Pharmacological Research 213 (2025) 107652

Contents lists available at ScienceDirect
Pharmacological Research

journal homepage: www.elsevier.com/locate/yphrs

Check for

Neuronal PCSK9 regulates cognitive performances via the modulation of &
ApoER2 synaptic localization

Silvia Pelucchi®', Lorenzo Da Dalt™', Giulia De Cesare ', Ramona Stringhi?,

Laura D’Andrea®, Filippo La Greca®, Clara Cambria ", Lina Vandermeulen ?, Elisa Zianni ?,
Stefano Musardo”, Silvia Roda®, Fabrizia Bonacina ®, Sofia Nasini ¢, Maria Giovanna Lupo ¢,
Nicola Ferri *-°, Stefano Comai “"¢" i, Diego Scheggia®,

, Fabrizio Gardoni®, Flavia Antonucci
Monica Di Luca®, Giuseppe Danilo Norata® **, Elena Marcello™
& Department of Pharmacological and Biomolecular Sciences “Rodolfo Paoletti”, Universita degli Studi di Milano, Milan, Italy
Y Department of Medical Biotechnology and Translational Medicine (BIOMETRA), Universita degli Studi di Milano, Milan, Ttaly
¢ Department of Pharmaceutical and Pharmacological Sciences, University of Padua, Padua, Italy
9 Department of Medicine, University of Padua, Padua, Italy
€ VIMM, Veneto Institute of Molecular Medicine, Padua, Italy
f Department of Biomedical Sciences, University of Padua, Padua, Ttaly
8 Department of Psychiatry, McGill University, Montreal, QC, Canada
" JRCSS San Raffaele Scientific Institute, Milan, Italy
1 Institute of Neuroscience, IN-CNR, Milano, Italy

ARTICLE INFO ABSTRACT

Keywords: PCSK9 promotes the degradation of the low-density lipoprotein receptors and its inhibition by monoclonal an-
PCSK9 tibodies or gene silencing approaches results in the reduction of plasma cholesterol levels coupled to that of
Cholesterol cardiovascular events. Notably, while the liver is the primary source of circulating PCSK9, this protein is also
SH;I;I::campus abundantly expressed in the brain. However, its specific functions in the brain remain poorly understood. Here,
Synaptic plasticity we demonstrate that neuron-specific PCSK9 knockout mice exhibit impaired cognitive function, driven by al-
ApOER2 terations in hippocampal synapse morphology and synaptic plasticity mechanisms, coupled to spatial memory

deficits. Among PCSK9 targets, we identified ApoER2 as the primary mediator of PCSK9-dependent effects on
synaptic function. In neuronal cultures, PCSK9 downregulation affects ApoER2 synaptic membrane localization
and lipid droplets abundance. In conclusion, our results highlight the critical role of neuronal PCSK9 in
modulating synaptic ApoER2 and reveal the detrimental effects of its deficiency on synaptic function and
cognitive performance. Our results shed light on the complex biology of PCSK9, crucial for evaluating side effects
of PCSK9 inhibition and for developing new therapies targeting PCSK9 for brain disorders.

Lipid droplets

1. Introduction [2-4]. Thus, the impairment of cholesterol metabolism represents a risk
factor for the development of brain disorders such as Alzheimer’s dis-
ease (AD) and major depression [5].

Cholesterol has a relatively long half-life, and brain cholesterol

The brain is the body’s most cholesterol-rich organ and cholesterol
homeostasis is essential for brain function [1]. The dysregulation of

these complex homeostatic mechanisms in the brain can affect neuronal
activity and synaptic neurotransmission, impairing vesicle exocytosis
and inducing both dendrite degeneration and synaptic dysfunction

metabolism is largely separated from the process in peripheral tissues by
the blood-brain barrier [6]. Growing evidence shows that cholesterol
transport and metabolism in neurons are tightly linked to learning and
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memory [1]. In the adult brain, cholesterol is predominantly synthesized
via the mevalonate pathway in glial cells, primarily astrocytes [7,8], and
then released by ATP-binding cassette transporters (ABCs) and loaded
onto apolipoprotein E (ApoE). Genetic deficiency of ApoE results in a
reduction of synapse numbers that is at least partially due to the loss of
astrocyte-derived particles [9]. Secreted lipidated ApoE particles are
taken up by neurons via receptor-mediated endocytosis [1]. Studies
have shown that in the brain, ApoE binds to numerous receptors of the
low-density lipoprotein receptor (LDLR) family [1], including LDLR,
LRP1, and ApoER2. These receptors play various roles outside of lipid
trafficking and metabolism, including synaptic transmission and mod-
ulation of spine structure [10,11].

A master regulator of the half-life of the LDLRs, particularly LDLR, is
the proprotein convertase subtilisin/kexin type9 (PCSK9). Although
PCSK9 was first identified in the brain, it emerged as a target for body-
wide cholesterol-lowering drug development [12-15]. PCSK9 is an
enzyme mainly expressed by the liver [16]. Once secreted in plasma,
PCSK9 binds to LDLRs at the surface of hepatocytes, enhancing their
degradation in endosomes/lysosomes and preventing their recycling
[16]. This results in reduced low-density lipoprotein cholesterol (LDL-C)
clearance and hypercholesterolaemia [17]. Furthermore, genetic vari-
ations in the PCSK9 gene reliably alter the regulation of hypercholes-
terolemia [18,19]. These data underscore the role of PCSK9 as an
important regulator of LDL-C. Consequently, monoclonal antibodies
inhibiting PCSK9 as well gene silencing approaches were developed to
reduce LDL-C levels. These approaches are effective in reducing LDL-C
by as much as 50 %-60 %, providing considerable cardiovascular
benefit [20-22].

Despite the well-known role of PCSK9 in hepatic lipoprotein meta-
bolism, there is emerging evidence for its involvement in different bio-
logical pathways, relating to pancreatic and cardiac function [23,24].
Moreover, in the brain, PCSK9 appears to be relevant for neuronal dif-
ferentiation as well as for the activation of astrocytes and microglia.
Indeed, PCSKO9 is highly expressed in the embryonic brain telencephalon
and is implicated in the differentiation of neural progenitor cells to
neurons [25]. PCSK9 also regulates apoptosis and its proapoptotic
signaling is mediated by altered ApoER2 function [26]. PCSK9 down-
regulates LDLR levels during brain development and following transient
ischemic stroke in adult mice [27]. However, in vitro and in vivo studies
in adult mice offer contradictory evidence regarding whether PCSK9 in
the brain targets LDLR, VLDLR, and ApoER2 for degradation. In heter-
ologous cells, PCSK9 transfection resulted in a substantial decrease in all
three receptor protein levels [28], while PCSK9”" adult mice did not
have significantly different levels of LDLR [27,29]. In addition, PCSK9
overexpression or deletion did not affect LDLR, VLDLR, or ApoER2
levels in the hippocampus and cortex of the adult mouse brain [29].

On the other hand, neural PCSK9 expression is reportedly upregu-
lated in adult brains during disease states, including AD, alcohol use
disorder, ischemic stroke, and neuropsychiatric disorders [30]. For
instance, PCSK9 concentrations are increased in the cerebral spinal fluid
(CSF) of AD patients and other neurodegenerative diseases [31,32].
However, pathophysiological studies on preclinical models of AD are yet
to determine the potential role of PCSK9 in the disease pathogenesis
[331].

Overall, preclinical studies have so far implicated PCSK9 in both
healthy brain physiology and pathological conditions. However, its
exact role in neurons still needs to be clarified.

Clinical studies with monoclonal antibodies have excluded an impact
of the inhibition of circulating PCSK9 and the subsequent hypo-
cholesterolemia on cognition [33-35], confirming the distinction be-
tween brain and systemic cholesterol metabolism. Nevertheless, the
observation that the brain is the second largest PCSK9-producing organ,
coupled with the preclinical evidence summarized above, suggests that
the protein could indeed play a role in neuronal function.

