mice, we demonstrate a transient increase 
in ITSN1-L in female 5xFAD mice early in disease when Aβ deposits 
begin accumulating, that later decrease to below CTL levels by 
6 months of age. This, and our finding that ITSN1-L increases in 
5xFAD primary HP neurons, illustrate a potential correlation of 
ITSN1-L to increase with developing Aβ pathology. These data further 
implicate a role for CME in AD progression given that both the 
neuronal specific ITSN1-L, and the ubiquitous ITSN1-S, interact with 
many essential CME proteins (McMahon and Boucrot, 2011; Wong 
et al., 2012; Gubar et al., 2013; Herrero-Garcia and O'Bryan, 2017), 
and that overexpression (Sengar, 1999; Simpson et  al., 1999) and 
under-expression (Yu et  al., 2008; Thomas et  al., 2009) of ITSN1 
significantly reduces CME. Interestingly, ITSN1-L has several 
additional neuronal specific functions (Tsyba et  al., 2008, 2011) 
including dendritic spine development (Irie and Yamaguchi, 2002), 
fast neurotransmission (Sakaba et al., 2013; Jäpel et al., 2020), synaptic 
plasticity through reelin (Jakob et al., 2017), and mitogenic signaling 
pathways (O’Bryan et al., 2001). Further, ITSN1-L knockout mice 
have learning and memory deficits (Malakooti et al., 2020). Thus, the 
differences we  show in ITSN1-L levels between brain region and 
disease stage also point to the potential of ITSN1-L affecting multiple 
aspects of AD progression.

2 Methods

2.1 Human brain samples

This study consisted of post-mortem tissue of 101 patient donors 
to the Oregon Health & Science University (OHSU), Layton Aging 
and Alzheimer Disease Center Brain Bank. All donors were aged 
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individuals from the community and had either no known 
neurological disease (CTL) or a clinical history of AD established, 
as previously described (Tierney et al., 1988; Nelson et al., 2014). 
After consent was given from the next of kin, brain autopsy was 
performed on all donors in accordance with OHSU guidelines and 
ethical approval for this work. Tissue was stored unfixed at −80°C 
until use.

2.2 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. We  purchased 5xFAD mice from JAX (The Jackson 
Laboratory, #034840-JAX). These mice contain three familial AD 
mutations in humanized APP (K670N/M671L, 1716 V, 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.

2.3 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 touchdown PCR thermal cycling 
protocol used is as follows: initial denaturation (95°C, 3 min, 1 cycle), 
denaturation (94°C, 30 s), then 10 1-min cycles starting at 65°C and 
decreasing by 0.5°C each cycle (65–61°C) with extension at 68°C for 
1 min after each, then 28 cycles of 95°C for 30 s, 60°C for 1 min, and 
72°C for 1 min, after these cycles is 72°C for 2 min.

2.4 Animal tissue collection

Mice were euthanized at 1, 3, 6, and 9 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 HP and CTX, which were frozen on dry ice 
and stored at −80°C until immunoblot analysis. The right hemisphere 
was immersed and fixed in 4% paraformaldehyde (PFA) overnight 
then transferred to 30% sucrose in PBS for 2 days, all at 4°C. 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% ethylene 
glycol, 20% glycerol, 50%PBS) and stored at 4°C for subsequent free-
floating tissue staining.

2.5 Immunoblot

For human brain samples, archived frozen brain tissue was 
thawed, and while thawing the white matter and leptomeninges were 
dissected away. Forty to sixty milligram of post-mortem gray matter 
from AD and CTL frontal cortex (FC; AD n = 22, CTL n = 23) and HP 
(AD n = 34, CTL n = 22) was collected, and total protein extracted by 
sonication for 25 s in lysis buffer (62.5 mM Tris pH 6.8, 2% SDS and 
10% glycerol) followed by centrifugation at 14,000 g for 10 min. The 
supernatant was aliquoted and stored at −80°C until used for 
immunoblot analysis. Before use, protein lysates were analyzed for 
protein content using the Qubit Protein Assay kit (ThermoFisher 
Scientific (TFS)), loading buffer (50 mM DTT, 0.01% bromophenol 
blue) added, boiled, then 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.

