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Abstract

Sortilin-related receptor 1 (SORL1) is a critical gene associated with late-onset Alzheimer’s disease. SORL1 contributes to the development and progression of
this neurodegenerative condition by affecting the transport and metabolism of intracellular -amyloid precursor protein. To better understand the underlying
mechanisms of SORL1 in the pathogenesis of late-onset Alzheimer’s disease, in this study, we established a mouse model of Sor/1 gene knockout using
clustered regularly interspaced short palindromic repeats-associated protein 9 technology. We found that Sor/1-knockout mice displayed deficits in learning
and memory. Furthermore, the expression of brain-derived neurotrophic factor was significantly downregulated in the hippocampus and cortex, and amyloid
B-protein deposits were observed in the brains of Sor/1-knockout mice. In vitro, hippocampal neuronal cell synapses from homozygous Sor/1-knockout mice
were impaired. The expression of synaptic proteins, including Drebrin and NR2B, was significantly reduced, and also their colocalization. Additionally, by
knocking out the Sor/1 gene in N2a cells, we found that expression of the N-methyl-D-aspartate receptor, NR2B, and cyclic adenosine monophosphate-response
element binding protein was also inhibited. These findings suggest that SORL1 participates in the pathogenesis of late-onset Alzheimer’s disease by regulating
the N-methyl-D-aspartate receptor NR2B/cyclic adenosine monophosphate-response element binding protein signaling axis.
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Introduction

Alzheimer’s disease (AD) is a degenerative central nervous system disease
characterized by progressive cognitive impairment and behavioral changes,
concealed in onset, and affected by genetic and environmental factors. AD
consists of familial AD and late-onset AD (LOAD). Clinically, 90% of patients
with AD have LOAD (Rostagno, 2022). AD is the main and most common
senile dementia. With aging of the population, the prevalence of AD has
increased substantially. According to the 2018 “World Alzheimer Report”, a
new case of dementia occurs every 3 seconds worldwide. Approximately 50
million people were affected by dementia worldwide in 2018. By 2050, the
number of people with dementia is expected to reach 152 million (Weidner
and Barbarino, 2019). Despite this, the mechanism behind the pathogenesis
of AD remains unclear. Moreover, drugs designed to target the characteristic
pathological accumulation of amyloid-B (AB) peptide have failed to show
promising results for years. Therefore, it is crucial to further explore the
underlying mechanisms of AD (Asher and Priefer, 2022; Passeri et al., 2022;
Abbott, 2023).

The pathogenesis of LOAD is still unknown, but is generally believed to result

from the interplay of environmental and polygenic factors. In recent years, a
genome-wide association study (GWAS) and our previous case-control study
of over 200 patients with AD identified sortilin-related receptor 1 (Sor/1)
as a high-risk susceptibility gene for LOAD (Feng et al., 2015; Karch and
Goate, 2015). The Sorl1 gene encodes a membrane protein of approximately
250 kDa that is expressed in the central and peripheral nervous systems.
SORL1 belongs to the low-density lipoprotein receptor (LDLR) family and
the vacuolar protein sorting domain receptor family (Malik and Willnow,
2020). SORL1 primarily exists in the early nuclear endosome and trans-Golgi
network. It interacts with distinct cytosolic adaptors for anterograde and
retrograde amyloid precursor protein (APP) transport between the trans-
Golgi network and early endosomes. Consequently, SORL1 restricts the
delivery of APP precursor to endocytic compartments, favoring amyloidogenic
breakdown and reduced AR deposition (Caglayan et al., 2014; Mishra et al.,
2022). A study in human induced pluripotent stem cells showed that Sor/1
knockout leads to endosome enlargement, which is a typical phenotype of
early AD cytopathology. This pathological change is not affected by inhibition
of B-secretase (Knupp et al., 2020). Instead, SORL1 participates in the
occurrence and development of AD by affecting the metabolism of APP and
the intracellular transport of APP, tau, and other related proteins (Knupp et
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al., 2020). In addition to the classical pathological features of A deposition
and neurofibrillary tangles, patients with AD also show pathological
manifestation of neuronal loss in the frontal temporal lobe and hippocampus
(Trejo-Lopez et al., 2022). Some studies have shown that expression of brain-
derived neurotrophic factor (BDNF) is markedly reduced in patients with
AD (Alfonsetti et al., 2023; Lazaldin et al., 2023). Several methods, including
aerobic exercise, can increase BDNF expression and substantially improve
cognitive behavioral impairments of AD (Gao et al., 2022; Baranowski et al.,
2023). Normal expression and transport of BDNF play a vital role in learning
and memory (Tanila, 2017). Several studies have demonstrated that Sor/1
may be a downstream target of BDNF. BDNF can significantly increase Sor/1
gene transcription through the extracellular signal-regulated kinase pathway,
with more than a 10-fold increase in a BDNF-treated group compared with
the control group (Rohe et al., 2009). In a BDNF knockout (BDNF”") mouse
model, significant downregulation of SORL1 expression and activity was
observed, and decreased BDNF expression can reduce neuroprotective
effects. In addition, by affecting the transport and metabolism of APP, BDNF
is involved in the occurrence and development of AD through the regulation
of SORL1 expression. Rohe et al., (2009) have shown that SORL1 knockout
leads to a decrease in the effect of BDNF on AB deposition, suggesting that
BDNF function in improving the cognitive and behavioral impairments of mice
depends on SORL1. As an intracellular sorting receptor-related protein, SORL1
may regulate the expression and transport of BDNF.

