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Preface

Neurodegeneration inevitably leads to cognitive impairment, significantly altering the quality of
life of affected people. Neuroinflammatory diseases such as Alzheimer’s disease, multiple sclerosis,
traumatic brain injury, and stroke are associated with memory reduction caused by the impairment
of neuronal function. Over the past decade, greater attention has been given to the vascular effects
involved in cognitive decline. The topic of vascular cognitive impairment and dementia has been
identified as one of the research priorities by the National Institutes of Health (USA). Many of
the neuroinflammatory responses are associated with changes in systemic circulation and brain
vasculature.

The scope of this Special Issue is to identify some mechanisms involved in neurodegeneration
and cognitive decline that originate in the vasculature. A wide variety of these processes can
be explained by the functional complexity of the neuro-vascular unit and the number of cells
and proteins that can affect vasculo-neuronal interactions during various neuroinflammatory and
neurodegenerative diseases. The present Special Issue is appealing to a wide range of scientists and

health specialists working in the field of neuroinflammation.

David Lominadze
Guest Editor
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The Role of Nuclear Factor-Kappa B in Fibrinogen-Induced
Inflammatory Responses in Cultured Primary Neurons

Nurul Sulimai !, Jason Brown ! and David Lominadze 1-2-*

Department of Surgery, University of South Florida Morsani College of Medicine, Tampa, FL 33612, USA
Department of Molecular Pharmacology and Physiology, University of South Florida Morsani College of
Medicine, Tampa, FL 33612, USA

*  Correspondence: dlominadze@usf.edu

Abstract: Traumatic brain injury (TBI) is an inflammatory disease associated with a compromised
blood-brain barrier (BBB) and neurodegeneration. One of the consequences of inflammation is
an elevated blood level of fibrinogen (Fg), a protein that is mainly produced in the liver. The
inflammation-induced changes in the BBB result in Fg extravasation into the brain parenchyma,
creating the possibility of its contact with neurons. We have previously shown that interactions
of Fg with the neuronal intercellular adhesion molecule-1 and cellular prion protein induced the
upregulation of pro-inflammatory cytokines, oxidative damage, increased apoptosis, and cell death.
However, the transcription pathway involved in this process was not defined. The association of
Fg with the activation of the nuclear factor-xB (NF-«kB) and the resultant expression of interleukin-6
(IL-6) and C—C chemokine ligand-2 (CCL2) were studied in cultured primary mouse brain cortex
neurons. Fg-induced gene expression of CCL2 and IL-6 and the expression of NF-kB protein were
increased in response to a specific interaction of Fg with neurons. These data suggest that TBI-induced
neurodegeneration can involve the direct interaction of extravasated Fg with neurons, resulting in the
overexpression of pro-inflammatory cytokines through the activation of transcription factor NF-«B.
This may be a mechanism involved in vascular cognitive impairment during neuroinflammatory dis-

eases.

Keywords: neuroinflammation; transcription factor; C-C chemokine ligand-2; interleukin-6;
intercellular adhesion molecule-1 and cellular prion protein

1. Introduction

Traumatic brain injury (TBI) is an inflammatory neurodegenerative disease that is
a leading cause of morbidity and mortality in the United States. Unintentional falls and
motor vehicle accidents are the most common cause of injury contributing to a TBI-related
hospitalization [1]. The impact of a single fall on these patient’s life could be detrimental,
life-altering, or even fatal. Immediate physical damage and inflammation during TBI could
ignite a secondary injury and result in neurodegeneration with cognitive deterioration that
could show up weeks, months, or even years later. In some cases, TBI patients can have
long-term sequelae including cognitive dysfunction, pain, sleep disorders, and physical
disability, collectively known as post-concussion syndrome [2]. Although it is known that
the blood-brain barrier (BBB) disruption is an early event during TBI, it may also persist
for many years after the initial injury [3].

Fibrinogen (Fg) is an acute-phase reactant protein that is increased during the inflam-
matory condition [4] that accompanies TBI [5]. We have previously found that during an
elevated level of Fg, called hyperfibrinogenemia (HFg), there is enhanced cerebrovascular
permeability via caveolar protein-mediated transcytosis and the enhanced formation of
Fg-amyloid 3 and Fg-cellular prion protein (PrP¢) complexes [6]. Extravascular deposits of
Fg have been found in a post-mortem brain sample of a TBI patient who survived 18 years
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after a fall [3]. During chronic inflammatory diseases, such as Alzheimer’s disease (AD) or
TBI, the finding of Fg, a protein that is mainly produced in the liver [7], in the extravascular
space of the brain parenchyma implies that Fg extravasated from the blood vessels. We
have shown that at elevated levels, Fg crosses the vascular wall via, mainly, caveolar tran-
scytosis [8-10]. The extravasated Fg that was found in TBI patients [3] certainly can come
in contact with neurons and trigger a subsequent signaling responses. We have previously
shown that Fg caused the upregulation of pro-inflammatory cytokines in astrocytes [11,12]
and neurons [13]. Furthermore, Fg caused an increased generation of reactive oxygen
species (ROS) and nitric oxide (NO) in astrocytes [11], in addition to increased ROS, NO,
and mitochondrial superoxide in neurons [13]. These pro-inflammatory effects were in
part due to the strong association of Fg with its receptors intercellular adhesion molecule-1
(ICAM-1) and PrPC in astrocytes [11] and neurons [13], which ultimately resulted in in-
creased cell death in astrocytes [11] and neurons [13]. These effects could be a mechanism
of neurodegeneration and the resultant memory reduction seen during TBI [6,12]. However,
the possible transcription pathway that can be activated in neurons because of an interac-
tion with Fg has never been described. Therefore, in the present work, we investigated
whether there is a possible role of nuclear factor-«B (NF-kB) in Fg/neuron interactions. To
eliminate any confounding effects from other cells, such as endothelial cells, astrocytes,
and other glial cells, we conducted the experiments in vitro, testing the effects of intact Fg
and mouse brain neurons.

NF-«B is a ubiquitous transcription factor that is one of the most important modulators
of stress and inflammatory gene expression in the nervous system [14]. The activation of
the NF-«B is associated with many neurodegenerative diseases including TBI [14-16]. A
prolonged activation of NF-«kB has also been found up to 1 year after a head injury [15].
However, the specific source of the persistent post-traumatic activation of NF-«B in this
study was not clear. The possible roles of transcription factors and the particular inter-
connection of Fg and NF-«kB signaling in neurodegenerative pathology are not known.
The objective of the present study was to investigate the involvement of NF-«B in the
pro-inflammatory effects of Fg initiated in the microvasculature that result in the short-term
memory reduction that we have shown earlier [5,6,12,17].

2. Materials and Methods
2.1. Cells, Antibodies, Reagents, and Materials

Primary mouse brain cortical neurons from C57BL/6 embryonic-day-17 mice (cat.
#A15586) were purchased cryopreserved from Thermo Fisher Scientific (Waltham, MA,
USA). Nunc™ 12-well (cat. #150628) and 24-well plates (cat. #142475), German #1 glass
coverslips (cat. #50-121-5159), phosphate-buffered saline (PBS) (composition: 1.05 mM
KH2PO4, 155.17 mM NaCl, and 2.97 mM Na,HPO,. 7H,0, without Ca?* and Mg?*),
ACROS Organics™ Triton™ X-100 (cat. #AC422355000), normal goat serum (cat.
#NC9660079), PowerUp™ SYBR™ Green Master Mix (cat. #A25776), Pierce® Radioim-
munoprecipitation (RIPA) lysis and extraction buffer (cat. #89900), Laemmli sodium
dodecyl-sulfate (SDS) buffer (6X; cat. #J61337), Electron Microscopy Sciences 32%
Paraformaldehyde (formaldehyde) aqueous solution (cat. #50-980-494), and Molecular
Probes™ ProLong™ Diamond Antifade Mountant with 4’,6-diamidino-2-phenylindole
(DAPI) (cat. #P36971) were also from Thermo Fisher Scientific. Primary neuron basal
medium (PNBM) (cat. #CC-3256) with a specific additive SingleQuots™ (cat. #CC-4462)
was purchased from Lonza (Basel, Switzerland). Poly-d-Lysine hydrobromide (cat. #P0899)
and Laminin from Engelbreth-Holm-Swarm murine sarcoma basement membrane (cat.
#1.2020-1MG), Hirudin from leeches (cat. #H7016-10UN), bovine serum albumin (BSA)
(cat. #A7906-10G), the primary antibody against NF-«B p65 (cat. #06-418) that was used in
immunofluorescence, and the primary antibody against 3-actin (cat. #A1978-200 puL) were
purchased from Millipore-Sigma (Burlington, MA, USA). The primary antibody against
NE-«kB p65 (cat. #06-418) that was used in Western blot was from the Proteintech Group
(Rosemont, IL, USA). The inhibitor of NF-«B p65 activity, caffeic acid phenethyl ester
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(CAPE) (cat. #2743/10), was purchased from R&D systems (Minneapolis, MN, USA). The
rat purified function-blocking antibody (clone: YN1/1.7.4) against mouse ICAM-1 (cat.
#116133) was purchased from BioLegend (San Diego, CA, USA), and the prion protein-
blocking peptide (cat. #GTX89339-PEP) was purchased from GeneTex (Irvine, CA, USA).
Recombinant murine tumor necrosis factor alpha (TNF«x) (cat. #315-01A-20UG) and inter-
feron gamma (IFNYy) (cat. # 315-05-20UG) were purchased from Peprotech (Rocky Hill,
NJ, USA).