Fresh frozen mouse tissue, collected as described above, was 
thawed and incubated in RIPA lysis buffer (TFS) with Halt protease/
phosphatase inhibitor. Tissue was homogenized with a handheld 
mechanical pestle for 10 s, then digested in the RIPA buffer for 
30 min, vortexing halfway through. After protein extraction, samples 
were centrifuged at 12,000 g for 20 min at 4°C. Supernatant was 
collected and aliquoted for BCA analysis (Pierce BCA Protein Assay 
kit, TFS) and immunoblot. Laemmli running buffer was added to 
samples, which were then boiled, cooled, and stored at −80°C until 
10 μg of protein was loaded onto pre-cast NuPAGE 3–8% Tris-Acetate 
gels (Invitrogen) and separated by electrophoresis.

For both human and mouse gels after sample electrophoresis, 
protein was transferred onto Immobilon-FL polyvinylidene 
difluoride (PVDF) membranes (Millipore) in NuPAGE transfer 
buffer (Invitrogen) containing 10% methanol for better transfer of 
high molecular weight proteins. Before primary antibody incubation, 
membranes were dried overnight at 4°C 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 
(Supplementary Table S1) for 2 h at room temperature in Intercept 
blocking buffer (LI-COR Biosciences) with 0.2% Tween-20. After 
washing (4 × 5 min, TBS-T, 0.2% Tween-20), membranes were 
incubated with the appropriate IRDye secondary antibodies 
(LI-COR, Supplementary Table S1) in Intercept blocking buffer with 
0.2% Tween-20 and 0.02% SDS for 1 h at room temperature. 
Membranes were washed (4 × 5 min, TBS-T) and bands visualized on 
the Odyssey CLx Imager. For human samples with low abundance 
proteins that had high signal to noise ratios with the standard 
method, such as ITSN1, we used the iBind Flex automated western 
system (TFS), which has been shown to increase sensitivity 
(Sormunen et al., 2023). 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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2.6 Primary neuronal cultures

Primary HP neurons were collected, frozen as in Ishizuka and 
Bramham (2020), and grown in sandwich culture with glia as in Kaech 
and Banker (2006) to enable lower density culture. Briefly, both male 
and female at embryonic day (E) 15 were collected from timed 
pregnant 5xFAD hemizygous mice, and the HP dissected from the 
brain. To determine the embryo genotypes, PCR with embryo tails 
was run simultaneously with dissection. After genotypes were 
confirmed, HP of each genotype were pooled and incubated in 0.25% 
trypsin at 37°C for 15 min. 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, 18 mm round coverslips were 
cleaned in 70% nitric acid for 48 h, sterilized by glass autoclave, and 
then had wax feet applied. They were then coated with 1 mg/mL poly-
l-lysine overnight at room temperature and washed with PBS the next 
day. One week ahead of neuronal plating, 50,000 mouse neural stem 
cells were seeded into Primaria 60 mm cell culture dishes (Corning, 
353,802) in differentiation media (10% fetal bovine serum, 10% 10X 
N2 supplement (Kaech and Banker, 2006), 100 U/mL penicillin–
streptomycin) and new media added every other day, these become 
glial feeder cells. Twenty four hours before neuronal plating, glial 
feeder medium is replaced with neuronal media (B27 Plus Neuronal 
culture system, TFS).

Frozen neurons were thawed gently in a 37°C water bath for 
2 min. In a separate 60 mm 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 h, when neurons 
have attached, the coverslips were flipped into dishes with glial feeder 
cells and the neurons grown 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 min at room temperature at 7, 14, 21, and 28 days in 
vitro (DIV). Coverslips were dehydrated in a gradient of ethanol 
(50–70–100%, 1 min each) and stored in 100% EtOH at −20°C 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 = 39–45 neurons. 
Within each time-point all coverslips were stained together 
for analysis.