Here, we show that the lack of PCSK9 causes impairment of cognitive
function and synaptic plasticity pathways in systemic PCSK9”" mice. To
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clarify the specific role of neuronal PCSK9, we generated a new trans-
genic line selectively lacking PCSK9 in neuronal cells. In this experi-
mental model, we observed that PCSK9 deficiency impairs spatial
memory and affects spine morphology, synaptic localization of gluta-
mate receptors, and synaptic pathways in the hippocampus. Notably, we
found that ApoER2 is the primary target of PCSK9 in neurons. Experi-
ments performed in primary hippocampal cultures revealed that PCSK9
downregulation affects ApoER2 synaptic membrane expression and
lipid droplet levels.

These results highlight the relevance of PCSK9 in brain physiology
through its ability to control synaptic structure and function.

2. Materials and methods
2.1. Animal care

All procedures involving the preparation of primary hippocampal
cultures were conducted in accordance with the ethical standards of the
Institutional Animal Care and Use Committee of the University of Milan
(Italian Ministry of Health permit #5247B.N.YCK/2018). Spra-
gue-Dawley pregnant rats were purchased from Charles River Labora-
tories (Calco, Italy). Embryos were used at embryonic day 19 to prepare
hippocampal neuronal cultures. Animals in all procedures were main-
tained in cages with free access to food and water in a controlled envi-
ronment with a 12 h/12 h light/dark cycle and a controlled temperature
of 22°C.

B6;129Sv-Pcsk9tm1Jdh/J male mice from the Jackson Laboratory
(Bar Harbor, ME, USA) were backcrossed to C57Bl16J females for more
than 10 generations. Heterozygous mutant mice from the F10 genera-
tion were intercrossed to generate littermate WT and KO mice. B6.Cg-Tg
(Alb-cre)21Mgn/J male mice from the Jackson Laboratory (Bar Harbor,
ME, USA) were backcrossed to Pcsk9LoxP/LoxP females (provided by
Merck Research Laboratories) for 10 generations. Heterozygous mutant
mice from the F10 generation were intercrossed to generate littermate
AlbCre-/Pcsk9LoxP/LoxP and AlbCre+ /Pcsk9LoxP/LoxP mice which
were treated as previously described. B6.Cg-Tg(Camk2a-cre)T29-1Stl/J
male mice from the Jackson Laboratory (Bar Harbor, ME, USA) were
backerossed with PCSK9%!! females (provided by Merck Research Lab-
oratories) for 5 generations [36]. Hemizygous mutant mice from the F5
generation were intercrossed to generate littermate CaMKIlx
cre*/PCSK9! and CaMKIla Cre’/PCSK9™! mice. The mice were kept
under controlled light/dark cycle (12 hours of light/12 hours of dark)
and temperature-controlled conditions (21°C). They had free access to
food and water. Starting at 8 weeks of age and for 20 weeks, mice were
fed with a Standard Fat Diet (SFD). Both male and female animals were
used for experimental procedures. All the experimental procedures were
approved by local authorities (Ministero della Salute, IT, Aut. Min.
580/2019, 428/2021, and 178/2024-PR) and complied with the WMA
Statement on animal use in biomedical research and the EU recom-
mendations (Directive 2010/63/EU) for experimental design and anal-
ysis in pharmacology care.

2.2. Recognition memory tests

The procedures for recognition and object location tasks involved an
acquisition/sample phase (5 min) and a recognition test (5 min), sepa-
rated by a 2- or 24-hour delay. After acquisition, all objects were cleaned
with alcohol to remove olfactory cues and any sawdust that had stuck to
the object. The objects were constructed from Duplo blocks (Lego),
varied in shape, color, and size, and were too heavy to be displaced.
Mice were tested in a standard open field arena (UgoBasile, 44 x 44 cm)
with black PVC walls. A digital camera (Imaging Source, DMK 22AUCO03
monochrome) was placed above the apparatus to record the test using a
behavioral tracking system (Anymaze 6.0, Stoelting). These videos were
used offline by experimenters who were blind to the genotypes for a
posteriori scoring of the time spent in the different zones of the
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apparatus and exploratory behavior, defined as the animal directing its
nose toward an object at a distance of at least 2 cm. To express the
discrimination between the objects we calculated a discrimination index
as the absolute difference in the time spent exploring the novel or dis-
placed objects and the familiar objects divided by the total time spent
exploring the objects. All mice were habituated to the open field arena
for 15 minutes the day before testing. Animals that failed to complete a
minimum of 10 s of exploration in the test phase were excluded from the
analysis. In the acquisition phase, two identical objects were placed near
the corners of one wall in the arena (10 ¢m from the walls). The animals
were placed into the arena and allowed to explore for 5 min. During the
test, one of the two objects was replaced with a novel object (novel
object recognition task) or displaced to the corner adjacent to its original
position, such that the two objects were diagonal from each other (object
location task). The positions of the objects in the test (familiar or dis-
placed) and the objects used as novel or familiar were counterbalanced
between the animals.

2.3. Open field test

Mice were individually placed in a corner of an open field arena
(UgoBasile, 44 x 44 cm) with black PVC walls and left free to explore it
for 20 minutes. The test was recorded by a camera placed above the
apparatus, and the distance traveled by the animals was measured using
the behavioral tracking software Anymaze 6.0 (Stoelting).

2.4. Rotarod test

Motor coordination was evaluated using the rotarod apparatus. Over
three consecutive days, mice underwent training on a rotarod device
(Ugo Basile, Comerio, VA, Italy) set at a constant speed of 15 rpm for
5 minutes. If mice fell, they

were promptly placed back onto the rotating rod. On the fourth day,
mice were placed on the rotating rod set to a speed of 28 rpm, and the
latency to fall from the device or to cling and rotate for two full rotations
was recorded. Subsequently, mice underwent two additional trials with
a minimum interval of 5 minutes to rest between each trial. The best
performance from the three trials was used for the analysis.

2.5. Dendritic spine labeling

Carbocyanine dye Dil (ThermoFisher) was used to label neurons
[37]. Dil crystals were applied using a thin needle by delicately touching
the region of interest on both sides of 2 mm coronal sections prepared
from brains fixed by intra-cardiac perfusion with 1.5 % Para-
formaldehyde (PFA) in 0.1 M phosphate buffer (PB) (animals were
anesthetized by intraperitoneal injection of Ketamine 10 mg/kg and
Xilazine 0.75 mg/Kg). Dil was left to diffuse for 1 day in the dark at room
temperature before sections were fixed again with 4 % PFA in PB 0.1 M
for 45 min at 4 °C. 150 pm coronal sections were then obtained using a
vibratome, with the first section being discarded. Sections were moun-
ted on glass slides with Fluoromount mounting medium (Sigma-Aldrich)
for confocal imaging.

2.6. PCSK9 ELISA

PCSK9 concentration was measured by ELISA (R&D System, cat. n.
MPC900) according to manufacturer instructions in cortical, hippo-
campal, liver extract, and plasma samples. Cortical and hippocampal
samples were lysed at 4°C in an ice-cold buffer with Roche cOmplete™
Protease Inhibitor Cocktail, Ser/Thr and Tyr phosphatase inhibitors
(Sigma-Aldrich), 0.32 M Sucrose, 1 mM Hepes, 1 mM NaF, 0.1 mM
PMSF, 1 mM MgCl, using a glass-Teflon homogenizer. Total protein
extracts from the liver were obtained by lysing 10 mg of tissue with
100 pl of RIPA buffer containing a cocktail of protease and phosphatase
inhibitors (Roche Diagnostics). Blood samples were collected from
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cardiac puncture on EDTA and plasma was collected following centri-
fugation for 10 minutes at 3000 rpm.