The polyclonal rabbit antibody against human Fg (cross-reacts with mouse) (cat.
#A008002-2) was purchased from Dako Cytomation (Carpentaria, CA, USA). TRIzol™
reagent (cat. #15596026), ProLong™ Diamond antifade mountant with 4’ 6-diamidino-2-
phenylindole (cat. # P36962), the primary antibody against neuronal marker microtubule
associated protein 2 (MAP2) (cat. #PA1-10005), goat anti-rabbit IgG (H+L) cross-adsorbed
secondary antibody, horseradish peroxidase-conjugated (HRP) (cat. #A16104), goat anti-
mouse IgG (H+L) cross-adsorbed secondary antibody, HRP (cat. #A16072), goat anti-
chicken IgY (H+L) secondary antibody, Alexa Fluor™ 488 (cat. #A-11039), and goat anti-
rabbit IgG (H+L) cross-adsorbed secondary antibody, Alexa Fluor™ 647 (cat. #A-21244)
were from Invitrogen (Carlsbad, CA, USA). iScript™ cDNA synthesis kit (cat. #1708891),
10% Mini-PROTEAN TGX Stain-Free™ Gels (cat. #4568033), Immun-Blot® polyvinylidene
difluoride membranes (cat. #162-0175), and the Quick Start™ Bradford protein assay
kit (cat. #5000201) were from BioRad (Hercules, CA, USA). The TransAM® NF-«B p65
activation assay kit (cat. #40096) was purchased from Active Motif (Carlsbad, CA, USA).

2.2. Experimental Procedures with Cell Cultures

Primary mouse brain cortex neurons were plated at 7 x 10° cells/mL, grown in
PNBM containing SingleQuots™, and used on day 7 or 10. The neurons were grown on
24-well plates for gene analysis and cell immunocytochemistry and on 12-well plates for
protein level detection. The cell culture plates with integrated #1 German glass coverslips
were coated with poly-d-Lysine (30 pg/mL) and laminin (200 pug/mL) for 1 h, at room
temperature, before being rinsed twice with PBS prior to cell seeding for optimal neuronal
attachment and growth.

The neurons were grown and treated as we reported previously [13]. Prior to treatment
with Fg, the neurons were pre-treated for 90 min with a potent and specific inhibitor of
nuclear transcription factor NF-«B activation, caffeic acid phenethyl ester (CAPE) [18]. A
function-blocking antibody against ICAM-1 or a function-blocking peptide against PrP¢
(7 ng/mL, for both) was added to the cells 30 min prior to the treatment with Fg. The
neurons were treated with Fg for 1 h. In the control group, an equal volume of PBS was
added in place of Fg. As a positive control group, cells stimulated with 200 ng/mL of TNFa
along with 200 ng/mL of a murine IFNy were used. Each experimental group contained
hirudin (0.5 U/mL) in order to block the possible thrombin-induced conversion of Fg into
fibrin. The cells were kept in an incubator at 37 °C with 5% CO,.

2.3. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from mouse astrocytes using the TRIzol reagent (Invit-
rogen), and reverse transcription was conducted using an iScript cDNA synthesis kit
from Bio-Rad (Hercules, CA, USA), following the manufacturer’s instructions. The qRT-
PCR analysis was carried out using PowerUp™ SYBR™ Green Master Mix (Applied
Biosystems, Austin, TX, USA). The PCR cycle parameters were 50 °C for 2 min, fol-
lowed by 95 °C for 10 min, then 40 cycles at 95 °C for 15 s; the annealing tempera-
ture was 56 °C for 1 min. The gene expression levels were determined by QuantStu-
dio 3 from Life Technologies (Carlsbad, CA, USA). The mRNA expression of the target
genes was analyzed and normalized to that of 18S, which was used as the housekeeping
gene. Data analysis of fold changes in gene expression was performed using the AACt
method and is presented as 2- (average AACt). The primers used were: CCL2—Fwd
5-GTTGGCTCAGCCAGATGCA-3', Rev 5'-AGCCTACTCATTGGGATCATCTTG-3'; IL-6—
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Fwd 5-GACTTCCATCGAGTTGCCTTCT-3/, Rev 5'-TTGGGAGTGGTATCCTCTGTGA-3’;
and 185—Fwd 5'-CGGCGACGACCCATTCGAAC-3’, Rev 5-GAATCGAACCCTGATTCC
CCGTC-3' as a housekeeping gene.

2.4. NF-xB DNA-Binding Activity
2.4.1. Preparation of Nuclear Proteins

Nuclear extracts were collected from treated neurons following the manufacturer’s
protocol (Active motif). The neurons were washed with cold PBS/ protease inhibitor (PI)
(dilution—1:100), scraped, and centrifuged (300 x g for 5 min at 4 °C). The pelleted neurons
were resuspended in 1 mL of hypotonic buffer (HB). HB was prepared with 20 mM Hepes,
5 mM NaF, 10 uM NayMoOy, and 0.1 mM EDTA in distilled water adjusted to a pH of 7.5
with NaOH. HB was sterilized by filtering through a 0.2 um filter and stored at 4 °C until
used. The neurons in HB were allowed to swell on ice for 15 min before adding 50 puL of
10% Nonidet P-40 (0.5% final concentration) and vortexing vigorously for 10 s. At this point,
the cell membrane was completely lysed, while the nuclear membrane remained intact.
The homogenate was centrifuged for 30 s at 4 °C in a microcentrifuge. The supernatant
containing the cytoplasmic fraction was removed. The remaining pellet was resuspended
in 50 uL of complete lysis buffer and agitated on ice for 30 min on a shaking platform. After
being centrifuged for 10 min at 14,000x g at 4 °C, the supernatant containing the nuclear
extract was collected and stored at —80 °C.

2.4.2. NF-kB p65 Transcription Factor Detection and Quantification

To test for DNA binding, the TransAM p65 activation assay kit (Active Motif) was used.
The kit contains a 96-well plate coated with DNA oligonucleotides containing the NF-kB
consensus site (5'-GGGACTTTCC-3') that has been immobilized. We added 5 ug of nuclear
extract to each well, and the assay was performed as recommended by the manufacturer
(Active Motif). The active form of NF-«B in the nuclear extract that was added specifically
bound to the oligonucleotide. After the washing steps, we added a primary antibody used
to detect NF-«kB p65 that recognizes an epitope on p65 that is accessible only when NF-«B
is activated and bound to its target DNA. A secondary HRP-conjugated antibody was used
that provided a sensitive colorimetric readout quantified by spectrophotometry. The optical
density was measured at 450 nm with an absorbance plate reader and is reported as fold
increase with respect to the control group.

2.5. Western Blot Analysis

The neurons were rinsed with cold PBS/PI (1:100 dilution) twice before lysis with
the lysing buffer RIPA /PI (1:100). The content of proteins was assessed with a Bradford
assay according to the manufacturer’s protocol. The lysate of neurons was mixed with an
equal volume of 6X Laemmli SDS sample buffer and boiled at 105 °C for 10 min. Equal
amounts of protein samples of neurons were loaded onto 10% SDS-polyacrylamide gels and
electrophoresed under reducing conditions. After electrophoresis, the sample proteins were
transferred onto polyvinylidene difluoride membranes. The membranes were blocked with
5% BSA in TBS-T and then were incubated with antibodies against NF-«B p65 (1:1000, host
species rabbit) and 3-actin (1:5000, host species mouse) for 2 h at room temperature. After
probing with goat anti-rabbit IgG (H+L) cross-adsorbed secondary antibody, HRP (1:10,000)
and goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody, HRP (1:20,000) for
1 h at room temperature, the blots were developed using a Bio-Rad Molecular Imager
(ChemiDoc XRS+, Hercules, CA, USA). Image analysis was performed using Image Lab
TM Version 6.0.1 build 34, Standard edition, 2017, Bio-Rad Laboratories, Inc. The results
are expressed as a ratio of the integrated optical density (IOD) of the target protein band to
the IOD of the -actin band in the same lane.
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2.6. Immunofluorescence Staining

The neurons were treated with 1 mg/mL of Fg or with PBS (control) for 60 min. After
the incubation, the cells were washed with PBS and fixed with 4% paraformaldehyde in
PBS for 15 min. The fixed neurons were treated with a permeating solution containing 0.1%
Triton™ X-100 for 10 min before blocking with 3% bovine serum albumin in PBS for 1 h.
The neurons were incubated with primary antibodies against MAP2, used at 1:500 dilution,
and NFkB p65, used at 1:150 dilution, and kept in the dark at 4 °C overnight. The cells
were incubated for 2 h at a 1:200 dilution of an appropriate secondary antibody that was
conjugated with Alexa Fluor, Goat anti Rabbit 594 and Goat anti chicken 488. The cells
were washed with PBS between the incubations. A mounting medium with DAPI was
used to label the cell nuclei.