Sorl1 knockout (Sorl2”") mice showed a significant reduction in BDNF protein
expression (Rohe et al., 2009), although the mechanism remains largely
unknown. The purpose of this study was to clarify the regulatory role of
SORL1 on BDNF and the development of AD, providing new ideas for further
understanding on the pathogenesis of AD and identify new therapeutic
targets.

Methods

Animals

Two-month-old male and female C57BL/6 mice (16—20 g) were purchased
from Cavens Biotechnology Company (Changzhou, Jiangsu, China; license
No. SCXK (Su) 2021-0013). Sor/1”" mice were generated by our team using
clustered regularly interspaced short palindromic repeats-associated protein
9 (CRISPR-Cas9) technology (Modell et al., 2022; Additional file 1). All mice
were raised in a specific pathogen-free mouse feeding room. All experiments
were designed and reported according to the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines (Percie du Sert et al., 2020). All
procedures regarding the care and use of animals were approved by the
Institutional Animal Care and Use Committee of the Central South University
of China (ethics approval No. 2019-5212) on March 11, 2019. Behavioral tests
were conducted when the mice reached 11 months of age.

Morris water maze

The Morris water maze consisted of a circular stainless steel pool (120 cm
in diameter and 50 cm high, with the bottom 30 cm above floor level), filled
with water (made opaque with milk), and a white platform (12 cm in diameter
and 28 cm high) submerged 1-2 cm below the water surface. The water was
maintained at 22 + 2°C, and the platform was placed in the center of the
target quadrant. The experimental environment was kept quiet and dark,
and the water maze test was conducted at the same time every day. Tests
comprised of an oriented navigation and spatial probe test. A computerized
tracking system (SMART V3.0, RWD, Shenzhen, China) recorded the swimming
location. The oriented navigation training was performed for 4 days, and
each mouse was trained four times from four different quadrants every day.
The spatial probe test was completed at 1 day after the oriented navigation
training (Zhu et al., 2022).

Step-through test

The apparatus (RWD, 63018) was designed to have a dark and light
compartment. These two compartments were connected via a door, with
the electrical stimulus only available in the dark compartment. Prior to
the experiment, a mouse was placed inside the apparatus and allowed to
freely explore for 3 minutes to acclimatize to the surroundings. During the
experiment, the mouse was placed in the light room facing the hole, and the
automatic recorder (SMART V3.0, RWD) started simultaneously. When the
animal entered the dark room through the door, they received an electric
shock (current 0.3 mA, voltage 30 V) through a copper grid placed at the
bottom of the dark room. The number of times the mouse entered the dark
compartment (number of errors), as well as the time it took for the mouse to
enter the dark compartment (latency), were recorded within 30 seconds (Gong
etal., 2020).

Shuttle box test

The mouse was placed in a small chamber within the shuttle box (YLS-
178, YiYanKeli, Jinan, Shandong, China). An optic-acoustic stimulus was
administered after a 5-second safety period. If the mouse was still on the
same side after the stimulus, it was given an electrical stimulus (current 0.3
mA) for 5 seconds. When the mouse escaped from the electric shock (by the
round hole to the opposite side), it was given an optic-acoustic stimulus after
a 5-second safety period, followed by an electrical stimulus for 5 seconds. The
mouse would repeat this training for 3 minutes.

When an optic-acousto signal was present, even in the absence of an electric
shock, the mouse could actively avoid the opposite chamber to form a
memory. Within 10 seconds of the occurrence of optic-acousto stimulation,

that is before the electric shock, the mouse escaped to a safe area as an
active avoidance response; after the electric shock, it escaped to the safe
area as a conditioned avoidance response. The number of electric shocks the
mouse received (passive avoidance), and the number of times the mouse
escaped as a result of optic-acousto stimulation (conditioned avoidance) were
recorded (Gong et al., 2020).