2.7 Immunofluorescence

Mouse brain tissue sections were removed from cryoprotectant 
and washed three times in PBS then blocked with 10% normal goat 
serum in PBS for 2 h at room temperature. Rabbit anti-ITSN1 (1:500, 
Novus Biologicals) and rat anti-alpha tubulin (1:500, TFS) primary 
antibodies were applied overnight at 4°C in 10% normal goat serum. 
After washing in PBS, Alexa Fluor 488 Goat anti-Rabbit IgG (1:500, 
TFS) and Alexa Fluor 647 Goat anti-Rat IgG (1:1,000, TFS) 
secondary antibodies in 10% normal goal serum were 
incubated for 2 h at room temperature and counterstained with 

4′,6-diamidino-2-phenylindole (DAPI). Sections were then mounted 
onto slides and dried before applying coverglass with ProLong Gold 
antifade mountant (TFS).

Fixed primary HP neurons were rehydrated by incubation for 
1 min each in 70% ethanol, 50% ethanol, and then PBS. They were 
then permeabilized in PBS-T (0.1% Tween-20) for 10 min at room 
temperature then blocked for 30 min. Rabbit anti-ITSN1 (1:500, 
Novus Biological) and chicken anti-MAP2 (microtubule associated 
protein 2, 1:10,000, TFS) primary antibodies were applied overnight 
at 4°C. After washing with PBS, Alexa Fluor 647 Donkey anti-Chicken 
IgY (1:500, TFS) and Alexa Fluor 568 Donkey anti-Rabbit IgG (1:500, 
TFS) secondary antibodies were incubated for 1 h at room temperature 
and counterstained with 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 
(TFS). Specific antibody information is listed in 
Supplementary Table S1.

2.8 Image acquisition and analysis

Stained mouse hemispheres, 3 animals from each group 
(timepoint × 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 a time-point are displayed with the same settings.

Primary HP neurons were imaged using confocal laser scanning 
microscopy using an LSM 900 Axio Observer.Z1/7 (Zeiss) inverted 
microscope equipped with a Plan-Apochromat 63x/1.40 NA oil 
immersion objective, 1.00 Airy Units/56 μm pinhole for each channel. 
Five to ten cells were imaged in three dimensions from each coverslip 
for total n = 39–45 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 MAP2 signal then collected 
the signal intensity of the ITSN1 staining within the MAP2 
segmentation to analyze.

2.9 Statistical analysis

For both the immunoblot and immunofluorescence experiments, 
the experimenter was blinded to sample demographics or mouse 
genotype until all data were collected. Data were analyzed with 
GraphPad Prism software v10.1.0 (GraphPad Software, Inc., San 
Diego, CA). To assess differences between protein levels in human AD 
versus CTL or 5xFAD and WT mice while considering sex (male 
versus female) we used a two-way ANOVAs (genotype × sex) followed 
by Šídák multiple comparisons tests, when appropriate. A p < 0.05 was 
considered to be a significant difference between groups. Data were 
not compared between time-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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For immunoblots using post-mortem human brain, all HP 
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. Outliers were identified using ROUT analysis with Q = 1% 
(Motulsky and Brown, 2006).

Mouse immunoblot data are shown as mean ± SEM of ITSN1 
protein levels normalized to TPS within each age group for both the 
CTX and HP 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. Outliers 
were identified using Grubb’s test with α = 0.05.

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 = 39–45 cells per group. To assess differences in ITSN1 signal 

intensity between 5xFAD and WT neurons we  used unpaired, 
two-tailed, Student’s t-tests at 7, 21, and 28 DIV, and Welch’s corrected 
t-test at 14 DIV.

3 Results

3.1 The CME pathway contains predicted 
targets of AD CSF miRNAs

Our previous study evaluated potential targets of 5 trending AD 
CSF miRNAs (miRs-142-3p, 146a-5p, 146b-5p, 193a-5p, 365a-3p) 
(Wiedrick et  al., 2019; Sandau et  al., 2020b). This initial analysis 
consisted of miRNA target prediction and subsequent pathway 
analysis. Many of these pathways were already known to be related to 
or altered in AD (Sandau et al., 2020a). Notably, CME emerged as a 
pathway of interest that is predicted to be targeted by the AD CSF 
miRNAs. Table 1 lists proteins involved in CME whose mRNA are 
predicted targets of AD CSF miRNAs. Of these, we evaluated ITSN1, 
CLTA, and PICALM for changes in expression between male and 
female CTL and AD brain. We also quantified FCHO1, AP2A1, and 
DNM2 as these are integral to CME and implicated as disrupted in 
AD (Nakamura et  al., 1994; Yao et  al., 2000; Wilmot et  al., 2008; 

TABLE 1  Proteins involved in CME are targeted by one or more candidate AD CSF MiRNA biomarkers.