2.7. Image Analysis

The immunofluorescent-stained neurons were observed using an Olympus FV1000
(Olympus Corporation, Tokyo, Japan) laser-scanning confocal microscope, and the ob-
tained images were deconvoluted using the 2D deconvolution algorithm of the CellSens
Dimension 1.11 software (Olympus). NF-kB p65 nuclear translocation was revealed by its
co-localization with DAPL

2.8. Statistical Analysis

The data were analyzed using Graph Pad Prism software (San Diego, CA, USA). All
data are expressed as mean + SE. The experimental groups were compared using one-way
ANOVA with a pairwise comparison using Tukey’s multiple comparison. Differences were
considered significant when p < 0.05.

3. Results
3.1. Fg-Induced Expression of NF-kB p65 in Neurons

Fg dose-dependently increased the expression of the NF-«kB p65 protein in neurons,
as shown by Western blot analysis (Figure 1A—C,E). NF-kB p65 protein expression was
practically undetectable in neurons treated with vehicle (PBS, control) (Figure 1, inset).
Pre-treatment of the cells with CAPE reduced Fg-induced neuronal NF-«B p65 protein
expression (Figure 1C,E). Similarly, the use of a function-blocking antibody against ICAM-1
and a function-blocking peptide against PrP¢ ameliorated Fg-induced NF-kB p65 expres-
sion (Figure 1D,F).

3.2. Effect of Fg on NF-xB p65 DNA-Binding Activity in Neurons

The results of an ELISA-based assay showed that NF-«B p65 DNA-binding activity
was dose-dependently increased in Fg-treated neurons compared to the control group
(Figure 1G). The use of CAPE (an inhibitor of NF-kB activation), a function-blocking
antibody against ICAM-1, and a function-blocking peptide against PrPC resulted in a
reduction of Fg-induced p65 DNA-binding activity (Figure 1G).

3.3. Fg-Induced Translocation of NF-xB p65 into the Nucleus

The expression of NF-«kB p65 in the nuclei of neurons treated with 1 mg/mL of Fg
was greater than that in the nuclei of neurons treated with vehicle (control) (Figure 2). At
the same time, the colocalization of NF-kB p65 with the nuclear marker DAPI in neurons
treated with 1 mg/mL of Fg was greater than that in neurons treated with vehicle (control)
(Figure 2). Both the expression of NF-«B p65 and the co-localization of NF-kB p65 with the
nuclear marker DAPI were significantly reduced by caffeic acid phenethyl ester (CAPE), a
function-blocking antibody against ICAM-1, or a function-blocking peptide against PrP¢
in neurons treated with Fg (Figures 1 and S1).
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Figure 1. Fibrinogen (Fg)-induced expression of nuclear factor-«B (NF-kB) p65 protein in neurons.
Primary mouse brain cortex neurons were treated with 1 mg/mL of Fg or phosphate-buffered saline
(PBS) for 1 h. (A) The level of the NF-kB p65 protein in neurons was assessed by western blot
analysis in Fg-treated and PBS-treated (inset) neurons. (B) Summary of the ratios of the integrated
optical density (IOD) of NF-kB p65 bands to IOD of p-actin (used as a loading control) bands
in their respective lanes. (C) Expression of NF-kB p65 proteins in neurons treated with PBS, 0.5
mg/mL of Fg, or 1 mg/mL of Fg in the presence or absence of caffeic acid phenethyl ester (CAPE).
(D) Expression of NF-«B p65 protein in neurons treated with PBS or 1 mg/mL of Fg in the presence or
absence of a function-blocking antibody against ICAM-1 or a function-blocking peptide against PrPC.
(EF) Summary of the ratios of IOD of NF-kB p65 bands to IODs of 3-actin bands in their respective
lanes. (G) Expression of the NF-«B p65 protein in Fg-treated neurons analyzed by the TransAM p65
activation assay (an ELISA based method). The optical density was measured at 450 nm. Molecular
weight standard (Std). p < 0.05 for all; * vs. control; T vs. Fg0.5; f vs. Fgl;n =3.
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Figure 2. Fibrinogen (Fg)-induced expression of nuclear factor-kB (NF-«B) p65 and its translocation to
the nuclei of neurons. Primary mouse brain cortex neurons were treated with 1 mg/mL of Fg (Fgl) or
with phosphate-buffered saline (control) for 1 h. (A) Representative images show the translocation of
NF-kB p65 (red) to the nuclei of Fg-treated neurons defined with a neuronal marker for microtubule-
associated protein 2 (MAP2, green). Colocalization of NF-«kB with the cell nuclei marked with
4/ 6-diamidino-2-phenylindole (DAPI, blue) shown as white (yellow arrows). (B) Representative
images of the same process at a higher magnification. (C) Summary of the fluorescence intensity
changes of intranuclear NF-«B staining (upper graph) and the number of spots of co-localized NF-«B
and DAPI (lower graph). * p < 0.05 vs. control; n = 3.

3.4. Fg-Induced Expressions of CCL2 and IL-6 mRNAs in Neurons

A real-time PCR analysis demonstrated that Fg induced a dose-dependent increase
in the expression of CCL2 mRNA (Figure 3A). Similarly, Fg induced a dose-dependent
increase in the expression of IL-6 mRNA (Figure 3B). The use of CAPE reduced Fg-induced
upregulation of CCL2 and IL-6 genes. In parallel, Fg-induced upregulation of CCL2 and
IL-6 genes was reduced with a function-blocking antibody against ICAM-1 and a peptide
against PrP® (Figure 3A,B, respectively).
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Figure 3. Expression of the mRNA of (A) C-C motif chemokine ligand 2 (CCL2) and (B) interleukin-6
(IL-6) in fibrinogen (Fg)-treated neurons, measured by real-time PCR. Primary mouse brain cortex
neurons were treated with 0.5 mg/mL of Fg or 1 mg/mL Fg in the presence or absence of caffeic
acid phenethyl ester (CAPE), a function-blocking antibody against intercellular adhesion molecule-1
(ICAM-1), or a function blocking peptide against cellular prion protein (PrPC) for 1 h. Stimulation
of neurons with tumor necrosis factor alpha (TNF«x) and interferon gamma (IFNy) was used as a
positive control. p < 0.05 for all; * vs. control; t vs. Fg0.5;  vs. Fgl; n = 4.
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4. Discussion

For the first time, we present evidence that the direct interaction of plasma soluble
Fg with neurons in the brain resulted in the activation of the NF-«B transcription factor
in these cells. Fg induced an increased expression of NF-«kB protein in neurons (Figure 1).
The finding that untreated neurons or neurons treated with PBS expressed undetectable
NF-«B p65 protein (Figure 1, inset) indicates the specificity of Fg-induced NF-«B activation
in neurons in the present study. These results are in agreement with other studies showing
that unstimulated cells present a very low level of NF-kB compared to its substantially
up-regulated level in Fg-treated endothelial cells [19] or in mononuclear phagocytes [20].
In endothelial cells, 3 mg/mL of Fg caused the activation of NF-«kB, and the effect lasted up
to 24 h [19], whereas in mononuclear phagocytes, Fg (50 pg/mL) in the presence of Mn?*
induced a significant activation of NF-«B [20]. Thus, an interaction of Fg with endothelial
cells, mononuclear phagocytes, or neurons positively resulted in the activation of NF-«B in
these cells. These results suggest that an interaction of the blood plasma component Fg
not only with vascular cells, but also with neurons, resulted in the activation of these cells,
which may serve as the mechanism of known deleterious consequences to these neurons.