Immunohistochemical staining

Five mice were randomly selected from each group and anesthetized
by inhalation of 5% isoflurane (Yuyan Instruments, Shanghai, China).
Perfusion was then conducted with phosphate-buffered saline (PBS) and 4%
paraformaldehyde. Intact brains were fixed in 4% paraformaldehyde for 24
hours, dehydrated, and embedded in paraffin. Brains embedded in paraffin
were cut into 7-um thick sections and used for immunohistochemical staining.
Paraffin sections, including the mouse cortex and hippocampus, were
collected and incubated overnight at 4°C with primary antibodies against
BDNF (rabbit, 1:200, Abcam, Cambridge, MA, USA, Cat# ab108319, RRID:
AB_10862052), AR (rabbit, 1:100, Thermo Fisher Scientific, Waltham, MA,
USA, Cat# 700254, RRID: AB_2532306), and N-methyl-D-aspartate receptor
subunit 2B (NR2B; rabbit, 1:200, Abcam, Cat# ab65783, RRID: AB_1658870).
Slices were then incubated in the dark for 60 minutes with the corresponding
secondary antibodies (rabbit anti-mouse 1gG, 1:200, Abcam Cat# ab6728,
RRID: AB_955440; or mouse anti-rabbit 1gG, 1:200 Abcam, Cat# ab99797,
RRID: AB_10710682). Following staining, the sections were counterstained
with 3,3-N-diaminobenzidine (Beyotime, Nanjing, Jiangsu, China, Cat#f P0203)
and nuclei stained with hematoxylin (Beyotime, Cat# C0105S). Sections were
imaged using a Nikon fluorescent microscope (Nikon Eclipse 80i Advanced
Research Microscope, Nikon, Tokyo, Japan, RRID:SCR_015572). The average
optical density value of the protein was measured and analyzed using Image)J
software (version 1.45, National Institutes of Health, Bethesda, MD, USA)
(Schneider et al., 2012).

N2a cell culture and transfection

The N2a cell line (CLS Cat# 400394/p451_Neuro-2A, RRID:CVCL 0470) was
purchased from the American Type Culture Collection (Manassas, VA, USA).
Cells were cultured in Dulbecco’s modified Eagle medium/Opti-minimum
essential medium (DMEM/Opti-MEM [1:1]; Gibco, Waltham, MA, USA,
Cat# 31985070) supplemented with 5% fetal bovine serum (Gibco, Cat#
10099141C), 100 U/mL penicillin, and 100 ug/mL streptomycin (Thermo
Fisher Scientific, Cat#10378016) at 37°C in a 5% CO, incubator. According to
the manufacturer’s protocol, 2.5 pg control plasmid (GenePharma, Suzhou,
Jiangsu, China) and 2.5 ug short hairpin (sh)RNA-Sor/1 (GenePharma)
transfections were performed with Lipofectamine 2000 (Thermo Fisher
Scientific, Cat# 11668500). Briefly, the plasmids were mixed with dilute
Lipofectamine 2000 transfection reagent and Opti-MEM reduced serum
medium, incubated for 5 minutes, and then added to the cells for 48 hours.

Neuronal culture

Primary mouse hippocampal neuronal cultures were generated from newborn
mice (Liao et al., 2022). The mice were anesthetized with isoflurane and then
quickly euthanized by cervical dislocation. Hippocampal tissue was dissected
from the brain in a precooled Hanks’ balanced salt solution and digested at
37°C for 30 minutes in prewarmed Hanks” balanced salt solution containing
0.025% trypsin (Gibco, Cat# R001100). Neurons were then plated onto poly-
D-lysine (Cat# A3890401, Thermo Fisher Scientific)-coated coverslips (100,000
cells/mL for 12-well plates). Cultured cells were maintained at 37°C in
5% CO, in neurobasal medium containing 1x B27 supplement (Thermo
Fisher Scientific, Cat#17504044), 1x GlutaMAX (Thermo Fisher Scientific,
Cat#35050061), 100 U/mL penicillin, and 100 pg/mL streptomycin solution
(Thermo Fisher Scientific, Cat#10378016). After 18 days in vitro, cultured
neurons were used for immunofluorescence staining and observation.

Immunofluorescence and image analysis

Primary hippocampal neurons were fixed with 4% paraformaldehyde for
20 minutes. After washing with Dulbecco’s PBS (DPBS), the cells were
permeabilized for 15 minutes with 0.1% PBST (DPBS containing 0.1% Triton
X-100) and blocked for 30 minutes with 5% bovine serum albumin dissolved
in DPBS. Cells were then incubated overnight at 4°C with primary antibody
(NR2B, 1:200; or developmentally regulated brain protein [Drebrin], mouse,
1:200, Abcam, Cat# ab12350, RRID: AB_299034), and washed five times in
DPBS. Secondary antibodies (goat anti-rabbit 1gG-AlexaFluor 488, 1:200, Cell
Signaling Technology, Danvers, MA, USA, Cat# 4412, RRID: AB_1904025;
or goat anti-mouse 1gG H&L [Cy3®, 1:200, Abcam, Cat# ab97035, RRID:
AB_10680176]) were diluted with 5% bovine serum albumin and incubated at
room temperature (25°C) for 1 hour. Subsequently, the cells were washed five
times in DPBS. Images were acquired with a LAS X SP-5 confocal microscope
(Leica DM IRB, Wetzlar, Germany). The colocalized NR2B/Drebrin area was
quantified with ImageJ software.