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

The predicted mRNA targets of candidate AD miRNAs that are involved in CME. Target mRNA symbol, miRNAs predicted to regulate the target, and target name are shown in alphabetical 
order. Targets we performed immunoblots on are indicated in bold.
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Malakooti, 2019; Du et al., 2021; Teerlink et al., 2021; Srinivasan et al., 
2022), but are not predicted targets of the AD CSF miRNAs.

3.2 Donor demographics for post-mortem 
brain tissues

Specific demographics for the postmortem brain samples from 
AD and CTL donors obtained from the OHSU Layton Aging and 
Alzheimer’s disease research center are in Table  2. The samples 
included 45 fresh frozen samples from the FC (23 CTL, 22 AD) and 
56 samples from the HP (22 CTL, 34 AD) for a total of 101 samples 
used for immunoblot in four groups (disease by sex). 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, or age, at time 
of death between groups. All samples had postmortem intervals of less 
than 24 h but given the constraints in availability of tissue there was a 
significant difference of postmortem interval between male AD and 
CTL in both the FC (p = 0.02) and HP (p = 0.005).

3.3 ITSN1 is decreased in AD FC and HP 
human postmortem brain

We first investigated ITSN1 expression, as it interacts with many 
hub proteins in CME (Oughtred et al., 2021). There are two isoforms 
resulting from alternative splicing (Hussain et al., 1999; Okamoto 
et al., 1999): a neuronal-specific long form (ITSN1-L) and a ubiquitous 
short form (ITSN1-S). The ITSN1 antibody is expected to detect both 
ITSN1-L (190 kDa) and ITSN1-S (140 kDa) isoforms. In the FC, there 
was a significant main effect of AD on ITSN1-L levels (p = 0.021) 
(Figure 1A). 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 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 = 0.014) (Figure 1B). Post-hoc tests demonstrated that in AD females 
there was a significant decrease in ITSN1-L, as compared to CTL females 
(p = 0.034), but no difference between CTL and AD males (p = 0.459). 
We also found that in CTL males ITSN1-L is significantly decreased, as 
compared to CTL females (p = 0.001). Also in the HP, ITSN1-S levels 
showed a significant main effect of disease (p = 0.001), with significant 
increases in female AD versus CTL (p = 0.031) and a trending increase 
in male AD versus CTL (p = 0.053) (Figure 1C). All statistics are shown 
for the FC in Supplementary Table S2 and HP in Supplementary Table S3.

3.4 Other CME proteins are not altered by 
AD in the human brain

We examined other proteins also involved in the CME pathway, 
including CLTA, CLTB, PICALM, FCHO1, AP2A1, and DNM2 in the 
FC and HP of AD and CTL humans by immunoblot. In the FC, CLTA 
and CLTB showed no change in AD, but revealed a significant sex 
difference in CTLs (Supplementary Figures S3A,B). Previously, 
PICALM was shown to have differences in AD between isoforms (Ando 
et al., 2013, 2016; Alsaqati et al., 2023), so we evaluated the effect of AD 
on both isoforms 1,2 (65–75 kDa), 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 (Supplementary Figure S1A) 
or HP (Supplementary Figure S2A). Likewise, evaluation of PICALM 
isoform 4 showed no significant effect of disease, sex, or an interaction 
in the FC (Supplementary Figure S1B), but in the HP there was a 
trending disease by sex interaction (p = 0.051, Supplementary Figure S2B). 
FCHO1, AP2A1, and DNM2 levels were not significantly affected by 
disease, sex, or their interaction in the FC (Supplementary Figures S1C–E) 
or HP (Supplementary Figures S2C–E). All statistics are shown for the 
FC in Supplementary Table S2 and HP in Supplementary Table S3.

TABLE 2  Participant demographics for immunoblots.