Although it is known that NF-«B is activated during TBI [14-16], the cause of NF-xB
activation after injury has never been associated with Fg. During TBI, NF-«kB DNA-binding
activity in the injured cerebral cortex increased, with peak binding activity at 3 days after
injury, and subsided from 10 to 14 days after the injury [16]. Immediately after injury (from
4 to 24 h), NF-kB activity was mainly observed in the neuronal cells of the affected cortex as
well as in astrocytes located in the corpus callosum adjacent to the injury [14,15]. A pulse-
like pattern of NF-kB activity in microglial cells was also found [14]. In vascular endothelial
cells, NF-kB was detected early (1 h after the injury), and its expression persisted up to
1 year [15]. Our findings that Fg extravasates, even after acute inflammation has subsided
during TBI [17], may indicate that there is a possibility of a direct interaction of Fg with
neurons. As a result, there is a strong possibility that Fg activates NF-«kB in neurons during
TBI. It is not surprising that, during severe TBI, the activation of NF-«B was detected soon
after a head injury and that the extent of that activity was reduced in a relatively short
period of about 2 weeks [14,16]. On the other hand, although it is not specifically stated, the
presented characteristics of lesions suggest that injury severity was in the mild-to-moderate
range, yet the activation of NF-«B persisted for about one year [15], suggesting that chronic
inflammation that lasts that long during mild-to-moderate TBI can still have pathological
effects on neurons. Others have shown that BBB disruptions may persist for many years
after TBI, and an extensive extravascular Fg disposition has been found in TBI patients who
survived 18 years after a fall [3]. Therefore, the long-lasting NF-«B activation contributing
to the prolonged (chronic) inflammation and neurodegeneration seen during TBI might be
connected, in part, to NF-«B activation in neurons by extravasated Fg and/or its product
fibrin. This does not exclude effects of Fg on endothelial cells [19] and mononuclear
phagocytes [20] during the neuroinflammatory injury.

Interestingly, blocking the function of ICAM-1 and PrP€ dampened NF-«B DNA-
binding activity and NF-kB protein expression (Figure 1D,F,G). The specificity of these
effects was confirmed by the reduction of intranuclear of NF-«B and its translocation to the
nuclei of neurons when the functions of both ICAM-1 and PrPC were blocked (Figure S1).

The nuclear translocation of the NF-«B subunit p65 is a crucial step in NF-kB pathway
activation. Thus, we determined the effects of Fg on NF-«kB p65 translocation from the
cytoplasm to the nucleus in neurons using immunocytochemistry. NF-kB p65 immunola-
belling confirmed that there was an enhanced intracellular translocation of NF-«kB p65 in
Fg-treated neurons (Figure 2).

In this study, we also found that Fg-induced upregulation of the proinflammatory
cytokines CCL-2 and IL-6 was ameliorated in the presence of a function-blocking antibody
against ICAM-1 or a function blocking peptide against PrP¢ (Figure 3). Collectively, these
results suggest that the interaction of Fg with both its receptors ICAM-1 and PrP® on
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neurons and the resultant upregulation of the pro-inflammatory cytokines CCL2 and IL-6
were associated with NF-«B signaling in these cells.

CCL2 is produced by neurons and glial cells in the brain and has been shown to be
upregulated as a result of injury and inflammation [21,22]. Upregulation of CCL2 has also
been shown in the cerebrospinal fluid (CSF) from patients with neurodegenerative diseases
including mild cognitive impairment and Alzheimer’s disease [23]. At the same time, high
Fg levels were associated with an increased risk of both AD and vascular dementia [24]. In
the current study, we found that Fg caused the upregulation of neuronal CCL2. We have
shown that Fg resulted in the overexpression of CCL2 in astrocytes [11], and others have
shown that Fg increased the expression of CCL2 in endothelial cells [19]. Although these
effects did not occur in neurons, they still confirm the pro-inflammatory potential of Fg
in the brain during neurodegenerative diseases. Extravascularly, Fg, and most likely its
product fibrin, have been shown to trigger the recruitment of inflammatory monocytes
into the CNS and to induce demyelination [25]. In patients with AD, there was a positive
correlation between cognitive impairment and the CCL2 concentration in the CSF [23]. We
previously showed that Fg had a significant role in inflammatory responses leading to
impairment in cognition [12]. Fg significantly increased cerebrovascular permeability [6],
the formation of Fg-PrP¢ complexes [26], and the generation of ROS [13] and reduced
short-term memory during TBI [5,6,12]. The Fg-induced CCL2 upregulation in neurons that
we found in the current study might be the bridge that connects a pro-inflammatory state
to cognitive decline, as we [27] and others have found [23]. Furthermore, CCL2 has been
shown to induce an increase in BBB permeability by causing alterations in tight junction
proteins in endothelial cells [28,29], which can further contribute to neuroinflammatory
processes. Thus, Fg-induced activation of NF-kB could play a role in the signaling mech-
anism that results in the upregulation of the pro-inflammatory cytokines CCL2 and IL-6,
causing the neuropathology seen during neuroinflammatory diseases [23] that is associated
with elevated levels of Fg [25].

NF-«B is a pleiotropic transcription factor that is widely expressed in all cell types in
the brain. In basal conditions, NF-kB functions to maintain healthy neuronal conditions,
synapse growth, and plasticity-related functions [30]. In our study, we found that blocking
NF-«B activation in Fg-induced neuronal pathology via a specific inhibitor for NF-«B, such
as CAPE, or blocking ICAM-1 and PrP¢ could be beneficial in preventing the activation
of neurons caused by the neuroinflammation-induced detrimental effects of an elevated
blood level of Fg. It is known that CAPE is also an active component of propolis, a resin-
like material made by bees that is known to possess anti-inflammatory and antioxidative
properties and is widely used as a therapeutic agent [18]. A comprehensive meta-analysis
study confirmed a significant reduction in IL-6 and C-reactive protein levels as a result
of propolis consumption [31]. Perhaps, propolis can be a useful remedy to alleviate some
Fg-induced pathologies associated with NF-«B activation. This is the first report that
connects a neuropathology that involves NF-«B signaling in neurons to the Fg protein
that is originated from the vasculature and can extravasate only as the result of abnormal
vascular permeability. Moreover, we found that at an elevated level of Fg can itself cause
an increase in cerebrovascular permeability mainly via caveolar transcytosis [5,6,9,32,33].
A study of the role of Fg-induced NF-«B activation during TBI may provide opportunities
for therapeutic interventions or new insights into the mechanisms of action for agents with
therapeutic potential in the prevention of neurodegeneration and the resultant memory
reduction as a result of neuroinflammatory diseases.

Many neuroinflammatory diseases such as TBI [5,34], AD [24], and stroke [35] are
accompanied by an increased blood level of Fg. We, and others, have shown that TBI
is associated with an enhanced deposition of Fg in the brain tissue [3,17]. There are
reports of perivascular deposition of Fg during AD [36] and stroke-associated cerebral
infarction [37,38]. We have shown that during HFg, which is a marker of inflammation [4],
Fg deposition in the extravascular space is increased [6]. Combined, these results and
the results of the present study, indicate that Fg can interact with neurons during any
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neuroinflammatory disease that is accompanied an increased deposition of Fg in the brain
interstitium and results in neurodegeneration through the activation of NF-«B pathway.