Reverse transcription-quantitative polymerase chain reaction

N2a cells were lysed with TRIzol® reagent (Sigma-Aldrich, St. Louis, MO, USA,
Cat# T9424) according to the manufacturer’s instructions. Complementary
DNA was synthesized from 1 pg total RNA using a reverse transcription kit
(Vazyme, Nanjing, China, Cat# R223). Reverse transcription-quantitative
polymerase chain reaction (RT-gPCR) analysis was performed using SYBR
Green Master Mix (Vazyme, Cat# Q711). Briefly, reverse transcription was
carried out at 37°C for 15 minutes, 85°C for 5 seconds, and then samples
were kept at 4°C. Complementary DNA was amplified under the following
reaction conditions: 95°C for 30 seconds, 40 cycles at 95°C for 10 seconds,
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60°C for 20 seconds, and 70°C for 20 seconds. Sequences of target genes
and reference genes are shown in Additional Table 1. The glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) gene was used as an internal control, and
relative expression was calculated by the 27**“" method (Livak and Schmittgen,
2001).

Western blotting

Total protein lysates of N2a cells or hippocampal tissue samples were
prepared using radio immunoprecipitation assay (RIPA) lysis buffer (Thermo
Fisher Scientific, Cat# 89900) in the presence of a protease inhibitor and
PhosStop (Selleck, Houston, TX, USA). Protein concentration was quantified
using a bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific,
Cat#f 23225). Proteins in lysates were separated by sodium dodecy! sulfate-
polyacrylamide gel electrophoresis, transferred to polyvinylidene fluoride
membranes (Thermo Fisher Scientific, Cat#88518), and immunoblotted
overnight at 4°C with the corresponding antibodies: SORL1 (rabbit, 1:1000,
Abcam, Cat# ab190684), Drebrin (1:1000), postsynaptic density protein 95
(PSD95; mouse, 1:1000, Abcam, Cat# ab238135, RRID: AB_2895158), BDNF
(1:1000), NR2B (1:1000), AB (1:1000), B-actin (mouse, 1:5000, Thermo Fisher
Scientific, Cat# MA5-15452, RRID: AB_11001306), tubulin (mouse, 1:5000,
Cell Signaling Technology, Cat# 5335, RRID: AB_10544694), vinculin (rabbit,
1:2000, Cell Signaling Technology, Cat# 13901, RRID: AB_2728768]), and cyclic
adenosine monophosphate-response element binding protein (CREB; rabbit,
1:1000, Cell Signaling Technology, Cat# 9197, RRID: AB_331277). Membranes
were then washed and incubated with horseradish peroxidase-conjugated
secondary antibodies (rabbit anti-mouse 1gG, 1:5000; or mouse anti-rabbit
IgG, 1:5000) at room temperature (25°C) for 1 hour. Blots were developed
using the SuperSignal West Pico Substrate chemiluminescence kit (Thermo
Fisher Scientific, Cat# 34580) and Gene Genius Bio-Imaging System (Bio-Rad,
Hercules, CA, USA). The optical density of protein bands was analyzed using
Imagel software (Gao et al., 2020).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0.2 (GraphPad
Software, Inc., San Diego, CA, USA, www.graphpad.com). Student’s t-test was
used to compare the mean values of two groups. Three or more means were
analyzed by one-way analysis of variance (ANOVA) and Bonferroni’s post hoc
test. The data are expressed as mean + standard error of the mean (SEM).
Statistically significant values were considered P < 0.05.

Results

Sorl1”~ mice have learning and memory impairments

Sorl1”™ mice were identified by Sanger sequencing (Crossley et al., 2020)
and western blot assay (Additional Figure 1). An oriented navigation trial
was performed to evaluate spatial learning and memory abilities of the mice
(Gong et al., 2020; Zhu et al., 2022). In each group, latency decreased with
an increase in training time. Compared with wild-type mice (Sor/1""), latency
was longer in Sorl1” mice. However, there was no significant difference (P >
0.05) in latency between Sorl1 heterozygote (Sorl1”") and Sorl1"™ mice (Figure
1A). In the spatial probe test, time spent in the target quadrant and number
of crossing platforms are used as indicators of spatial learning and memory
abilities in mice.