Frontal cortex Hippocampus

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

Sex, mean age ± standard deviation (SD), and mean postmortem interval (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.
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3.5 ITSN1 shows widespread staining in WT 
mice

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 (Nirschl et al., 2016; Guedes-Dias and Holzbaur, 
2019). We did not observe any obvious differences in ITSN1 staining 

patterns between age and genotypes (Supplementary Figure S4). 
Generally, ITSN1 showed widespread staining across the tissue with 
some bright puncta in HP CA subfields and dentate gyrus (Figure 2A), 
but this was not always concentrated around the α-Tubulin neurons. 
In the CTX, ITSN1 was sometimes seen to be more concentrated in 
cell bodies not positive for α-Tubulin (Figure 2B, bottom white arrow) 
and in long processes adjacent to α-Tubulin positive cell bodies 
(Figure 2B, top white arrow). However, some cells that were α-Tubulin 

FIGURE 2

ITSN1 expression visualized in 9-month WT mice. (A) Representative wide field images of 9  month old male and female WT mouse brains stained for 
ITSN1 (yellow). White boxes in (A) indicate areas magnified in B, C, and D in the CTX (B), HP CA3 (C), and dentate gyrus (D). Each region is shown with 
both neuronal α-Tubulin (magenta) and ITSN1 (yellow). Scale bars are 500  μm in (A) and 20  μm in (B–D).

FIGURE 1

ITSN1-L and ITSN1-S are altered in human AD brain. (A) Comparison of ITSN1-L in the FC of male and female AD and CTL protein lysates. 
(B) Comparison of ITSN1-L and (C) ITSN1-S in the HP of male and female AD and CTL protein lysates. For each analysis, all graphs (A–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; **p  <  0.01.
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positive also contain concentrated ITSN1 near the nucleus (Figure 2C, 
white arrows).

3.6 ITSN1-L is decreased in the aged female 
5xFAD CTX and HP

To examine if the changes in ITSN1 we observed in human AD 
brains also occur 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 (Jakob 
et  al., 2017) and AD pathology does not appear until adulthood, 
we examined ITSN1 levels between 5xFAD and WT at 1-, 3-, 6-, and 
9-months in both males and females (Figures 3, 4). In mice, 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 effect of genotype on ITSN1-L levels at 
1 month of age (Figure 3A). However, at 3 months we found a significant 
effect of genotype on ITSN1-L (p = 0.0095) (Figure 3B). Subsequent 
post-hoc tests revealed a significant increase of ITSN1-L in 5xFAD 
females compared to CTL females (p = 0.031). At 6 months we again 
found a significant genotype effect on ITSN1-L (p = 0.023) with post-hoc 
tests now showing a significant decrease of ITSN1-L in 5xFAD females 
as compared to CTLs (p = 0.011) (Figure 3C). At 9 months, the significant 

genotype effect was sustained (p = 0.0006) and post-hoc tests showed that 
ITSN1-L significantly decreases in both male (p = 0.001) and female 
(p = 0.040) 5xFAD mice compared to sex matched CTLs (Figure 3D).

In the HP, there was no significant effect of genotype at 1 and 
3 months (Figures  4A,B). However, at 6 months we  observed a 
significant main effect of genotype (p = 0.0002) as well as a significant 
interaction between genotype and sex (p = 0.038) (Figure  4C). 
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 potential baseline difference between sexes. At 
9 months, we  found significant genotype (p = 0.0024) and sex 
(p = 0.041) effects on ITSN1-L levels (Figure  4D). Post-hoc tests 
showed that ITSN1-L is decreased in 5xFAD females (p = 0.004) and 
has a trending increase in female WT versus, male WT ITSN1-L levels 
(p = 0.057) (Figure 4D). Full statistical results for ITSN1 in the CTX 
and HP are reported in Supplementary Table S4.