5. Conclusions

This study demonstrated that Fg dose-dependently induced NF-«B activation in neu-
rons. Furthermore, our results showed that the Fg-induced NF-«kB activation may be
inhibited by blocking known receptors of Fg (ICAM-1 and PrP®), indicating that this is a
specific effect of Fg. The present study, for the first time, clarified that blocking the neu-
ronal receptors ICAM-1 and PrP® reduced Fg-induced NF-«B activation and the resultant
pro-inflammatory cytokine production. Therefore, this report suggests that using NF-«B
-specific anti-inflammatory agents or blocking the function of the Fg receptors ICAM-1 and
PrP¢ should be considered as candidates for the treatment of the Fg-induced neuroinflam-
matory effects that accompany neurodegenerative diseases and in particular TBI, which
is associated with chronic inflammation, deposition of Fg in the brain parenchyma, and
increased neurodegeneration resulting in memory reduction. These findings identify possi-
ble mechanisms that are involved in the observed effects that originate in the vasculature
(vascular permeability, Fg extravasation) and result in neuroinflammation (manifested
as the expression of CCL-2 and IL-6), leading to the memory reduction previously found
during TBI [6] and collectively called vascular cognitive impairment and dementia.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom12121741/s1. Figure S1: Reduction of fibrinogen (Fg)-
induced expression of nuclear factor-«B (NF-«B) p65, through the application of a NF-«B antagonist
and the prevention of Fg/neuron interactions, and its translocation to neuronal nuclei. Figures S2-56:
Original images of Western blots shown in Figure 2.
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Abstract: The platelet-derived growth factor-BB (PDGF-BB) pathway provides critical regulation of
cerebrovascular pericytes, orchestrating their investment and retention within the brain microcir-
culation. Dysregulated PDGF Receptor-beta (PDGFR) signaling can lead to pericyte defects that
compromise blood-brain barrier (BBB) integrity and cerebral perfusion, impairing neuronal activity
and viability, which fuels cognitive and memory deficits. Receptor tyrosine kinases such as PDGF-BB
and vascular endothelial growth factor-A (VEGF-A) are often modulated by soluble isoforms of
cognate receptors that establish signaling activity within a physiological range. Soluble PDGFRf3
(sPDGFR) isoforms have been reported to form by enzymatic cleavage from cerebrovascular mural
cells, and pericytes in particular, largely under pathological conditions. However, pre-mRNA alterna-
tive splicing has not been widely explored as a possible mechanism for generating sSPDGFRf variants,
and specifically during tissue homeostasis. Here, we found sPDGFRf protein in the murine brain and
other tissues under normal, physiological conditions. Utilizing brain samples for follow-on analysis,
we identified mRNA sequences corresponding to SPDGFR} isoforms, which facilitated construction
of predicted protein structures and related amino acid sequences. Human cell lines yielded compara-
ble sequences and protein model predictions. Retention of ligand binding capacity was confirmed
for sSPDGFR} by co-immunoprecipitation. Visualizing fluorescently labeled sPDGFRf} transcripts
revealed a spatial distribution corresponding to murine brain pericytes alongside cerebrovascular
endothelium. Soluble PDGFRf} protein was detected throughout the brain parenchyma in distinct
regions, such as along the lateral ventricles, with signals also found more broadly adjacent to cerebral
microvessels consistent with pericyte labeling. To better understand how sPDGFRf variants might
be regulated, we found elevated transcript and protein levels in the murine brain with age, and
acute hypoxia increased sPDGFRf variant transcripts in a cell-based model of intact vessels. Our
findings indicate that soluble isoforms of PDGFR} likely arise from pre-mRNA alternative splicing,
in addition to enzymatic cleavage mechanisms, and these variants exist under normal physiological
conditions. Follow-on studies will be needed to establish potential roles for sSPDGFRf in regulating
PDGF-BB signaling to maintain pericyte quiescence, BBB integrity, and cerebral perfusion—critical
processes underlying neuronal health and function, and in turn, memory and cognition.
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1. Introduction

The cerebrovasculature is essential for sustaining all of the unique cell types within
the brain [1]. Neurons in particular depend on adequate perfusion to replenish oxygen and
nutrients during synaptic communication, as well as to regulate cerebrospinal fluid com-
position [2]. Therefore, disruption of brain vasculature compromises neuronal health and
function, and exacerbates neurodegeneration that fuels cognitive and behavioral deficits,
including memory loss and dementia [3,4]. Among the vascular cell types that can become
defective within the brain are pericytes [5]. Pericytes are found deep within cerebral capil-
lary networks, extending along the endothelium and encased in the extracellular matrix
that forms the vascular basement membrane or basal lamina [6,7]. Recent studies have
suggested vessel-associated pericytes contribute to the blood-brain barrier (BBB), where
they “tune” vessel permeability to regulate exchange between the circulation and central
nervous system (CNS) [8,9]. Pericyte investment within the brain microcirculation de-
pends in part on tight regulation of platelet-derived growth factor-BB (PDGF-BB) signaling
through PDGF receptor-beta (PDGFRf3) on the pericyte cell surface [10,11]. Perturbation
of the PDGF-BB pathway can undermine pericyte coverage of cerebral microvessels and
disrupt vascular function, especially the regulation of BBB permeability and trafficking [12].
These defects can thereby impair neural activity and longevity [13], damaging cognition
and memory.

Pericytes are critical cellular constituents of cerebrovascular networks, as discussed
above, playing a variety of roles in sustaining brain health and function [14]. Maintain-
ing BBB stability has emerged as a prominent function for cerebral pericytes, as synaptic
communication and neuronal health heavily depend on the tight regulation of the brain
microenvironment [15]. Vessel leakage and disrupted vesicular transport across the brain
endothelium have been attributed in part to pericyte dysfunction and loss [8,16]. Further-
more, pericytes have been implicated in regulating blood flow within brain capillaries,
though not without controversy [17,18]. This particular function would significantly impact
the oxygen and nutrient delivery to active neurons. Disruption of these and other presump-
tive pericyte functions would thus compromise brain homeostasis, leading to neuronal
dysfunction and degeneration [19]. These injuries in turn fuel the onset and progression of
cognitive and behavioral deficits, including memory loss, among other manifestations [20].
It is therefore critical to better understand the molecular determinants that support pericyte
function within the cerebral microcirculation, especially regulators within the PDGF-BB
pathway [13], given its pleiotropic and potent effects on pericyte biology.

Akin to vascular endothelial growth factor-A (VEGF-A) for endothelial cells, PDGF-BB
is considered a “master regulator” of pericyte activity, including proliferation, survival,
chemotaxis/migration, and retention within the capillary wall, among other behaviors [21].
Both VEGF-A and PDGEF-BB ligands signal via corresponding transmembrane receptor
tyrosine kinases (RTKs)—a class of signaling receptors commonly regulated by natu-
rally occurring soluble counterparts [22]. VEGF Receptor-1 (VEGFR1/Flt-1), for example,
largely acts as a “decoy” receptor for VEGF-A [23,24]. A soluble isoform of this receptor
(sVEGFR1/sFlt-1) generated by pre-mRNA alternative splicing [25] modulates VEGF-A
gradients [26], among other functions [27]. Soluble RTKs may also be released from the
membrane by proteolytic cleavage [28], which has been described for sVEGFR-1/sFlt-1 [29].
Release of a soluble isoform of PDGFRf (sPDGFRf) by proteolytic cleavage has also been
recently reported in scenarios of cerebral mural cell hypoxia and damage [5,30-33]; however,
sPDGFRf production by pre-mRNA alternative splicing remains relatively underexplored.

Soluble isoforms of RTKs can be generated by a variety of mechanisms and in a broad
range of neuropathological scenarios. Soluble VEGFR-1/Flt-1, for instance, has recently
been implicated in cognitive dysfunction and perturbations in brain structure [34], though
the underlying mechanism remains ill-defined. As mentioned above, many RTKs including
sVEGFR-1/sFlt-1 can shed extracellular domains via ligand-induced proteolytic cleavage.
However, many angiogenic RTKs such as VEGFR1 and VEGFR2/Flk-1 produce high levels
of soluble counterparts via pre-mRNA alternative splicing as a mechanism to regulate
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intracellular signaling [22,26,35-38]. Both soluble VEGF-A receptors are produced by a
skipped splice event, followed by an intronic read-through and in-frame termination. This
mechanism frequently occurs with RTKSs to create soluble “decoy” receptors that (i) lack a
transmembrane domain but retain ligand-binding capacity and (ii) can tether to the extra-
cellular matrix (ECM) through heparin-binding domains [22,39]. These soluble negative
regulators can be essential to maintain ligand signaling within a critical physiological range,
as seen in the VEGF-A pathway, where loss of sFlt-1 leads to endothelial disorganization,
vascular dysmorphogenesis, and embryonic lethality through a variety of defects [23,26,40].
Corresponding mechanisms within the PDGF-BB pathway are still emerging [41] alongside
a recent surge in appreciation for PDGF-BB-mediated pericyte dysfunction, particularly
within cerebral blood vessels.

Here, we explore one potentially essential regulatory feedback element within the
PDGEF-BB pathway that likely impacts microvascular pericytes and their function within the
brain microvasculature. Soluble PDGFRf has been identified as a cleavage product from
vascular mural cells, and cerebral pericytes in particular [31,32]; yet, to our knowledge,
sPDGFRf production by pre-mRNA alternative splicing has not been widely reported.
In the current study, we detected sPDGFRf3 protein by Western blot in the brain and in
a variety of other murine tissues. We selected the mouse brain for follow-on identifica-
tion of mRNA sequences that correspond to soluble isoforms of PDGFR(, generating
predicted protein structures and related amino acid sequences. Comparable sequences
and protein model predictions were also identified using a human mural cell line. Ap-
plying co-immunoprecipitation (co-IP) approaches, we also found that sSPDGFRf retains
its capacity for ligand binding, an important characteristic for its potential functional rel-
evance. Custom RNA-Scope® probes allowed for fluorescent in situ hybridization and
visualization of SPDGFRf isoform transcript distribution in mouse brain pericytes adjacent
to cerebrovascular ECs. In certain brain regions, we were also able to image sPDGFRf
protein distribution throughout the brain parenchyma and adjacent to certain cerebral
microvascular networks, such as near the lateral ventricles. In complementary models, we
also found that sSPDGFRf transcript and protein levels increased in mice with age, and that
hypoxia can also induce elevated production of sSPDGFRf} isoform transcripts and protein.