Better cognitive and memory function can be revealed by more time spent in
the target quadrant and more frequent crossings of the central square area
(Gong et al., 2020; Zhu et al., 2022). In the spatial probe test, compared with
the Sorl1™" group, latency in the target quadrant and number of crossings in
the central square area were shorter and less in the Sor/1”~ group (Figure 1B).
Sorl1”~ mice also had no sense of direction on the escape platform, tended to
swim freely in the maze, and were even unable to find the platform location
(Figure 1C). In the step-through test, compared with the Sor/1"" group, the
Sorl1”" group exerted a significant decrease in latency and increase in number
of mistakes (Figure 2A and B). In the shuttle box test, compared with the
Sorl1"" group, the Sorl1™”™ group exhibited a significantly lower number of
passive avoidance responses and higher number of conditioned avoidance
responses (Figure 2C and D). These results indicate a decline in the cognitive
memory ability of Sor/l1”7" mice.

AB deposition and BDNF expression downregulation in the cortex and
hippocampus of Sorl1”~ mice

Sorl1 knockout may lead to AD pathology by affecting the transport of APP
in endosomes/lysosomes without altering its process or expression. This
suggests that the pathology of AD caused by Sor/1 knockout does not only
depend on classical AR deposition. At an early stage of AD, SORL1 protein
dysfunction may affect the transcription and expression of downstream
molecules (Caglayan et al., 2014). We found AR deposition in the cortex
and hippocampus of Sor/1”" mice (Figure 3A-D), along with reduced BDNF
expression (Figure 3A, B, E, and F). Therefore, the occurrence of AD caused
by SORL1 is related to AB deposition and reduced expression of BDNF. Our
findings suggest that SORL1 might affect learning and memory formation by
regulating the expression of BDNF.

SORL1 regulates the expression of BNDF by mediating NMDAR expression

BDNF plays a critical role in synaptic plasticity and neuronal survival (Rohe
et al., 2009). In Sor/1”~ mice, AB deposits affect BDNF expression (Zhu et
al., 2022). A previous study found that BDNF can reduce AB deposition by
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increasing SORL1 expression, with BDNF being an upstream transcriptional
regulator of SORL1 (Tanila, 2017). However, our study found that SORL1
also regulates BDNF expression. In N2a cells, after shRNA interference with
Sorl1 (Additional Figure 2 and Additional Table 1), BDNF expression was
significantly downregulated (Figure 4A and B). A previous study found that
NMDA receptors (NMDAR) can regulate BDNF expression by turning CREB on/
off (Lian et al., 2021). In the shRNA-Sor/1 cell model, we found reduced levels
of NR2B and CREB expression (Figure 4A, C, and D). In the hippocampus and
cortex of Sorl1”7™ mice, NR2B expression was also significantly downregulated
(Figure 4E-G). Together, this suggests that SORL1 may regulate BDNF
expression by controlling NR2B expression, and participating in the
occurrence and development of AD.

Sorl1 knockout affects synapses of mouse hippocampal neurons

NMDAR are ionotropic glutamate receptors located in the postsynaptic
membrane of neurons. They play a crucial role in maintaining synaptic
plasticity and neuronal survival (Yu et al., 2023). To investigate the effects of
NR2B expression in tissue and neurons of Sor/1”" mice, immunocytochemistry
and western blot assays were used to detect the expression of synaptic-
associated proteins (e.g., PSD95, DRP, and NR2B) in hippocampal neurons and
tissue from Sorl17" mice.

Compared with Sor/1"" mice, the number of normal neurons was significantly
reduced in Sor/1”" mice (Figure 5A). Some of the neurons in Sor/1”~ mice
lacked neurofilaments, and the expression of NR2B and DRP was significantly
reduced, resulting in decreased colocalization (Figure 5B and C). These results
suggest that loss of SORL1 can lead to reduced NMDAR expression and
neuronal damage.

Western blot analysis of mouse hippocampal tissue revealed a significant
reduction in protein expression of NR2B, DRP, PSD95, and BDNF (Figure 5D—
H). These findings suggest that SORL1 knockout may alter the expression
of NMDA receptors, as well as the expression of synaptic-related proteins,
leading to neuronal damage and abnormal function, thereby causing memory
impairment in mice.
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Figure 4 | SORL1 affects BNDF expression by regulating NMDAR expression.