2.7. Triton-insoluble fraction postsynaptic membrane preparation

Triton insoluble fraction (TIF), a fraction highly rich in all categories
of postsynaptic density proteins (i.e. receptor, signaling, scaffolding, and
cytoskeletal elements) absent of presynaptic markers [38], was obtained
from CaMKIIo Cret/PCSK9™!! and CaMKIla Cre’/PCSK9™! hippocam-
pal samples. Hippocampi were homogenized at 4°C in an ice-cold buffer
with Roche cOmplete™ Protease Inhibitor Cocktail, Ser/Thr and Tyr
phosphatase inhibitors (Sigma-Aldrich), 0.32 M Sucrose, 1 mM Hepes,
1 mM NaF, 0.1 mM PMSF, 1 mM MgCl, using a glass-Teflon homoge-
nizer. An aliquot of homogenate (Homo) was kept for western blot (WB)
analysis. Homo were then centrifuged at 1000 g for 5 minutes at 4°C to
remove nuclear contamination and white matter. The supernatant was
collected and centrifuged at 13,000 g for 15 minutes at 4°C. The
resulting pellet (crude membrane fraction) was resuspended in resus-
pension buffer (1 mM Hepes with protease inhibitors (Roche cOm-
plete™)) and then centrifuged at 100,000 g for 1 h at 4°C. Triton-X
extraction of the resulting pellet was carried out at 4°C for 15 minutes
in an extraction buffer (1 % Triton-X, 75 mM KCl, and protease in-
hibitors (Roche cOmplete™ Protease Inhibitor Cocktail)). After extrac-
tion, the samples were centrifuged at 100,000 g for 1 h at 4°C and the
TIFs obtained were resuspended in 20 mM HEPES with protease in-
hibitors (Roche cOmplete™ Protease Inhibitor Cocktail).

2.8. SDS-PAGE and western blot analyses

Protein samples were separated by electrophoresis onto acrylamide/
bisacrylamide gel at the appropriate concentration, transferred to a
nitrocellulose membrane, and probed with the corresponding primary
antibody (Ab) followed by incubation with appropriate horseradish
peroxidase-conjugated secondary Ab (Bio-Rad). Chemiluminescence
signal was visualized using Chemidoc Imaging System and ImageLab
software (Bio-Rad).

2.9. Immunoprecipitation assay

Aliquots of 15 pg of TIF obtained from CaMKII« Cre*/PCSK9™/? and
CaMKIla Cre /PCSK9O™! hippocampal homogenates were incubated
with an Ab against GluN2B overnight at 4°C in a final volume of 200 pl
of RIA buffer (200 mM NaCl, 10 mM ethylene-diamine-tetra-acetic acid
(EDTA), 10 mM NayHPOy, 0.5 % NP-40, 0.2 % sodium dodecyl sulfate
(SDS)). SureBeads Protein A/G Magnetic Beads (Bio-Rad) were used to
precipitate the immunocomplex; the beads were resuspended in
Laemmli buffer and heated for 3 minutes before loading onto SDS-PAGE.
Beads were applied onto SDS-PAGE; the precipitated immunocomplex
was revealed by an Ab recognizing phosphorylated tyrosine residues
(PY20 Ab). Membranes were reprobed to stain total immunoprecipitated
GluN2B.

2.10. Cholesterol and triglycerides measurement in plasma and
hippocampal tissue

Plasmatic level of cholesterol and triglycerides levels were measured
on O/N fasted mice as previously described using a total cholesterol kit
(ABX Pentra, HORIBA Medical, CH200; Cat: A11A01634) and tri-
glycerides (ABX Pentra, HORIBA Medical, TR210; Cat: A11A01640)
according to the manufacturer’s instructions [39].

Cholesterol level in the hippocampus was measured after lipid
extraction form tissues with the following protocol: briefly, 10 mg of
hippocampus were homogenized with 1 ml of extracting solution
(MeOH/ACN 1:1, v/v) using tissue lyser (max power, 1 min). Samples
were centrifuged at 16,000 g for 10 minutes at 4°C, the supernatant was
kept for lipid quantification while the pellet for protein quantification.
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Total cholesterol level was then quantified as previously reported with
commercially available Kit (ABX Pentra, HORIBA Medical, CH200; Cat:
A11A01634) [39]. Data were normalized on total hippocampal protein
content determined by Lowry assay data are expressed as pg of choles-
terol /ug of protein.

2.11. Cell culture and treatments

Hippocampal primary neurons were isolated from the rat hippo-
campus at embryonic day 18-19 (E18-19) as previously described[40].
Stimulation of synaptic NMDA receptors was obtained by treating hip-
pocampal neurons with 50 mM Bicuculline (Tocris), 2.5 mM 4-AP, and
5 mM ifenprodil in Neurobasal medium supplemented with B27[41].
Transfection with calcium phosphate was performed at 10 days in vitro
(DIV) and analyses were conducted at DIV15.

COS7 cells were purchased from ATCC and maintained in DMEM
containing Glutamax (Gibco) supplemented with 10 % fetal bovine
serum and penicillin-streptomycin (Gibco). At passage 10-15, cells were
transfected using the lipofectamine LTX (Thermo Fisher). After 24 h,
COS-7 cells were processed for biochemical analysis.

2.12. Plasmids

The retroviral expression plasmid encoding PCSK9-FLAG tag was
constructed using the pBMN-IRES-PURO plasmid. To knock down
PCSK9 expression, the shRNA sequence GCCTGGAGTTTATTCGGAAGA
[42] was cloned in the vector pAAV-U6 >CaMKIIprom>mCherry, which
expresses the mCherry fluorescent protein under the control of the
neuron-specific promoter CaMKII (shPCSK9). A scramble control
sequence was cloned in the same vector (GCACTACCA-
GAGCTAACTCAGATAGTACT) and used as a negative control (SCR). The
same sequences were cloned in a vector expressing GFP, under the
control of CMV promoter, as the reporter gene.

2.13. Immunofluorescence

For co-localization and morphological studies, DIV15 primary hip-
pocampal neurons were fixed in 4 % PFA supplemented with 4 % su-
crose in Dulbecco’s phosphate-buffered saline (PBS) solution,
permeabilized with Triton 0.1 % in PBS, and blocked with 5 % bovine
serum albumin (BSA). Primary Ab incubation was performed overnight
at 4°C. The specific Abs used are listed in the antibodies section. After
washes with PBS, secondary Abs (Alexa Fluor, Thermo Fisher) were
added, and samples were incubated for 1 h at room temperature. Cov-
erslips were mounted with Fluoroshield (Sigma, cat number F6182).

To evaluate surface and total staining, transfected neurons were
fixed with 4 % PFA, 4 % sucrose in PBS pH 7.4, and then incubated with
an ApoER2 Ab. To visualize surface expression, cells were then blocked
with 4 % normal serum, followed by a 488-conjugated secondary Ab.
Afterward, cells were permeabilized with 0.1 % Triton X-100 for
12 minutes and intracellular expression was determined by incubating
cells with the ApoER2 Ab and labeling the total receptor fraction with a
647-conjugated secondary Ab.

To stain lipid droplets, transfected hippocampal neurons were
washed 3 times in PBS, fixed in 4 % PFA, and stained with 1 pg/ml Nile
Red (Thermo Fisher Scientific, cat number N1142) for 10 minutes at
room temperature. Images were acquired using confocal microscopy.

2.14. Confocal microscopy

Images were acquired with the Zeiss confocal laser scanning micro-
scope LSM900 as a z-stack series (except for colocalization analysis),
using a 63X oil immersion objective. For Sholl analysis, we used a 40X
oil immersion objective with a zoom of 0.7X. Images were acquired
using a Plan-Apochromat 63x/NA 1.4 Oil M27 objective.

For ApoER2-PSD95 colocalization experiments, images were taken
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in super-resolution modality using an LSM900 confocal microscope with
the Airyscan detector (Carl Zeiss) and equipped with a 63X oil immer-
sion objective.

2.15. RNA extraction and RT-qPCR

RNA was extracted from DIV15 neurons in TRIZOL (Thermo Fisher)
according to the supplier’s specifications. RT-qPCR was performed with
the iTaq Universal SYBR Green One-Step Kit (Bio-Rad, 1725151) using
the CFX-384 well plate instrument (Bio-Rad).