2. Materials and Methods
2.1. Animal Care and Use Approval

All experiments involving animal use were performed following review and approval
from the Institutional Animal Care and Use Committee (IACUC) at Virginia Tech. All
experimental protocols were reviewed and approved by Virginia Tech Veterinary Staff and
the IACUC. The Virginia Tech NIH/PHS Animal Welfare Assurance Number is A-3208-01
(Expires: 31 July 2025).

2.2. Western Blotting

Wild-type (WT, c57BL/6) mice were euthanized at select time points (P7, n = 3, both
sexes; P21, n = 3, both sexes; P90, n = 3, both sexes) by asphyxiation to isoflurane (Cat.
No. NDC 13985-030-60, MWI Veterinary Supply Co., Boise, ID, USA) and thoracotomy.
Liver incisions allowed for immediate collection of whole blood, and for improved cardiac
perfusion with Dulbecco’s phosphate buffer solution (PBS). Brain removal was performed
following cardiac perfusion. Specifically, the calvarium was exposed by sharp dissection
and incised along the sagittal and lambdoid sutures using angled scissors. The resulting
four cranial flaps were reflected away from the brain using forceps. Brains were severed
from the spinal cord and cranial nerves using a spatula, and isolated brains were removed.
Internal organs (heart, kidney, liver, intestines) were then excised, followed by collection of
skeletal muscles from the hindlimb (gracilis and adductor).

Serum was fractionated from whole blood and treated to remove high-abundance
proteins such as albumin and immunoglobulins (BioTechne, MIDR002, Minneapolis,
MN, USA). All tissues were harvested or transferred into standard Radio Immuno Precipi-
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tation Assay (RIPA) buffer and homogenized. Lysates were clarified and quantified using
a Bradford Protein Assay (BioRad, Hercules, CA, USA). Samples were prepared for SDS-
PAGE in LDS sample buffer (ThermoFisher Scientific, Waltham, MA, USA) and separated
on a 4-12% gradient BOLT gel (ThermoFisher Scientific, Waltham, MA, USA). Proteins
were transferred to a PVDF membrane using the Trans-Blot Turbo Transfer System (BioRad,
Hercules, CA, USA). EveryBlot Blocking Buffer (BioRad, Hercules, CA, USA) was used to
block the membrane and dilute antibodies. Primary antibodies were sequentially incubated
or together following the application of a stripping buffer. Primary antibody, polyclonal
goat anti-mouse PDGFR{ (R&D, AF1042), was used at 1:500 overnight at 4 °C. Primary
housekeeping antibodies—mouse anti-mouse -tubulin (Sigma, T6199-25UL, St. Louis,
MO, USA) or rabbit anti-mouse (3-actin (Cell Signaling, Danvers, MA, USA, 4967) were
used at 1:5000 or 1:500, respectively. Following washes in TBS + 0.05% Tween-20 (TBS-T),
secondary antibodies were incubated at room temperature for 1 h, specifically: donkey
anti-goat AlexaFluor647 (1:2000, Jackson ImmunoResearch, West Grove, PA, USA, 705-605-
147), donkey anti-goat AlexaFluor488 (1:1000, Jackson ImmunoResearch, West Grove, PA,
USA, 705-545-003), donkey anti-rabbit AlexaFluor647 (1:1000, Jackson ImmunoResearch,
West Grove, PA, USA, 711-605-152), or donkey anti-mouse AlexaFluor647 (1:5000, Abcam,
Cambridge, UK, ab150107). Following washes, the membrane was imaged on a Chemidoc®
gel imaging system. For sequential target probing, the imaged membrane was stripped
using ReBlot Plus Strong Antibody Stripping Solution (Sigma, St. Louis, MO, USA), ac-
cording to the manufacturer’s instructions. The stripped membrane was re-blotted for
a “housekeeping” protein using 1:5000 monoclonal mouse anti-mouse x-tubulin (Sigma,
St. Louis, MO, USA, T6199-25UL), overnight at 4 °C, followed by secondary staining with
1:5000 anti-mouse AlexaFluor647 (Abcam, Cambridge, UK, ab150107) and imaging as
above. Bands were quantified using volumetric analysis in BioRad ImageLab software
(v6.0.1) or integrated density quantification in Image]/FIJI.

2.3. RNA Ligase-Mediated Rapid Amplification of 3' and 5 cDNA Ends (RLM-RACE)

3’ Ends: Unique Pdgfrp transcript variants were elucidated using the GeneRacer™
Kit (Invitrogen). A whole brain was harvested into Trizol from a postnatal day 90 (P90)
female WT (c57BL/6) mouse (n = 1, female), following a thoracotomy and PBS perfusion as
described above. Following homogenization, the tissue was processed for RNA isolation
and DNase treatment (Zymo Quick-RNA Miniprep). RNA integrity was confirmed via 285
and 18S levels from agarose gel electrophoresis. Reverse transcription was performed with
SuperScript III RT and Oligo dT primers. cDNA ends were amplified via touchdown PCR
using Platinum Taq High Fidelity Polymerase (Invitrogen) with the GeneRacer 3’ Primer
and a forward (FW) gene-specific primers (GSPs), alongside 3 separate negative controls:
no template, no GSP, no GeneRacer 3’ primer. Forward GSPs were designed within Exons

4,5, and 6:
FW GSP-Exon 4 CCCTACGACCACCAGCGAGGTTTC
FW GSP-Exon 5 CGAGAGCATCACCATCCGGTGCATTG
FW GSP-Exon 6 TGCCCTCCCGCATTGGCTCCATCCT

Following confirmation via agarose gel electrophoresis, Nested PCR was performed
on each PCR amplified product using the GeneRacer Nested 3’ primer and the following

FW GSP primers:
FW GSP-Exon 5 (nested on GSP Exon 4 product) CGAGAGCATCACCATCCGGTGCATTG
FW GSP-Exon 6 (nested on GSP Exon 5 product) TGCCCTCCCGCATTGGCTCCATCCT

FW GSP-Exon 7 (nested on GSP Exon 6 product) GGACGCTGCGGGTGGTGTTCGAGGCTTAT
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Products were separated via agarose gel electrophoresis. Individual gel-purified
bands (S.N.A.P. columns, Invitrogen) were cloned into the pCR 4-TOPO vector and trans-
formed into One Shot Top10 chemically competent cells and plated overnight. Six colonies
were picked from each plate and grown for 16 h in LB broth culture. Plasmids were
purified (Monarch Plasmid Miniprep Kit, New England Biolabs, Ipswich, MA, USA),
and Sanger sequenced (Virginia Tech Genomics Sequencing Center). Reads were ana-
lyzed (DNAstar) and referenced to the mouse Pdgfrp genomic sequence, located within
chromosome 18, NC_000084.6. One unique variant was detected, identified in each am-
plification product, truncating in intron 10 (i10 splice variant). To determine if unique
Pdgfrp transcript variants were present in human sources, the described 3'RACE proce-
dure was performed using RNA from human aorta smooth muscle cell lysates. RNA
was isolated as described above. Two unique variants were detected, truncating in in-
tron 4 (i4 splice variant) and in intron 10 (i10). The following GSP primers were used:

FW GSP-Exon 3 CCTCACTGGGCTAGACACGGGAGAA

FW GSP-Exon 4 (also nested onGSP Exon 3 product) CTCACTGGGCTAGACACGGGAGAA
FW GSP-Exon 6 (also nested on GSP Exon 4 product) ~ CCTCACTGGGCTAGACACGGGAGAA
FW GSP-Exon 7 (nested on GSP Exon 6 product) CCTGGGAGAGGTGGGCACACTACAA

5" Ends: The 5’ end of the mouse Pdgfrp i10 splice variant was elucidated using the
GeneRacer™ Kit (Invitrogen, Carlsbad, CA, USA). The P90 WT (c57BL/6) female whole
brain RNA (described above) was dephosphorylated and decapped, followed by the
protocol described above for 3’ end. To elucidate the 5 end specific to the i10 variant,
the following reverse (Rev) gene-specific primers (GSP) were designed within the unique
3'UTR of the i10 variant, with upstream nested primers:

Rev GSP-i10_a GGCTCAGTACGGCGGGATCAAGGAA
Rev GSP-i10_b TCAGGCTCAGTACGGCGGGATCAA
Rev GSP-Exon 7 (nested on GSP i10_a product) CCGGAGTCACCCAAGGTACGGTTGT

Rev GSP-Exon 6 (nested on GSP i10_b product) CGGGAGGGCACTCCAAAGAGGTAGT

Two 5’ ends were detected—a short Exon 1 (truncated upstream) and a unique Exon
1 derived from intron 1 sequence.