(A) Western blot detection of NR2B, CREB, and BDNF expression after shRNA interference of SORL1 in N2a cells (n > 3). (B—D) Statistical results of BDNF, CREB, and NR2B and
expression in A. (E) Immunohistochemical detection of NR2B immunreactivity in the mouse hippocampus, hippocampal CA1 region, and cortex (n = 5). Compared with the WT

group, the hippocampus and cortex of Sor/1”~ mice showed reduced NR2B immunreactivity. Scale bar: 200 um (upper), 50 um (middle and lower). (F) Quantitative results of NR2B
immunreactivity in the hippocampus CA1 region. (G) Quantitative results of NR2B expression in the cortex. Data are expressed as mean + SEM (n = 5). ¥**¥P < 0.01, ***P < 0.001, ****p
< 0.0001 (one-way analysis of variance and Bonferroni’s post hoc test). BDNF: Brain-derived neurotrophic factor; CA1l: cornu ammonis 1; CREB: cyclic adenosine monophosphate-
response element binding protein; I0D: integrated optical density; Lipo: lipofectamine 2000 transfection reagent control group; NC: normal plasmid control group; NR2B: N-methyl-
D-aspartate receptor subunit 2B; shRNA: short hairpin RNA; SORL1: Sortilin related receptor 1; Sor/1”": Sorl1 homozygous knockout mice; Sorl1*": Sorl1 heterozygous knockout mice;

WT: wild type.

Studies have demonstrated that SORL1 plays a crucial role in the processing
and degradation of the APP protein. When y- and B-secretases cleave the
APP protein into toxic AB fragments, the presence of SORL1 can mitigate
y-secretase activity, and thus reduce the formation of harmful AR (Dumanis

Discussion

Here, we observed that Sor/1”" mice displayed impairments in learning and
cognitive memory. SORL1 exerts its effects on BDNF expression by inhibiting

transcription/translation of CREB. Abnormal disruption of the SORL1-NMDAR-
CREB-BDNF signaling pathway impairs memory formation and maintenance.

SORL1 mRNA levels are reduced in patients with AD. GWAS also suggest that
the SORL1 gene and single nucleotide polymorphisms are associated with risk
of AD (Campion et al., 2019; Katsumata et al., 2022). SORL1 acts as a sorting
protein-related receptor and shuttles between the Golgi matrix, endoplasmic
reticulum, and cytoplasm (Caglayan et al., 2014). Therefore, SORL1 is involved
in the transport and metabolism of various substances within cells. As a LDLR
family protein, SORL1 regulates the transport and metabolism of AB (Mishra
etal., 2022).

et al., 2015; Jensen et al., 2023). However, the absence of SORL1 in a human
pluripotent stem cell model leads to enlarged endosomes, impedance of
normal APP transport within cells, and induction of AD-related pathologies
(Knupp et al., 2020). As a highly penetrant gene associated with AD, SORL1
may contribute to disease progression in multiple ways.

In the early stages of AD, pathological changes involving neuronal loss in the
frontal and temporal lobes and hippocampus (such as nerve injury, synaptic
loss, and synaptic dysfunction) were found before the appearance of classical
pathological features of AB deposition. These pathological changes are
closely related to BDNF, which plays a critical role in learning and memory
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Figure 5 | SORL1 knockout affects NR2B, Drebrin, and PSD95 expression in the hippocampus.

(A, B) Colocalization of NR2B (green, AlexaFluor 488) with Drebrin (red, Cy3) (n = 5). Compared with the WT group, protein expression of NR2B and Drebrin was significantly reduced,
and colocalization decreased, in neuronal cells of Sorl1”” mice. Scale bar: 25 pm. (C) Quantitative analysis of the percentage of NR2B colocalized with Drebrin. (D) Western blot
detection of Sorl1, PSD95, Drebrin, and NR2B expression in the hippocampus (n > 3). (E-H) Statistical results of Sorl1, PSD95, Drebrin, and NR2B expression in D. Data are expressed
as mean = SEM (n =5). **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way analysis of variance and Bonferroni’s post hoc test). BDNF: Brain-derived neurotrophic factor; CA1: cornu
ammonis 1; DAPI: 4',6-diamidino-2-phenylindole; Drebrin: developmentally regulated brain protein; Lipo: lipofectamine 2000 transfection reagent control group; NC: normal plasmid
control group; NR2B: N-methyl-D-aspartate receptor subunit 2B; ns: not significant; PSD95: postsynaptic density protein 95; shRNA: short hairpin RNA; SORL1: Sortilin related receptor 1;
Sorl17": Sorl1 homozygous knockout mice; Sor/1”": Sorl1 heterozygous knockout mice; WT: wild type.

formation. Reduced BDNF expression is a critical factor contributing to AD-
related dementia. Compared with normal control individuals, expression of
BDNF was significantly reduced in the peripheral blood of patients with AD
(Lu et al., 2013; Mecca et al., 2020; Perdigdo et al., 2020; O'Dell et al., 2021).
Rohe et al. (2009) found that BDNF reduces AR deposition by promoting the
expression of SORL1. However, exogenous application of BDNF did not reduce
AB deposition in Sor/1”™ mice. This suggests that SORL1 plays an important
role in the function of BDNF; specifically, Sor/1 knockout reduces the function
of BDNF in improving cognitive and behavioral impairments in mice (Peng et
al., 2009; Knupp et al., 2020).