The following oligos were used for qPCR analysis:

Rat LDLR (Fw: GTGTGACCGTGAACATGACTGC; Rv:
CACTCCCCACTGTGACACTAGA)

Rat LRP1 (Fw:
TGTAGAGCGTGGCATACACT)

Rat LRP8 (ApoER2) (Fw: TGACTTCCAGTGTGGGGATG; Rv:
CCTCACAAGTTGACTCCTGC)

Rat ARC (Fw:
GGTGCCCACCACATACTGAA)

Rat HISTONE H3 (Fw:
GGCCATCTTCTCTCACCCAA-3'

Rat TUBULIN A1A (Fw: CGCTGTAAGAAGCAACACCTC;

Rv: ACACTCACGCATGGTTGCTG)

CCTTGACCCTGACAAGCCTA; Rv:

TAAGCGGGACCTGTACCAGA; Rv:

CGTTGGAGGAGCTTCGTCTT; Rwv:

2.16. In vitro electrophysiology

Whole-cell patch-clamp recordings were obtained from shPCSK9-
transfected neurons and relative controls at DIV13-14 in the voltage-
clamp modality using the Axopatch 200B amplifier and the pClamp-10
software (Axon Instruments). Recordings were performed using the
Krebs’-Ringer’s-HEPES (KRH) external solution prepared as follows:
NaCl 125 mM, KCl 5 mM, MgSO4 1.2 mM, KH2PO4 1.2 mM, CaCl,
2 mM, glucose 6 mM, HEPES-NaOH pH 7.4 25 mM). Recording pipettes
were fabricated from glass capillaries (World Precision Instruments)
using a two-stage puller (Narishige). Capillaries were filled with the
intracellular solution potassium-gluconate (KGluc 130 mM, KCl 10 mM,
EGTA 1 mM, HEPES 10 mM, MgCl,; 2 mM, MgATP 4 mM, GTP 0.3 mM)
and the tip resistance was about 3-5 MW. To identify mEPSCs, neurons
were held at —70 mV, and Tetrodotoxin (TTX) 1 mM was added to the
external solution. Finally, the analysis was performed using Clapfit-
pClamp 10 software, after choosing an appropriate standard threshold.

2.17. Antibodies

The following primary Abs were used: anti CREB (Millipore, Cat.
AB3006), anti p-CREB (Millipore, Cat. 06519), ERK1/2 (Cell Signalling
Cat. 9102), anti-pERK1/2 (Cell Signalling Cat. 9101), GluN1 (Invitrogen
Cat. 320500), GluN2A (Invitrogen Cat. 480031), GluN2B (Cell Signal-
ling Cat. N.14544 s), GluA1 (AbCaM Cat. ab31232), GluA1p845 (AbCaM
Cat. ab76321), ApoER2 (Invitrogen MA5-36130), VLDLR (Abcam, cat.
ab302917), LDLR (Proteintech, cat. 10785-1-AP), LRP1 (AbCaM Cat.
Ab92544), PSD-95 (AbCaM Cat. 192757; Cell Signalling Cat. 34508S),
GFP (Neuromab Cat. 525295), pY20 (Calbiochem Cat. 525295),
pGluN2BTyr1472 (Biorad Cat. N. AHP1004), FLAG (Sigma-Aldrich Cat.
F7425), anti-Tubulin (Sigma-Aldrich, cod. T9026), anti-RFP (Clontech,
cod. 632496).

The Alexa Fluor dye secondary antibodies used were purchased from
Thermo Fisher Scientific. The peroxidase-conjugated secondary anti-
bodies were purchased from Bio-Rad.

2.18. Quantification and statistical analysis

To minimize the possibility of bias in experimental results,
randomization, and blinding were used in experimental design, imaging
acquisition, and analyses. Cell cultures with viability lower than 80 %
were excluded from the analyses.
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Acquisition and quantification of western blotting were performed
using computer-assisted imaging (ChemiDoc system and Image lab 4.0
software; Bio-Rad). Data obtained by coimmunoprecipitation assays
were normalized to the amount of immunoprecipitated protein.

For imaging experiments, all the images were processed with Fiji
software (US National Institutes of Health). In the representative images
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background neurons have been excluded. For the analysis of spine
density and morphology, z-stack acquisitions were analyzed using
ImageJ free software, and spine length, head width, and neck width
were measured for each spine with the straight line function.

For each dendritic spine, the measures of length, head, and neck
width were used to classify spines into three categories (thin, stubby, or
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Fig. 1. Cognitive deficits and dendritic spine alterations in PCSK9”" mice. A. Top, schematic representation of the novel object recognition test. Bottom, discrim-
ination index of PCSK9™" (n = 8) and PCSK9"/* (n = 10) mice in the object recognition task 2 h after the sample phase (two-tailed unpaired t-test, t = 2.96, df=16, *
P = 0.0130). B. Top, schematic representation of the novel object location test. Bottom, discrimination index of PCSK9”" (n = 13) and PCSK9™* (n = 16) mice in the

object location recognition task 2 h after the sample phase (two-tailed unpaired t-test, t = 4.230, df=27,

sesese

P = 0.0002). C. Left, representative confocal images of

hippocampal spines from PCSK9™* and PCSK9 " mice. Scale bar: 5 pm. Right, quantification of hippocampal spine density, spine head width, and spine length of
PCSK9*/* and PCSK9 *~ mice (PCSK9"/*, n = 25 neurons from 4 mice, PCSK9”", n = 24 neurons from 4 mice; spine length, Mann Whitney test, * P = 0.034). Below,
the analysis of dendritic spine type distribution, and spine width and length are reported (mushroom spine length: two-tailed unpaired t-test, t = 2.787, df = 47,
P = 0.0076; Chi-squared test p < 0.0001). In all figures, values are expressed as mean + SEM.
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mushroom) [38]. Sholl analysis and the measurement of total dendritic
length were performed on transfected neurons using the Neuroanatomy
plug-in of the Fiji freeware software [40]. The Sholl interval was set at
5 pm. Colocalization analysis was performed using the JACoB plugin
(Fiji software), and results were expressed considering Manders’
coefficient.

Statistical analyses were performed using GraphPad Prism (version
9.3). G Power Software was used to calculate the adequate sample size.
The type of parametric or non-parametric test used for each experiment,
the corresponding p-values, and the type of adjustment for multiple
comparisons (if any) are provided in figure legends. All statistical tests
were two-sided and results were considered statistically significant if
P < 0.05.

3. Results
3.1. Systemic deletion of PCSK9 impairs hippocampal function

To investigate whether the role of PCSK9 in systemic and cellular
lipid and lipoprotein metabolism might affect cognitive function, we
characterized PCSK9”" mice using a battery of behavioral tests.

As an initial screening tool to assess general cognitive and behavioral
performance, we tested PCSK9”" and PCSK9™* (wild-type) mice in the
novel object recognition task, where the relative familiarity of an object
is used to judge memory of prior encounters. Mice were presented with a
pair of identical objects and after a 2-hour delay, one of the two was
replaced with a novel object. We then calculated a discrimination index,
with positive values indicating increased exploration of the novel over
the familiar object. PCSK9”" mice showed significantly worse perfor-
mance compared to PCSK9™/* animals (Fig. 1A); while PCSK9™* mice
spent more time exploring the novel object than the familiar one,
PCSK9”" mice were unable to distinguish the two. We next tested a
different type of recognition memory involving information about
where an object had been previously encountered. To do this, we used
the object location recognition memory task (Fig. 1B), which specifically
engages hippocampal circuits [43]. The mice were presented with two
objects, and following a 2-hour delay, one of the objects exchanged
position. In this task, PCSK9”" mice also failed to discriminate between
the displaced and familiar objects (Fig. 1B). Together, this suggests that
PCSK?9 systemic deletion in mice impacts cognitive function. We did not
observe any locomotor impairment, as measured in the open field and
rotarod tests (Suppl. Fig. 1A).

Given that the object location recognition memory is known to be
hippocampus-dependent [43], we analyzed spine morphology on Car-
bocyanine dye Dil-stained hippocampal slices of PCSK9”~ and PCSK9™*
mice. Hippocampal neurons of PCSK9”" mice showed a significant
reduction in spine length and a tendency towards decreased spine head
width, while no changes in spine density were detected (Fig. 1C).
Evaluation of spine shape revealed that different spine categories
(mushroom, stubby, thin, filopodia) were associated with PCSK9 genetic
deletion (Fig. 1C, chi-square test, p < 0.0001). PCSK9”" mice show an
increased proportion of stubby spines and a concomitant reduction of
mature mushroom spines. Furthermore, mushroom spines of PCSK9”"
mice show a reduced spine length when compared to the mushroom
spines of PCSK9™* animals (Fig. 1C). Overall, these data support the
hypothesis that the loss of PCSK9 negatively affects hippocampal
function.