3.7 Increased ITSN1 in 5xFAD aged HP 
neurons

To further evaluate the impact of aging on ITSN1  in 5xFAD 
neurons we grew primary HP neurons isolated from 5xFAD and WT 

FIGURE 3

ITSN1 expression is increased in female 5xFAD CTX at 3  months but 
decreased at 6 and 9  months of age. Immunoblot comparison of 
ITSN1-L between males and females in 5xFAD and WT littermate 
controls in the CTX at 1, 3, 6, and 9  months of age. For each analysis, 
all graphs (A–D) show protein intensity values at 1, 3, 6, and 9  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; **p  <  0.01.

FIGURE 4

ITSN1-L is decreased in 5xFAD HP at 6 and 9  months of age. 
Immunoblot comparison of ITSN1-L between males and females in 
5xFAD and WT littermate controls in the HP at 1, 3, 6, and 9  months 
of age. For each analysis, all graphs (A–D) show protein intensity 
values at 1, 3, 6, and 9  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; 
***p  <  0.001.
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E15 embryos in sandwich culture with glia (Kaech and Banker, 2006). 
We performed dual immunofluorescence of ITSN1 and MAP2  in 
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 trainable AI segmentation of MAP2 on a subset 
of images across time-points to identify the neuron and processes, 
which was then applied 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 (Figures  5A,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) (Figures 5C,D).

4 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 
AD miRNAs and examined several CME 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 
post-mortem human AD and CTL brains, with decreases in the FC of 
AD males and HP of AD females (Figure 1). However, there were no 
appreciable differences between AD and CTL in the other CME 
proteins assessed herein (Supplementary Figures S1, S2). Additionally, 
we measured ITSN1 in the 5xFAD mouse brain throughout aging 
because 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 decreased at 6 and 9 months of age, while in the HP there 
was decrease in ITSN1-L at 9 months in both female and male mice. 
The reduction of ITSN1-L in aged 5xFAD mice is similar to our results 
from end stage AD in human post-mortem brain and implicates a role 
for Aβ accumulation and pathology in ITSN1-L dysregulation. 
Interestingly, the 5xFAD primary neurons showed increased ITSN1-L 
compared to WT upon neuron maturation at 21 and 28 DIV, which 
recapitulates the transient increase in the CTX of 3 month old 5xFAD 
females when Aβ plaques are beginning to develop (Oakley et al., 
2006). Together these studies suggest that amyloidosis triggers changes 

FIGURE 5

ITSN1 is increased in aged 5xFAD HP neurons. Confocal microscopy images of 5xFAD and WT primary HP neurons at 7 (A), 14 (B), 21 (C) and 28 
(D) days in vitro (DIV). Both WT and 5xFAD 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  =  39–45 cells per group. Data are represented as 
mean  ±  SEM. Statistical significance was determined by unpaired, two-tailed t-tests. *p  <  0.05, all scale bars 10  μm.
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in ITSN1-L expression in the brain, which may impact CME and/or 
synaptic transmission.

Thus far, few studies have evaluated ITSN1 in the context of AD 
in humans. At the mRNA level, ITSN1-S was upregulated in human 
post-mortem AD FC, but ITSN1-L showed no expression changes 
(Wilmot et al., 2008). Another transcriptomic study found ITSN1 
mRNA upregulated in AD temporal CTX with increasing 
neurofibrillary tangle pathology (Dunckley et al., 2006) though the 
isoform was not specified. The only study that previously evaluated 
ITSN1 protein levels in AD brains found no difference in frontal or 
temporal CTX compared to CTL in either isoform (Malakooti, 2019). 
In contrast, our study revealed that in AD, ITSN1 isoform expression 
is altered in a brain region-and sex-dependent manner. In the FC, 
ITSN1-S expression was too low for analysis. However, in the HP both 
AD females and males had similar changes in ITSN1-S compared to 
CTL, with a significant increase in AD females and trend of increased 
expression in AD males. For ITSN1-L, in the FC there was a decrease 
in AD males, but no change in AD females. Conversely, in the HP 
ITSN1-L was increased in AD females, but not different between AD 
and CTL males. However, it is important to note that CTL male brains 
had very low levels of ITSN1-L in the HP. Thus, more sensitive 
detection methods are needed to confirm our finding that there is no 
significant difference in ITSN1-L levels between AD and CTL males. 
Additionally, we observed that the HP female CTLs have a higher 
baseline of ITSN1-L levels than CTL males, which suggests that 
protein expression levels in normal aging females versus males is 
sex-dependent. This is interesting as females have higher instances of 
AD (Rajan et al., 2021; 2023) and the decrease in ITSN1-L we observe 
in AD female HP could be connected to their increased vulnerability 
to neurodegeneration. Our data may differ from the previous protein 
study due to differences in male to female ratios of the AD and CTL 
groups, with the previous study’s AD group being primarily male, and 
combining sexes within groups (Malakooti, 2019), whereas 
we evaluated sexes independently. Together, these data show that both 
sex and brain region should be  taken into consideration when 
assessing protein changes as a result of AD.