2.4. Protein Modeling and Functional Domain Mapping

Following elucidation of transcript sequences via RLM-RACE and Sanger sequencing,
sequence translations (minus signal sequence) were submitted to the I-TASSER server1-3
for protein structure modeling predictions. The resulting PDB files were submitted to
the Cluspro 2.0 server4—7 to predict protein-protein docking with PDGF-BB propeptides
(I-TASSER PDB files derived from NM_002608 and NM_011057 for human and mouse,
respectively) and heparin binding (selection within Cluspro 2.0). Models were processed
using PyMOL2.

The functional PDGFR protein domains were mapped to the Pdgfrp exon structure
using the UniProt database (for protein) and DNASTAR Lasergene software (for tran-
scripts). Specifically, human domains from accession P09619 were mapped to NM_002609,
and mouse domains from P05622 were mapped to NM_001146268. The functional domains
tightly corresponded between human and mouse. The crystal structure of complexed human
PDGF-BB:PDGFR Ig domains 1-3 (D1-D3), PDB-3MJG8, was examined (PyMOL2) to con-
firm the Uniprot functional IgG 1-3 domain regions, and to decipher ligand binding regions.
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2.5. Co-Immunoprecipitation (Co-IP) Assay

Co-IP was performed using the Dynabeads Co-Immunoprecipitation Kit (ThermoFisher
Scientific, Waltham, MA, USA), using polyclonal goat anti-mouse PDGF-BB antibody
(Novus NBP1-52533) for immunoprecipitation. Briefly, a whole brain from a P21 WT
(c57BL/6, n = 1) male mouse was harvested and homogenized in immunoprecipitation
buffer, following a thoracotomy and PBS perfusion. Dynabeads were coupled with 10 ug
of antibody per mg of beads. Whole-brain lysate (1.5 g protein) was processed with
1.5 g coupled beads according to the manufacturer’s instruction, and using the following
extraction buffer: 100 mM NaCl, EDTA-free HALT Protease\ Phosphatase Inhibitor (Ther-
moPFisher Scientific, Waltham, MA, USA), 2 mM MgCl,, and 1 mM DTT. Aliquots were
collected at each step for downstream analysis. Eluted protein was immunoblotted under
denaturing conditions (see Western blotting protocol above), using 1:1000 polyclonal goat
anti-mouse PDGFR{ (R&D, AF1042), and 1:2000 donkey anti-goat AlexaFluor488 (Jackson
ImmunoResearch, West Grove, PA, USA, 705-545-147).

2.6. Fluorescent RNA-Scope® mRNA Labeling and Confocal Microscopy

Full-length Pdgfrp, i10 Pdgfrp splice variant, and Pecam1 transcripts were detected in
situ using the RNA-Scope® Multiplex Fluorescent v2 Assay (ACD, BioTechne, Minneapolis,
MN, USA), according to recommended instructions. Briefly, whole brains were harvested
from P21 WT (c57BL/6) mice (n = 4, both sexes), following thoracotomy and PBS perfusion,
and were immediately snap frozen in optimal cutting temperature (OCT) compound.
Slides were prepared with single 20-micron-thick cryo-slices. Samples were fixed (by 4%
paraformaldehyde in PBS) and dehydrated. Following slide preparation, probes were
hybridized to target RNA, specifically targeting: (a) i10 Pdgfrp unique sequence in intron 10
(custom designed by ACD, 1148911-C3); (b) full-length Pdgfr3 sequence from Exon 13-21,
corresponding to intracellular kinase domains (custom designed by ACD, 1148921-C2);
and (c) Pecam1 (pre-designed ACD, 316721). Positive control probes were run for each
channel (Polr2a-C1, Ppib-C2, and Ubc-C3), as well as a negative control in each channel,
DapB, targeting a bacterial gene. Signals were developed and amplified, using 1:1500 Opal
Dye 520 for C1-Pecam1, 1:1500 Opal Dye 570 for C3-i10_Pdgfr, and 1:2000 TSA Plus Cy5
for C2-PdgfrB (Akoya, FP1487001, FP1488001, NEL745001, respectively). High-resolution
volumetric images were acquired on a Zeiss LSM 880 confocal microscope. Quantification
of RNA-Scope® signal colocalization was performed using ImageJ /FIJI software on single
z-plane images, following the application of the “IsoData” threshold filter. Pearson’s
colocalization coefficient was obtained using the “Colocalization” plugin in Image] /FIJI.

2.7. Immunohistochemistry and Confocal Microscopy

Normal WT brains (C57BL/6-P1, n = 4-5, both sexes; P21, n = 3, both sexes) collected
for immunohistochemistry and confocal microscopy were collected in a similar manner
as described above for protein collection with the exception of intracardiac perfusion of
4% paraformaldehyde (in PBS) following PBS perfusion. Prior to sectioning, the olfactory
bulbs and cerebellum were removed from the cerebrum using a single-edged razor blade
(Garvey, Camberwell, Australia, 40475). Brains were then caudally affixed by superglue
(Loctite, Diisseldorf, Germany, 1364076) to the vibratome dish with their ventral surface
supported by a block of 4% agarose. They were then submerged in PBS and sectioned
into 100 pum slices using half a double-edged razor blade (Electron Microscopy Sciences,
Hatfield, PA, USA, 72000) in a vibratome (1000-Plus, Pelco 102, Ted Pella Inc., Redding,
CA, USA). Slices were transferred to a 24-well plate and then stored in PBS at 4 °C until
processing for immunohistochemistry.

Brain sections were blocked for 1 h at room temperature in PBS and 0.1% Triton 100x
(PBS-T) with 1.5% Normal Donkey Serum (Jackson ImmunoResearch, West Grove, PA, USA,
017-000-121). Slices were then incubated at 4 °C overnight in 1.5% Normal Donkey Serum
in PBS-T with rat anti-PDGFR-f antibody (Affymetrix, Santa Clara, CA, USA, 14-1402,
1:500), goat anti-CD31/platelet-endothelial cell adhesion molecule-1 (PECAM-1) antibody
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(R&D Systems, Minneapolis, MN, USA, AF3628, 1:500), and rabbit anti-glial-fibrillary acidic
protein (GFAP) (Millipore Sigma, Burlington, MA, USA, AB5804, 1:500) on a shaker. After
incubation with primary antibodies, the slices were washed four times for 15 min at room
temperature in PBS-T on a shaker.

Brain slices were then incubated for either 4 h at room temperature or overnight at
4 °C in 1.5% Normal Donkey Serum in PBS-T with donkey anti-rat DyLight 550 (Ther-
moFisher, Waltham, MA, USA, SA5-10029, 1:1000), donkey anti-goat AlexaFluor488 (Jack-
son ImmunoResearch, West Grove, PA, USA, 705-545-147, 1:500), donkey anti-rabbit Alex-
aFluor647 (Jackson ImmunoResearch, West Grove, PA, USA, 711-605-152, 1:1000), and
4’ 6-Diamidino-2-phenylindole (DAPI, Sigma, Burlington, MA, USA, D9542, 1:1000). After
incubation with secondary antibodies, the slices were washed four times for 15 min at
room temperature in PBS-T, and then washed again for 15 min at room temperature in
PBS after final incubations of staining combinations. Stained brain slices were mounted in
50% glycerol in PBS, a coverslip applied (22 mm x 22 mm-1.5 thickness, ThermoFisher,
Waltham, MA, USA, 12-541-B), and sealed with clear nail polish (Electron Microscopy
Sciences, Hatfield, PA, USA, 72180). Images of stained brain sections were acquired with a
Zeiss LSM 880 confocal microscope using a 20x objective lens and Zen Black software.

Subcortical regions were identified as being above ventricles and included cortex and
subcortical white matter. Images were collected in 2 x 2 tile scans with 10% overlap in
50-100 z-axis sections as determined by optimal z-axis distance. Using Zen Black image
processing capability, the original tile scans were stitched together. Selected brain regions
of interest were outlined and saved as new image files for analysis.