3.2. Deletion of PCSK9 in neurons impairs hippocampal-dependent
cognitive function

Considering the effect of systemic PCSK9 absence on hippocampal
dendritic spine morphology, we decided to investigate the consequences
of the specific deletion of neuronal PCSK9 on brain function. To this aim,
we generated transgenic mice selectively lacking PCSK9 production in
Ca?*-calmodulin kinase Ila (CaMKIlo)-expressing neurons, found
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predominantly in the hippocampus and cortex [44,45]. PCSK9™! mice
were crossed with CaMKIIa Cre mice. To assess the specificity of PCSK9
deletion we performed ELISA to measure PCSK9 concentrations in the
liver, plasma, cortex, and hippocampus of CaMKIIa Cre*/PCSK9 ! mice
and corresponding controls (CaMKIIa Cre /PCSK9Y/ ﬂ).

As shown in Fig. 2A, PCSK9 levels were significantly reduced in both
the hippocampus and cortex of CaMKIIx Cre*/PCSK9! mice compared
to controls, but not in the liver or plasma. Accordingly, circulating total
cholesterol and triglycerides were not different in the plasma of CaMKIIx
Cre/PCSK9! mice (Suppl. Fig. 2A). To confirm the specificity of the
assay, we also measured hippocampal PCSK9 concentration in mice
selectively lacking PCSK9 production in the liver (AlbCre*/PCSK9™!
mice) and therefore deficient for PCSK9 only in the circulation [24]. As
expected, hippocampal PCSK9 levels are not affected in such mice
compared to their controls (Alere'/PCSKQﬂ/ ﬂ), thus confirming the
specificity of our results.

Based on our results on PCSK9”" mice, we focused on hippocampal-
dependent cognitive functions, and so tested CaMKIIa Cret/Pcskoi/f
and control mice in the object location recognition memory task. While
control mice preferred to explore the displaced object, CaMKIIa Cre"/
PCSK9! explored both familiar and displaced objects equally, sug-
gesting a lack of distinction (Fig. 2B). With a longer delay between
sample and test phases, CaMKIla Cre/PCSK9f! continued to exhibit a
lower discrimination index compared to control mice (Fig. 2C). Alto-
gether these results suggest that genetic deletion of neuronal PCSK9/fl
has an impact on hippocampal-dependent cognitive functions.

3.3. Neuronal deletion of PCSK9 in mice affects hippocampal synapses

Considering the results of behavioral tests, we investigated the
morphology of the spines in the hippocampus of CaMKIIa Cre*/PCSK9/
 mice. As shown in Fig. 3A, no significant changes in spine density or
morphology (width and length) were detected. Analysis of spine sub-
types did however show that the PCSK9 neuronal deletion was linked to
a change in the proportion of spine types (Fig. 3A, chi-square test,
p < 0.0001). Specifically, the hippocampal neurons of CaMKIIx Cre*/
PCSK9™! mice exhibit a moderately greater number of mature mush-
room spines and a slight reduction in the proportion of stubby spines.

To assess molecular alterations related to synaptic function, we
analyzed the cAMP-responsive element-binding protein (CREB) and
extracellular signal-regulated kinase (ERK) signaling pathways which
are crucial for synaptic plasticity events.

As shown in Fig. 3B, the phosphorylation of ERK was reduced in
hippocampal homogenates of CaMKIIx Cre*/PCSKo/f compared to
control mice, indicating that PCSK9 neuronal deletion affects ERK
signaling. In addition, the analysis of CREB pathway revealed a tendency
of CREB phosphorylation levels to decrease in CaMKII Cre*/PCSK9/f
hippocampi compared to control mice.

Considering that these signaling pathways are controlled by gluta-
mate receptors, we analyzed the molecular composition of the post-
synaptic compartment. To this aim, we purified the Triton-Insoluble
Fraction (TIF), which is enriched in postsynaptic proteins [38], from the
hippocampi of CaMKIIa Cre”/PCSK9"! mice and corresponding con-
trols. We analyzed N-methyl-D-aspartate receptor (NMDAR) subunits (i.
e., the obligatory subunit GluN1, and GluN2A and GluN2B) and
a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
(AMPARSs).

Even though a reduction in total GluN2A levels was detected in
CaMKIIa Cre*/PCSK9™ M mice compared to control animals (Fig. 4A), no
changes in synaptic levels were found in the postsynaptic compartment
(Fig. 4B). However, in comparison to control animals, CaMKIIx Cre'/
PCSK9Y! mice showed an increase in GluN1 and GluN2B synaptic
abundance (Fig. 4B), indicating an enrichment of GluN2B-containing
NMDARs in CaMKII Cre*/PCSK9™ mice synapses. This increase was
observed without changes in the total GluN1 and GluN2B protein levels
(Fig. 4A). No modifications in the expression or synaptic localization of
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Fig. 2. Cognitive impairment in CaMKIIa Cre*/PCSK9"" mice. A. PCSK9"/" mice were crossed with CaMKIlo-Cre to generate mice selectively lacking PCSK9
production in Ca®*- CaMKIla-expressing neurons. Right, results of ELISA measuring PCSK9 concentration in liver, plasma, cortex, and hippocampus of CaMKIIa
Cre"/PCSK9™! and control CaMKIla Cre’/PCSK9™! mice. Significant reduction in PCSK9 levels was detected in the cortex and hippocampus of CaMKIIa Cre"/
pCsk9o/fl compared to CaMKIIa Cre’/PCSK9Y™ mice (cortex, n = 4 mice, two-tailed unpaired t-test, t = 3.810, df = 6, P =0.0089; hippocampus, n = 6 mice, two-
tailed unpaired t-test, t = 5.482, df = 10, " P = 0.0003). PCSK9 concentrations were not affected in the hippocampus of Alb Cre*/PCSK9"/? compared to Alb Cre/
PCSK9™!! mice. B. Schematic of the novel object recognition test. Left, exploration time (in seconds) of familiar and novel objects of CaMKIIo Cre*/PCSK9™/
(n = 14) control (CaMKIIx Cre’/PCSK9"", n = 10) mice in the object location recognition task 2 h after sample phase (two-way RM ANOVA, objects x genotype,
F(1,20) = 19.32, P = 0.0002). Right, discrimination index displayed by CaMKIIx Cre*/PCSK9™! and control CaMKIIla Cre’/PCSK9%"" mice in the object location
recognition task 2 h after sample phase (two-tailed unpaired t-test, t = 4.20, df = 22, P = 0.0004). C. Schematic of the novel object recognition test. Left, exploration
time (in seconds) of familiar and displaced objects of CaMKIIx Cre™/PCSK9™® (n = 10) and control (CaMKIIx Cre’/PCSK9", n = 11) mice in the object location
recognition task 24 h following the sample phase (two-way RM ANOVA, objects x genotype, F(; 19y = 9.07, P = 0.0072). Right, discrimination index displayed by
CaMKIla Cre*/PCSK9™! and control CaMKIIa Cre /PCSK9!! mice in the object location recognition task 24 h following the sample phase (two-tailed unpaired t-test,
t =2.98, df = 17, P = 0.0083).

the AMPAR subunit GluAl, nor its phosphorylation of Ser845, which is
associated with increased AMPAR trafficking to the postsynaptic mem-
brane, were detected in CaMKIIx Cre*/PCSK9™! mice (Suppl. Fig. 2B-
Q).

Next, we measured the total and synaptic levels of PCSK9 brain
targets. As shown in Fig. 4C, no changes in the levels of LDLR, LRP1,
VLDLR, or ApoER2 were found in the hippocampal homogenates of
CaMKIIa Cre*/PCSK9™! mice compared to controls. On the other hand,
analysis of the postsynaptic compartment showed that ApoER2 synaptic
localization was specifically increased in CaMKIIx Cret/PCSK9Y mice
compared to controls; there were no changes in the synaptic abundance
of LDLR, LRP1, or VLDLR (Fig. 4D).