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. 5xFAD mice contain three AD 
familial mutations in humanized APP and two in PSEN1 (Goate et al., 
1991; Mullan et al., 1992; Eckman et al., 1997; Citron et al., 1998; 
Berezovska et al., 2005), and exhibit Aβ plaques, neurodegeneration, 
and cognitive decline as they age (Oakley et al., 2006; Jawhar et al., 
2012; Forner et al., 2021; Oblak et al., 2021). 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 (Mazi et al., 2018). We found that ITSN1-S was not abundant 
enough to measure by immunoblot, but we did observe changes in 
ITSN1-L at different time-points across the study timeline.

In the CTX, we saw an increase of ITSN1-L in female 5xFAD mice 
at 3 months. This is interesting as female 5xFAD mice exhibit plaque 
pathology earlier than males (Forner et al., 2021) 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, 9 months) this increase in 
ITSN1-L is not sustained and transitions to a decrease in ITSN1-L in 
both the CTX and HP of female mice by 9 months. 5xFAD mice begin 
extracellular deposition of plaques between 2 and 4  months and 
plaques first appear in the subiculum and cortical layer V (Oakley 

et al., 2006). It is possible that early in the disease, ITSN1-L changes 
in 5xFAD, like the cortical increase we  saw at 3-months, have a 
different effect on pathology progression than changes at 6 months, 
where we  see ITSN1-L decrease. An increase at 3 months could 
correspond with the increase in Aβ plaques in the CTX (Oakley et al., 
2006) and because changes in ITSN1 levels are likely to reduce CME 
(Sengar, 1999; Simpson et al., 1999; Yu et al., 2008; Thomas et al., 
2009), 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 APP uptake.

In pursuit of an in vitro model to examine ITSN1 changes 
mechanistically, we compared ITSN1 levels via immunofluorescence 
in 5xFAD and WT primary HP neurons. We found that ITSN1 was 
significantly increased in 5xFAD neurons at 21 and 28 DIV in these 
mixed sex cultures. As previously shown in WT primary cortical 
neurons, CME and production of APP is increased in 28 DIV ‘aged’ 
neurons compared to younger neurons (Burrinha et al., 2021). The 
same study also showed that inhibition of CME limits Aβ production 
which reverts in vitro age-related synaptic loss (Burrinha et al., 2021). 
Thus, the increase we saw in ITSN1 at 21 and 28 DIV 5xFAD primary 
HP neurons, which corresponds to increased CME and APP 
production in WT neurons, and tracks with accumulation of Aβ 
oligomers in 5xFAD primary neurons seen after 14 days (Shim et al., 
2021), could also function as a compensatory mechanism to reduce 
CME and Aβ and prevent subsequent synaptic loss. This further 
supports the need for future mechanistic studies to examine the 
hypothesis that the early ITSN1-L increase in 5xFAD females is a 
protective response to Aβ. Also, the use of a single sex primary culture 
would be interesting to evaluate potential mechanistic differences due 
to ITSN1 changes in each sex individually. Studies using 5xFAD 
primary neurons are also needed to provide clarification on the 
specific cellular mechanisms, CME or otherwise, that are affected by 
ITSN1 expression changed in AD.

It is interesting that in the HP of 9-month-old 5xFAD mice we see 
the same pattern seen in human post-mortem AD HP; a trending 
increase in baseline level of ITSN1-L in WT female mice compared to 
WT males and a decrease of ITSN1-L in HP of 5xFAD females 
compared to WT females. These data suggest that ITSN1-L function 
may be associated with pathology progression in the 5xFAD model 
and that aged mice recapitulate ITSN1-L changes seen in end-stage 
disease in humans. Thus, further characterization of these ITSN1-L 
changes in the 5xFAD HP may be  relevant to discerning the 
mechanism underlying human AD.