In the Sorl1”~ mouse, we found significantly decreased BDNF expression and
significantly increased AB deposition, indicating that SORL1 (as an intracellular
sorting receptor-related protein) may regulate the expression and transport
of BDNF. Furthermore, using a shRNA-Sor/1 N2a cell model, we found that
BDNF expression was reduced and protein expression of the upstream
transcriptional regulator, CREB, and NR2B were significantly downregulated.

CREB is an important transcription factor that regulates BDNF. Some studies
have shown that activation of CREB transcriptional activity can significantly
increase BDNF expression and play an important role in maintaining cognitive
functions such as nerve cell growth, synaptic plasticity, and dendritic
regeneration (Amidfar et al., 2020; Sharma and Singh, 2020).

Activation of CREB is related to the balance of synaptic/extrasynaptic
NMDAR. The NMDAR is a tetramer formed by multiple NR2/NR3 subunits
and NR1. Like a-amino-3-hydroxy-5-methyl-4-isoxazolyl propionic acid
(AMPA) receptors, NMDAR is an ionic glutamate receptor subtype located in
the postsynaptic membrane of neurons. NMDAR are crucial for maintaining
synaptic plasticity and neuronal survival, and essential for the formation of
learning and memory. It has been found that synaptic NMDAR activation can
promote the expression of CREB and BDNF, which in turn plays an important
role in maintaining cell growth and differentiation, synaptic plasticity, and
synaptic long-term potentiation. Reduced synaptic NMDAR expression can
lead to an overload of Ca*" influx, dephosphorylation of CREB, and inefficient
transcription of BDNF, resulting in learning and memory impairments (Qiu
et al., 2020; Lian et al., 2021; Yu et al., 2023). A study found that expression
of the NMDAR subunit, N2B, in rats decreased markedly after microwave
irradiation. Rat spatial learning and memory ability also decreased (Wang et
al., 2015). Zhu et al. (2018) found that treatment with xanthoceraside in AD
transgenic mice increased expression levels of NR2B and reduced learning
and memory impairments. Further, Zhu's study suggested that NR2B plays a
crucial role in enhancing learning and memory. Our study found that NR2B
expression was significantly decreased in neurons of the hippocampal CA1
region and cortex in Sorl1™" mice. In mouse hippocampal neurons, protein
expression and colocalization of NR2B and Drebrin were reduced, with
similar results observed in western blotting of mouse hippocampal tissue.
Downregulated expression of NR2B was also observed in shRNA-Sor/1 N2a
cells. SORL1 participates in the progression of AD through the SORL1-NMDAR-
CREB-BDNF axis.

In conclusion, our study found that Sor/1”" mice exhibited learning and
memory impairments. Sor/1 participates in the pathogenesis of AD through
multiple pathways. In addition to its impact on APP transport and metabolism,
regulating the NMDAR-CREB-BDNF signaling axis is also an important
mechanism in the occurrence and development of AD.

SORL1 knockout can lead to abnormalities in NMDAR expression and
distribution, reduced BDNF and synaptic protein expression, and neuronal cell
damage, which may be key factors in mouse memory disorders. Therefore,
when BDNF is used to treat AD, attention should be paid to whether the
patient has Sorl/1 gene mutations and whether Sor/1 can be normally
expressed. Moreover, how SORL1 regulates the transport and expression of
NMDAR, as well as its effects on the expression, transport, and metabolism of
BDNF, still needs further study.
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TCAGGTCAGTCTGAATGACTCCCACA-delATCA-GATGGTGGTGCACTGGGCCGGAGA

LWT
250 kDa 2.WT
3.SORLI1"
. 4.SORLI"
B-actin |- ————| 42 kDa
5.SORLI*
Target: fastalnput.fa
Rank: 7
Target sequence: GTGCACCACCATCTGATTGTGGG
Off-targets
Location Number of mismatches  Sequence (including mismatches)
NC_000071.7:107458689 2 GTGaACCACCATCTGQTTGTTGG
NC_000067.7:33550909 3 (CCAgCAATCACATGGTGGTtCAC
NC_000071.7:65628124 3 (CCAgCAACCACATGGTGGTGCAC
NC_000079.7:10420715 3 GTGaACCACCATGTGAQTGTTGG
SORL1*"

Additional Figure 1 Construction and identification of Sor/I knockout mice.

(A) Mouse DNA sequencing genotype identification. (B) Detection of the expression of SORL1 in different
groups of mouse brain tissue using Western blotting. (C) Potential off-target events in the CRISPR-Cas. Cas9
gRNA of Sorll sequence is on the top. Chromosomal position, number of nucleotide mismatch and DNA sequence
in genome potential off-target sites are shown. The potential off-target sequences were analyzed by Sanger

sequencing. del: Delete; SORL1: Sortilin related receptor 1; Sorl1”~: Sorll homozygous knockout mice; Sorl1*-:
Sorl1 heterozygous knockout mice; WT: wild type.
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Additional Figure 2 shRNA interference with Sor/I in N2a cells.