ApoER2 is a Reelin receptor that can activate a signaling cascade
through Dabl and SFK pathways to phosphorylate GIuN2B in tyrosine
(Tyr) residues [46]. Considering the increase in GluN2B synaptic
abundance in CaMKIla Cre™/PCSKOY? mice (Fig. 4B), we tested
whether this change in GluN2B localization could be related to increased
Tyr phosphorylation. Tyr phosphorylation of immunoprecipitated
GluN2B was detected by immunoblotting using a pY20 antibody. No
changes in Tyr phosphorylation of GluN2B were detected in CaMKIIx
Cre*/PCSK9! compared to control mice (Suppl. Fig. 2D). We also

assessed the phosphorylation levels at Tyr1472 of GluN2B; this stabilizes
synaptic NMDARs by preventing the interaction of the clathrin adaptor
protein with the YEKL motif on GIuN2B [47]. Western blot analysis of
the postsynaptic fraction showed that GluN2B phosphorylation at
Tyr1472 is not altered in CaMKIIn Cre*/PCSK9Y® mice compared to
controls (Suppl. Fig. 2E), suggesting that other molecular modifications
are responsible for the changes in GluN2B synaptic localization.

3.4. PCSK9 plays a critical role in controlling synaptic membrane
insertion of ApoER2 and lipid droplet trafficking

To gain insights into PCSK9-dependent regulation of ApoER2 in
neurons, we took advantage of an in vitro model, primary hippocampal
cultures.

First, we verified the synaptic localization of LDLR, LRP1, and
ApoER2 in our cellular system using confocal imaging. As shown in
Supplementary Fig. 3A-C, all analyzed receptors were present in den-
dritic spines close to the area enriched with the postsynaptic marker
PSD-95.

As PCSKO9 targets are synaptic proteins, we tested whether synaptic
activity could modulate the expression of PCSK9 targets in hippocampal
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Fig. 3. Alterations in dendritic spine morphology and synaptic plasticity-related signaling in the hippocampus of CaMKIIx cre*/PCSK9™? mice. A. Left, repre-
sentative confocal images of hippocampal dendritic spines of CaMKIIa Cre’ /PCSK9"? and CaMKIIa Cre*/PCSK9™ mice. Scale bar: 5 pm. Right, quantification of
spine density, spine width and length showed no significant changes in these parameters (n = 31 neurons from four CaMKIla Cre’/PCSK9™" mice, n = 29 neurons
from four CaMKIIx Cre*/PCSK9™" mice). Below, the joint distribution of dendritic spine type and genetic modification is represented in the table together with the P
value of the Chi-squared test of independence. B. Representative western blot (WB) showing the expression of CREB, p-CREB, ERK1/2, p-ERK1/2, and tubulin in
hippocampal homogenate samples of CaMKIIx Cre*/PCSK9%? compared to CaMKIIx Cre’/PCSK9™? animals. Quantification of optical density (OD) and normali-
zation to loading control OD (tubulin) shows that p-ERK1/2, but not ERK total levels, is reduced in CaMKIIx Cret/PCSKO™"M mice (p-CREB /CREB: CaMKII« Cre’/
PCSK9" nn = 8 mice and CaMKIIx Cre*/PCSK9" n = 6 mice, two-tailed unpaired t-test, t = 1.878, df = 12, P = 0.08; p-ERK1/2/ERK1/2: CaMKIIa Cre’/PCSK9/1
n =9 mice and CaMKIIx Cre*/PCSK9" n =5 mice, two-tailed unpaired t-test, t = 2.434, df = 12, * P = 0.03).

neurons. RT-qPCR analysis of PCSK9 targets revealed a reduction in
ApoER2 mRNA levels after 30 min of synaptic stimulation, while LDLR
and Lrpl expression was not affected by synaptic activation (Suppl.
Fig. 3D). As control of the treatment, we found that synaptic stimulation
increased the transcription of the immediate early gene Arc in primary
neuronal cultures (Suppl. Fig. 3E).

To test the effects of reduced PCSK9 activity in hippocampal cul-
tures, we used a small hairpin RNA (shRNA) to downregulate PCSK9
expression [42]. We first verified that the shRNA was able to reduce the
levels of co-transfected PCSK9-FLAG in heterologous cells (shPCSK9,
Suppl. Fig. 3F).

We transfected primary hippocampal neurons with a vector
expressing either shPCSK9 or a scramble sequence (SCR), and the fluo-
rescent mCherry protein expressed under the control of CaMKIla, to
allow visualization of the neuronal structure.

We observed a significant increase in the degree of co-localization
between ApoER2 and the postsynaptic marker PSD-95 in neurons

transfected with shPCSK9, compared with those transfected with the
scramble control sequence (Fig. 5A). This indicates enrichment of
ApoER2 at synapses, in line with the data obtained in CaMKIlo Cre*/
PCSK9 mice (Fig. 4D).

However, the relative expression of ApoER2 at the membrane sur-
face was significantly reduced in primary hippocampal neurons
expressing shPCSK9 compared with control cells (Fig. 5B). Similar re-
sults were obtained by quantifying the ApoER2 surface expression
within PSD-95 postsynaptic clusters (Fig. 5B). These data show that the
ApoER2 increase in PSD-95-positive dendritic spines does not corre-
spond to augmented synaptic membrane insertion of ApoER2.

Extensive studies have established the role of ApoE in mediating
inter-cellular cholesterol transport from non-neuronal to neuronal cells
[48,49]. In neurons, internalization of cholesterol from ApoE-containing
lipoproteins is mediated by the LDLR family [11]. We therefore tested
whether the reduction in ApoER2 membrane insertion in
shPCSK9-transfected cells could affect lipid droplet transfer. Neuronal
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Fig. 4. NMDAR and ApoER2 are changed in hippocampal synapses of CaMKIla Cre*/PCSK9™? mice. A. Representative WB showing the expression of GluN1,
GIuN2A, GluN2B and tubulin, as the loading control, in hippocampal homogenate samples of CaMKIlx Cre™/PCSK91/? and CaMKIla Cre’/PCSK9™/? animals. Sta-
tistical analysis shows that GluN2A total levels are reduced in CaMKII Cre"/PCSK9! mice (n = 6) compared to CaMKIIx Cre’/PCSKO! animals (n = 9) (GluN2A:
two-tailed unpaired t-test, t = 2.205, df = 13, * P = 0.046). B. Representative WB showing the levels of GluN1, GluN2A, GluN2B, and tubulin in the postsynaptic
fraction (TIF, Triton-Insoluble Fraction) of CaMKIla Cre*/PCSK9" and CaMKIIa Cre’ /PCSK9"!! animals. Statistical analysis shows that GluN1 and GluN2B synaptic
levels are increased in CaMKIIx Cre*/PCSK9"! mice (n = 6) compared to CaMKIlx Cre’/ PCSK9"! animals (n = 9) (GluN1: two-tailed unpaired t-test, t = 3.077, df =
13, ™ P = 0.0088; GluN2B: two-tailed unpaired t-test, t = 2.311, df = 13, * P = 0.038). C. Representative WB of ApoER2, VLDLR, LDLR, LRP1, and tubulin in
hippocampal homogenate samples of CaMKIlx Cre™/PCSK9"? and CaMKIla Cre’/PCSK9"? mice. OD quantification and normalization on loading control OD
(tubulin) reveals no differences in expression in CaMKIIx Cret/PCSK9™/1 (n = 6) compared to CaMKIIa Cre’/PCSK91/1 (n = 9). D. Representative WB of the post-
synaptic levels of ApoER2, VLDLR, LDLR, LRP1, and tubulin in TIF purified from CaMKIIx cre*/PCSK9"? and CaMKIIx Cre’/PCSK9Y™ hippocampi. ApoER2 levels
are increased in CaMKIIx Cre"/PCSK9"® mice (n = 6) compared to CaMKIla Cre’/PCSK9"!! animals (n = 9) (ApoER2: two-tailed unpaired t-test, t = 2.672, df = 13,

*P =0.019).

cultures transfected with either shPCSK9 or the scramble control
sequence, with GFP as a reporter gene, were stained with Nile Red to
selectively label lipid droplets. Quantitative analysis showed a signifi-
cant increase in lipid droplets in shPCSK9-transfected neurons compared
with SCR-expressing cells, indicating that PCSK9 downregulation affects
lipid droplet transport (Fig. 5C). This hypothesis is supported by the
analysis of cholesterol in the hippocampus of both PCSK9”" and
CaMKIIa Cre*/PCSK9! mice and the correspondent control animals
(Suppl. Fig. 3G). The cholesterol levels are increased in both animal
models, suggesting that the lack of PCSK9 significantly impairs choles-
terol metabolism.