As age is the highest risk factor for AD (Guerreiro and Bras, 2015), 
CME proteins increase with age (Alsaqati et al., 2018), and ITSN1 
itself is increased with age in as shown in a Down Syndrome (DS) 
mouse model (Ahmed et al., 2017), 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 aging could even 
be protective and loss of that protection from decreased ITSN1-L in 
aged 5xFAD mice may contribute to further disease progression. 
While we cannot compare ITSN1-L levels between timepoints in our 
mouse immunoblots or primary neurons due to batch effects of 
processing each timepoint individually, future studies should examine 
the relationship between age, genotype, and sex effects on ITSN1-L in 
5xFAD mice.

Our findings of increased ITSN1-S in human AD postmortem 
brain 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 
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to their having distinct functions in each brain region. 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 (Tsyba et al., 2008, 2011). These functions 
include dendritic spine development (Irie and Yamaguchi, 2002; 
Kuboyama et al., 2015), fast neurotransmission (Sakaba et al., 2013; 
Jäpel et al., 2020), mitogenic signaling (Adams et al., 2000; O’Bryan 
et al., 2001), and RAS/MAPK regulation (Tong et al., 2000). 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. The differences between isoform function, specifically 
which CME processes ITSN1-S is involved in versus those that use 
ITSN1-L, have not been studied. Our data suggest that future studies 
should make efforts to distinguish how changes in each isoform affect 
specific cellular functions. As a first step, discovering which cell types 
are driving ITSN1-S versus ITSN-L changes may help to narrow down 
each isoforms specific function in the affected cell type.

Of the other CME proteins we  evaluated (Supplementary  
Figures S1, S2), DNM2 (Aidaralieva et al., 2008; Kamagata et al., 
2009), AP2A1 (Yao et al., 2000), CLTA (Nakamura et al., 1994), and 
PICALM (Ando et al., 2013, 2016; Alsaqati et al., 2023) 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. Of particular interest, our analysis of PICALM levels 
does not recapitulate previous studies, which show PICALM isoform 
4 as both increased (Ando et al., 2016) or decreased (Ando et al., 
2013; Alsaqati et al., 2023) 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 different fractions. However, the prior studies primarily used 
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. This points to a potential difference in how 
PICALM isoform 4 levels may change differently in AD between 
males and females.

In conclusion, the pathophysiology of AD is extremely complex, 
affecting many cell types, brain regions, and higher order brain 
functions. This study illustrates how target prediction of candidate 
miRNA AD biomarkers can help identify AD related cellular 
pathways. Here, we began to evaluate one of these pathways, CME, 
for specific changes in AD using human post-mortem brains, the 
5xFAD mouse model, and primary neuronal culture. Of the CME 
proteins we  assayed, ITSN1 was revealed as the only protein 
significantly changed in AD postmortem brains. Isoform and brain 
region specific changes of ITSN1, in human AD brains which are in 
part recapitulated in 5xFAD mice, suggest distinct functions of 
ITSN1-L and -S and the possibility of different ITSN1-L functions in 
early versus late disease stages. As summarized in Figure  6, 
timepoints of earlier disease states, modeled by 3-month female 
5xFAD mice and primary 5xFAD neurons, show an increase in 
ITSN1-L. While time points during later stages of disease, modeled 
by post-mortem human AD brains and aged 5xFAD mice, show a 
decrease in ITSN1-L. Our results develop a compelling reason to 
further investigate specific ITSN1-L and -S functions in AD over 
disease progression, while also pointing out that future studies must 
be carefully designed with specific models that can capture brain 
region, isoform, and sex differences at different time points of 
the disease.

FIGURE 6

Summary figure. ITSN1-L and -S change in an isoform and brain region specific manner in post-mortem AD human brains (A). In the HP, ITSN1-S is 
increased in both AD males and females whereas ITSN1-L is decreased only in AD females. 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 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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