(A) RT-gPCR to detect shRNA interference efficiency. (B, C) Western blot to detect shRNA interference
efficiency. Data are expressed as means £ SEM (n = 3). *P < 0.05, **P < 0.01 (one-way ANOVA and
Bonferroni's post hoc test). GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; Lipo: lipofectamine 2000
transfection reagent control group; NC: normal plasmid control group; RT-qPCR: reverse
transcription-quantitative polymerase chain reaction; sShRNA: short hairpin RNA; SORL1: Sortilin related receptor
1; WT: wild type.
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Additional Table 1 Primers, shRNA, and guide RNA used in the study

Name

Sequence (5°-3%)

Application

Sorll

GAPDH

Negative control
shRNA-Sorll-#1
shRNA-Sorll-#2
SORLI1 Sanger
sequencing

Guide RNA-#1

Forward: AGC AGG AGG GAG TCG AGA C
Reverse: GTT CCT AGC CGG AGA TCG C
Forward: ATC ATC CCT GCA TCC ACT
Reverse: ATC CAC GAC GGA CAC ATT

GTT CTC CGA ACG TGT CAC GT

GCA CAA CAC CAA TGA CTT TGT

GCT AGC AAC TCT ACA GAA ATA

Forward: ATG GCG ACA CGG AGC AGC AGG

AG

Reverse: AAG ATG TAC CTC TTG TTG TCA

GCA GGG CTG

GTG CAC CAC CAT CTG ATT GTG GG

RT-gPCR

RT-qPCR

shRNA

Sanger sequencing
for genotyping

CRISPR-Cas9

CRISPR-Cas9: Clustered regularly interspaced short palindromic repeats-associated protein 9; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; shRNA: short hairpin RNA; SORLI1: Sortilin related
receptor 1; RT-qPCR: reverse transcription-quantitative polymerase chain reaction.
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Additional Figure 1 Construction and identification of Sor/I knockout mice.

(A) Mouse DNA sequencing genotype identification. (B) Detection of the expression of SORL1 in different
groups of mouse brain tissue using Western blotting. (C) Potential off-target events in the CRISPR-Cas. Cas9
gRNA of Sorll sequence is on the top. Chromosomal position, number of nucleotide mismatch and DNA sequence
in genome potential off-target sites are shown. The potential off-target sequences were analyzed by Sanger

sequencing. del: Delete; SORL1: Sortilin related receptor 1; Sorl1”~: Sorll homozygous knockout mice; Sorl1*-:
Sorl1 heterozygous knockout mice; WT: wild type.
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Additional Figure 2 shRNA interference with Sor/I in N2a cells.

(A) RT-gPCR to detect shRNA interference efficiency. (B, C) Western blot to detect shRNA interference
efficiency. Data are expressed as means £ SEM (n = 3). *P < 0.05, **P < 0.01 (one-way ANOVA and
Bonferroni's post hoc test). GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; Lipo: lipofectamine 2000
transfection reagent control group; NC: normal plasmid control group; RT-qPCR: reverse
transcription-quantitative polymerase chain reaction; sShRNA: short hairpin RNA; SORL1: Sortilin related receptor
1; WT: wild type.
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Additional Table 1 Primers, shRNA, and guide RNA used in the study

Name

Sequence (5°-3%)

Application

Sorll

GAPDH

Negative control
shRNA-Sorll-#1
shRNA-Sorll-#2
SORLI1 Sanger
sequencing

Guide RNA-#1

Forward: AGC AGG AGG GAG TCG AGA C
Reverse: GTT CCT AGC CGG AGA TCG C
Forward: ATC ATC CCT GCA TCC ACT
Reverse: ATC CAC GAC GGA CAC ATT

GTT CTC CGA ACG TGT CAC GT

GCA CAA CAC CAA TGA CTT TGT

GCT AGC AAC TCT ACA GAA ATA

Forward: ATG GCG ACA CGG AGC AGC AGG

AG

Reverse: AAG ATG TAC CTC TTG TTG TCA

GCA GGG CTG

GTG CAC CAC CAT CTG ATT GTG GG

RT-gPCR

RT-qPCR

shRNA

Sanger sequencing
for genotyping

CRISPR-Cas9

CRISPR-Cas9: Clustered regularly interspaced short palindromic repeats-associated protein 9; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; shRNA: short hairpin RNA; SORLI1: Sortilin related
receptor 1; RT-qPCR: reverse transcription-quantitative polymerase chain reaction.
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