3.5. PCSK9 is crucial for maintaining synaptic function in hippocampal
neurons

Considering the relevance of cholesterol metabolism and lipid
droplet trafficking to synaptogenesis [49] and synapse maintenance
[50], we assessed the effect of PCSK9 downregulation on synaptic
function.

First, we analyzed spine and neuronal structure. Spine analysis
revealed a significant reduction in spine density in shPCSK9-transfected
neurons. The evaluation of spine shape revealed a significant increase in
spine head width, without changes in spine length (Fig. 6A). The
quantification of different spine categories showed that different spine
populations were associated with PCSK9-down-regulation. Further-
more, we measured a significant increase in the width of mushroom and
stubby spines in shPCSK9-transfected neurons (Fig. 6A). Next, we
analyzed neuronal morphology by Sholl analysis, a common method
used to quantify neuronal complexity, in neurons expressing either
shPCSK9 or the control sequence. PCSK9 downregulation did not affect
neuronal arborization and dendritic length (Suppl. Fig. 3H). These data
suggest that the downregulation of PCSK9 specifically affects spine
morphology and not neuronal architecture.

We subsequently asked whether decreased PCSK9 expression could
influence synaptic activity. Firstly, we measured the phosphorylation of
the transcription factor CREB at Ser133. This is a key element coupling
synaptic activation to the transcription of genes and is required for long-
term synaptic plasticity events and memory formation [51]. As shown in
Fig. 6B, the downregulation of PCSK9 expression significantly reduced
CREB phosphorylation in the nucleus, rendering CREB transcriptionally
inactive and thus impairing synaptic plasticity.

Secondly, we recorded miniature excitatory postsynaptic currents
(mEPSCs) in shPCSK9-transfected neurons and their controls. Analysis
revealed normal mEPSC frequency but significant increases in the
amplitude of AMPAR-mediated currents (Fig. 6C). These results suggest
a direct contribution of PCSK9 to synaptic AMPAR accumulation and
leads us to hypothesize that the increased head width found in mush-
room and stubby spines in shPCSK9 cultures (Fig. 6A) may allow the
insertion of more functional AMPARSs.

Considering these results, we investigated the synaptic localization
of the AMPAR subunit GluAl. In line with the electrophysiological re-
sults, confocal imaging showed that PCSK9 downregulation significantly
increased the proportion of GluAl-stained pixels colocalizing with the

10

postsynaptic marker PSD-95, when compared to control neurons
(Fig. 7A). Measuring the colocalization of NMDAR subunits with PSD-
95, no change was observed to the obligatory subunit GluN1 in
shPCSK9-transfected neurons. This suggests that downregulation of
PCSK9 does not affect synaptic NMDAR levels (Fig. 7B). The colocali-
zation of GluN2B and PSD-95 was however significantly reduced, sug-
gesting an effect on NMDAR subunit composition (Fig. 7C); no changes
in GluN2A synaptic localization were detected (Fig. 7D). Overall, these
data highlight PCSK9 as a protein relevant for synaptic structure and
function.

4. Discussion

PCSK9 inhibitors are largely used to decrease plasma LDL-C levels
and reduce cardiovascular risk. Yet, PCSK9 was initially discovered as a
gene upregulated after apoptosis induced by serum deprivation in pri-
mary cerebellar neurons [25]. Despite its initial identification in the
brain, the molecular pathways involved in neuronal PCSK9 function
remain largely elusive and a matter of considerable debate. In this study,
we demonstrated that the deletion of neuronal PCSK9 affects the
structure and molecular composition of hippocampal dendritic spines,
leading to impaired cognitive function. Notably, among the various
targets of PCSK9, we identified ApoER2 as the primary mediator of
PCSK9-dependent effects on synaptic function.

Previous studies have investigated the role of PCSK9 during brain
development and in different cellular models of neurogenesis and
neuronal differentiation [25,30,52,53]. Our study aimed to investigate
the contribution of PCSK9 to neuronal function during adulthood. To
achieve this goal, we used in vivo and in vitro models to assess the effect
of PCSK9 deletion on neuronal cells.

First, we evaluated the cognitive performance of PCSK9”/" mice. We
found that systemic deletion of PCSK9 leads to recognition memory
deficits, particularly when mice are required to recall spatial informa-
tion. These deficits were not explained by reduced interest in explora-
tion or locomotor impairments. A recent study showed that PCSK9™"
mice have intact spatial navigation and learning capabilities [53].
However, in our setting, PCSK9”" mice also showed recognition
impairment during memory recall regarding familiarity of a previous
encounter. Thus, our results suggest that PCSK9 is more involved in
memory formation or consolidation rather than the processing of spatial
information. Consistently, memory defects in PCSK9”" mice were
accompanied by alterations of spine morphology in the hippocampus, a
critical brain area for spatial memory. Dendritic spines are the neuronal
locus of plasticity as modification of synaptic strength can be trans-
formed into long-lasting morphological changes [54]. These changes are
reflected in cognitive performance. In PCSK9”" mice, we observed a
decrease in the amount of mature mushroom-shaped spines in the hip-
pocampus, suggesting that the lack of PCSK9 may affect synaptic
plasticity-related phenomena. The significant impairments observed in
the object location task and the morphological changes in hippocampal
spines suggested a critical role for PCSK9 in hippocampal function.
Therefore, we focused this study on the hippocampus, although
exploring the role of PCSK9 in cortical neurons would be an intriguing
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Fig. 5. PCSK9 downregulation affects ApoER2 membrane levels and lipid droplets. A. Representative confocal images of mCherry (neuronal filler), ApoER2 (black),
and PSD-95 (magenta) staining in primary hippocampal neurons transfected with PCSK9-shRNA (shPCSK9) or scramble sequence (SCR) plasmids expressing
mCherry; scale bar = 5 um. Lower images, insets showing dendritic spines at higher magnification; scale bar = 1 pm. The downregulation of PCSK9 increases ApoER2
colocalization with PSD-95 (n = 24 neurons, two-tailed unpaired t-test, t = 2.294, df = 46, * P = 0.026). B. Representative confocal images of mCherry, ApoER2
surface staining (black), and ApoER2 total staining (magenta) of primary hippocampal neurons transfected with shPCSK9 or SCR plasmids expressing mCherry; scale
bar = 5 um. Lower images, insets showing dendritic spines at higher magnification; scale bar = 1 um. The downregulation of PCSK9 reduces ApoER2 membrane
levels both at neuronal levels and in spines (neuron, n = 22-21, two-tailed unpaired t-test, t = 2.147, df = 41, * P = 0.038; spine, n = 14-15, two-tailed unpaired t-
test, t = 2.881, df = 27, * P = 0.0077). C. Representative confocal images of lipid droplets and GFP staining in primary hippocampal neurons transfected with
shPCSK9 or SCR plasmids expressing GFP, scale bar = 20 um; PCSK9 silencing significantly increases lipid droplets (n = 24 — 22 neurons, Mann Whitney test,

P < 0.0001).

<

direction for future research.

PCSK9™" mice could not be the ideal model for investigating the role
of PCSK9 in neurons due to the many pleiotropic effects of PCSK9 in
different organs beyond the liver [55] giving rise to a complex pheno-
type. This complexity makes it difficult to isolate a brain-specific effect.
Additionally, the ablation of PCSK9 during embryonic development may
drive compensation mechanisms masking PCSK9 function in the brain.

Therefore, to address the impact of the postnatal deletion of PCSK9
in excitatory neurons, we generated neuron-selective PCSK9-deficient
mice. Given that the neuronal ablation of PCSK9 does not affect the
circulating levels of either the protein, total cholesterol or triglycerides,
CaMKIIx Cre”/PCSK9™! mice provide a reliable model for investigating
the effects of neuronal PCSK9 inactivation.

Behavioral results revealed the alteration of both short- and long-
term spatial recognition memory in CaMKIIx Cret/PCSKo/f mice,
similar to the effects observed in the full-body knock-out mice. At the
cellular level, hippocampal neurons of CaMKIlx Cre*/PCSK9™ mice
showed a modest decrease in the percentage of stubby spines and a
moderate increase in mature mushroom spines. These results seem to be
in contrast with the impairment of cognitive function demonstrated in
the behavioral tests. However, biochemical analysis revealed significant
changes in the molecular composition of the postsynaptic compartment
and the shut-off of signaling pathways critical for synaptic plasticity. In
particular, we detected a significant modification of different NMDAR
subunits, namely a reduction in total GluN2A levels, and enrichment of
GluN2B-containing NMDARs in CaMKIIx Cre*/PCSK9! mice synapses.
In addition, we found a significant shut-off of signaling pathways
mediated by ERK, supporting the hypothesis that inactivation of
neuronal PCSK9 can affect synaptic plasticity. In the mature hippo-
campus, GluN2A and GluN2B are the predominant GluN2 subunits. In
mature neurons, most GluN2A-containing NMDARs are synaptically
retained, while GluN2B-containing NMDARs are highly mobile and
localized at extra-synaptic sites [56,57]. Considering that GluN2A and
GluN2B have antagonistic actions on ERK activation, the negative
regulation of ERK in CaMKIlx Cre*/PCSK9"! mice hippocampi could
depend on the composition of NMDARs. In particular, the synaptic Ras
GTPase activating protein (GAP) SynGAP is selectively associated with
GluN2B-NMDARs in the brain and is required for inhibition of
NMDAR-dependent ERK activation [58].

The generation of this transgenic mouse line has also provided in-
sights into the primary target of PCSK9 in neuronal functionality. The
abundance of ApoER2 is significantly increased in CaMKIla Cre'/
PCSK9! mice synapses, while total protein levels remain unaffected.
Interestingly, the total and synaptic levels of LDLR, LRP1, and VLDLR in
these mice are meanwhile unaltered. Previous studies have reported
contrasting results on whether PCSK9 targets LDLR, VLDLR, or ApoER2
for degradation depending on the model or the cell line. In vitro, PCSK9
has been shown to reduce LDLR abundance in neurons in the early stages
of differentiation [53]. In vivo, LDLR protein levels are significantly
higher in PCSK9”" mouse embryos, but they are not affected in adult
animals [27]. Similarly, modulation of PCSK9 expression did not change
LDLR, VLDLR, or ApoER2 expression levels in the hippocampus or ce-
rebral cortex of adult mice [29].

Our results demonstrate, for the first time, that PCSK9 controls the
synaptic localization of ApoER2 in hippocampal neurons. Furthermore,
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taking advantage of an in vitro system, we found that downregulation of
PCSK9 increases synaptic localization of ApoER2, as indicated in our
mouse model. However, the enrichment of ApoER2 at the postsynaptic
site is accompanied by a decrease in the membrane level of the receptor,
indicating increased endocytosis in the absence of PCSK9. ApoER2 is a
postsynaptic protein involved in multiple cellular signaling cascades,
synaptic plasticity phenomena, and learning and memory processes [59,
60]. Indeed, we found that synaptic stimulation reduces ApoER2 gene
expression without affecting the mRNA levels of other synaptic members
of the LDLR family, such as LDLR and LRP1.

The reduction of ApoER2 membrane availability could be implicated
in the synaptic changes observed in shPCSK9-transfected neurons. It has
been shown that ApoER2 controls synapse formation as its over-
expression increases spine density and decreases GluA1l surface levels in
primary neurons [61]. ApoER2 may be coupled to synaptic function
through various mechanisms since it works as a mediator of Reelin
signaling and contributes to cholesterol homeostasis through its binding
to lipidated ApoE particles secreted by astrocytes [10]. The definitive
mechanism by which ApoER2 acts remains unknown. Here, we hy-
pothesize that the lack of PCSK9 and dysregulation of ApoER2 mem-
brane insertion can affect lipid transport, as suggested by the increase in
lipid droplets in neurons transfected with shPCSK9. Consistently, we
found an increase in cholesterol levels in CaMKIIx Cret/PCSK9™/ mice
hippocampi, thus highlighting the crucial role of neuronal PCSK9 in the
control of cholesterol in the brain. In neurons, membrane lipid rafts have
been detected at synapses, where they are thought to contribute to
postsynaptic function by altering the physical properties of the mem-
brane bilayer. Consequently, they can influence receptor dynamics at
postsynapses [1]. For instance, depletion of cholesterol/sphingolipid
leads to instability of surface AMPARs and loss of dendritic spines, while
the remaining spines in raft-depleted neurons become greatly enlarged
[50]. A similar phenotype is detected in shPCSK9 transfected neurons,
which show reduced spine density and expansion of head size, together
with an increase in GluA1l synaptic localization and mEPSC amplitude.
These synaptic modifications mimicking LTP-like changes may occlude
synaptic plasticity. Similarly, in CaMKIIx Cret/PCSK9Y! mice we
detected a slight increase in the number of mature mushroom spines,
suggesting that occlusion of synaptic plasticity mechanisms can also
occur in vivo. Even though the molecular characterization of the post-
synaptic compartment of CaMKIIa Cre*/PCSK9" mice and shPCSK9
transfected neurons provided differing results, in both models we found
a decrease in CREB phosphorylation, strengthening the hypothesis that
lack of neuronal PCSK9 significantly impairs synaptic plasticity. We
hypothesize that in vivo there may be mechanisms to compensate for the
inactivation of PCSKO.

In conclusion, taking advantage of different models, we have
demonstrated a key role for neuronal PCSK9 in synaptic function and
cognitive behavior during adulthood. PCSK9 acts at the synaptic level
controlling the availability of ApoER2, a key protein positioned at the
crossroads of multiple pathways implicated in synaptic plasticity. Our
results provide new insights into the complex biology of PCSK9, which
are essential for assessing the potential side effects of PCSK9-targeting
therapies and for advancing the development of novel therapeutic
strategies that leverage PCSK9 as a target for neurological diseases.
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Fig. 6. PCSK9 silencing impairs spine morphology and synaptic transmission. A. Representative confocal images of mCherry staining of primary hippocampal
neurons transfected with shPCSK9 or scramble sequence (SCR) plasmids expressing mCherry as neuronal filler; scale bar = 5 ym. PCSK9 down-regulation decreases
spine density, increases spine head width, in particular in mushroom and stubby spines (n = 32-35 neurons; spine density, Mann Whitney test, " P = 0.0019; spine
width, two-tailed unpaired t-test, t = 3.784, df = 65, " P = 0.0003; mushroom spine width, Mann Whitney test, " P < 0.0001; stubby spine width, two-tailed
unpaired t-test, t = 3.175, df = 65, ™ P = 0.0023). The joint distribution of dendritic spine type and genetic modification is represented in the table together
with the P value of the Chi-squared test of independence. B. Representative confocal images of p-CREB (black) staining of primary hippocampal neurons transfected
with shPCSK9 or SCR plasmids expressing mCherry as neuronal filler; nuclei were detected with DAPI (blue). Scale bar = 5 ym. The downregulation of PCSK9
significantly reduces p-CREB nuclear levels (n = 19 neurons, two-tailed unpaired t-test, t = 4.035, df = 36, " P = 0.0003). C. Representative traces of excitatory
postsynaptic current in miniature (mEPSCs) recorded in shPCSK9 and SCR control neurons followed by quantitative analysis. Histograms represent the mean + SEM
of the mEPSCs amplitude and frequency expressed respectively in pA and Hz; PCSK9 silencing affects mEPSCs amplitude but not the frequency (mEPSCs amplitude,
two-tailed unpaired t-test, t = 3.318, df = 27, © P = 0.0026).
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