2.8. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Following thoracotomy and PBS perfusion, tissues were harvested into Trizol from
WT (c57BL/6) mice (equally distributed by sex, when possible) at each of three time-
points: P5 (n = 4, both sexes), P21 (n = 5, both sexes), P90 (3-months-old, n = 4, both
sexes). To capture a time-point associated with aging, tissues were collected from 20-
month-old mice (n = 4, both sexes) which, while not of the same WT background, was
considered as a littermate control for parallel experiments. Specifically, this mouse was
negative for Cre-recombinase, but harbored floxed STOP codons within the Vil gene
(i.g. UBC-CreER negative; V¥ on the CD1 background) and exhibited no phenotypic
changes by various metrics [42]. RNA was isolated using the Zymo Direct-zol RNA Mini-
prep kit, with DNase treatment. Isolated RNA was further treated for genomic material
using a Turbo DNA-Free kit (ThermoFisher Scientific, Waltham, MA, USA). Samples were
reverse transcribed using a High-Capacity cDNA RT Kit (Applied Biosystems, Waltham,
MA, USA). Each sample was run in triplicate for gRT-PCR (QuantStudio Flex 6). To quan-
tify full-length Pdgfrp transcripts, Applied Biosystem Tagman assay mix Mm(1262481_g1
(Fisher Scientific, Waltham, MA, USA) was used, which targets the exon 13-14 boundary.
Custom probes were designed and validated to quantify the Pdgfr i10 splice variant:

Forward Primer AACTCCATGGGTGGAGATTC
Reverse Primer GTGAGAGTCATCAGAGCCATC
Probe Sequence TCACCGTGGTCCCACATTGTGAG

2.9. Cell Culture and Hypoxia Exposure

Primary human coronary artery smooth muscle cells (cASMC, #PCS-100-021, ATCC)
were cultured in human vascular smooth muscle cell basal media (#M231500, ThermoFisher,
Waltham, MA, USA), supplemented with smooth muscle cell growth supplement (SMGS,
#500725, ThermoFisher, Waltham, MA, USA). All cells were used within 16 population
doublings, as recommended by the manufacturer. CASMC were grown in six-well plates
to 70-80% confluence, washed with PBS twice, and media changed for smooth muscle cell
basal media (M231500, ThermoFisher, Waltham, MA, USA) containing 2% FBS for 3 days to
induce cell stall. Stalled cells at 100% confluence were treated with 50 ng/mL recombinant
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human platelet-derived growth factor-BB (PDGF-BB, 50ng/mL, #PHG0045, ThermoFisher,
Waltham, MA, USA) for 24 h prior to harvest.

Mouse embryonic stem cells (ESCs) harboring reporters for cells within endothelial
and pericyte lineages were generated as previously described [43]. These “double reporter”
(DR)-ESCs were maintained as undifferentiated cells through exposure to leukemia in-
hibitory factor (LIF). Upon LIF removal, DR-ESC differentiation was initiated, and cells
were cultured as floating embryoid bodies (EBs) for 3 days. They were then allowed to
adhere to tissue-culture-treated plates and differentiate for 7 additional days into primitive
vascular structures, along with other cell types. Hypoxia-exposed cultures were incubated
in a gas-tight chamber (STEMCELL Technologies) filled with 3% O;, 5% CO,, and 92%
N>, for the last 12 or 24 h of their differentiation (n = 4-6). Control DR-ESC cultures were
maintained at atmospheric O, (~21%) and 5% CO, for the duration of their differentia-
tion. At the conclusion of the experiment, RNA was collected in Trizol and processed as
described above to measure relative levels of full-length and i10 variant Pdgfrp transcripts
by qRT-PCR.

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software, version 9.1.2
(226). For the cell-based hypoxia experiment, the data were analyzed by an ordinary one-
way ANOVA followed by unpaired Tukey’s t-test. Outlier data points were removed by
applying the Grubbs’ test, or the extreme studentized deviate (ESD) method, with o« = 0.05.
Significant differences were determined as P values less than or equal to 0.05.

3. Results
3.1. Soluble PDGFRP Is Present across Various Murine Tissues with a Distinct Enrichment in the
Blood, Kidney, and Brain

Truncated isoforms of PDGFRf} have been detected across a wide range of biological
contexts, from in vitro settings, such as differentiating mouse embryonic stem cells [44],
to in vivo scenarios, such as the healthy and diseased mouse and human brain [32,33]. To
better characterize the abundance of SPDGFRf across a variety of tissue compartments,
we collected protein from normal, healthy WT (c57BL/6) postnatal day 21 (P21) and
adult (P90) murine brain, heart, kidney, intestine, liver, skeletal muscle, and blood serum
(Immunoglobulin G depleted). Proteins from each of these organ systems, along with
recombinant full-length PDGFRf protein as a positive control (data not shown), were
processed for Western blot and immunolabeling for PDGFRf (Figure 1). We observed
bands corresponding to larger protein weights (100-160 kDa) for the recombinant protein
control and for most tissues corresponding to full-length PDGFRf3, with varying levels
for each tissue. As expected, serum proteins did not appear to contain much, if any,
full-length PDGFRf{ at higher molecular weights. In contrast, the serum lanes for both
time-points displayed prominent bands at a lower molecular weight corresponding to
approximately 32 kDa (Figure 1). Notably, ~32 kDa bands were also found with kidney and
brain protein lysates, while the other tissues appeared to contain relatively lower amounts
of the truncated PDGFR} isoform within this size range.

3.2. PDGFRPB Is Alternatively Spliced to Generate a Soluble Isoform That Retains PDGF-BB
Ligand Binding Capacity

While proteolytic cleavage has been proposed as the primary mechanism for gener-
ating soluble PDGFR isoforms [31,32], we hypothesized that alternative splicing on the
mRNA level might also yield sSPDGFR isoforms. To test this hypothesis, we collected
and isolated high-quality mRNA from a postnatal day 90 (P90) murine brain. We used
3’ rapid amplification of cDNA ends (RACE) to elucidate and Sanger sequence unique 3’
ends of PDGFRP mRNAs (see Methods for full details). Sequence reads were referenced
to the mouse Pdgfrp genomic sequence. One unique variant was detected, identified in
each amplification product, truncating in intron 10 (Figure 2, see Supplemental Table S1 for
nucleotide sequence information). To determine if a similar Pdgfr variant exists in human
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cells, the same RNA ligase-mediated rapid amplification of 3’ cDNA ends (RLM-RACE)
was applied to RNA from human smooth muscle cell lysates. From this analysis, two
unique variants were detected, truncating in intron 10, as in the mouse, but also in intron 4
(Figure 2). Follow-on work is underway to determine if truncation in intron 4 also occurs
in the mouse. We also elucidated the 5" end of the murine intron 10 (i10) Pdgfrp splice
variant to generate a complete sequence for this isoform, facilitating protein modeling and
development of additional tools and approaches to detect this variant.
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Figure 1. A Truncated Isoform of PDGFRf3 was Detected alongside Full-Length Receptors across
a Range of Murine Tissues at Different Ages. (A) Representative images of a Western blot for
proteins from select murine tissues at postnatal day 21 (P21) (from n = 3 biological replicates, both
sexes) detected by immunolabeling for PDGFRf3 and (3-actin-lane 1: molecular size marker (M), lane
2: skeletal muscle (Skel. Musc.), lane 3: heart, lane 4: intestine, lane 5: liver, lane 6: blood serum, lane
7: kidney, lane 8: brain. (B) Graph of the ratio of integrated densities for bands at the 32 kDa size
range relative to 3-actin bands for each tissue indicated, all of which were normalized to the skeletal
muscle samples. Bars are averages with standard deviations. (C) Representative images of a Western
blot for proteins from select murine tissues at postnatal day 90 (P90) (from n = 3 biological replicate,
both sexes) detected by immunolabeling for PDGFRf and (-actin-lane 1: molecular size marker (M),
lane 2: skeletal muscle (Skel. Musc.), lane 3: heart, lane 4: intestine, lane 5: liver, lane 6: blood serum,
lane 7: kidney, lane 8: brain. (D) Graph of the ratio of integrated densities for bands at the 32 kDa
size range relative to 3-actin bands for each tissue indicated, all of which were normalized to the
skeletal muscle samples. Bars are averages with standard deviations.

Drawing from the sequence information established for these variants, we sought
to generate protein structure modeling predictions to map functional domains. These
models allowed us to (i) predict important domains such as PDGF-BB and heparin binding
regions, and (ii) compare these domains across species. Sequence translations (without
signal sequence) from both putative mouse and human sequences were submitted for
protein model creation (Figure 3, see Supplemental Table S2 for detailed amino acid predictions).
Functional PDGFRp protein domains were also mapped to the Pdgfrp exon structure.
Functional domains for the murine and human sequences displayed a high degree of ho-
mology. Furthermore, protein docking predictions and analysis of known crystal structures
of complexed human PDGF-BB with PDGFRf supported the idea that these isoforms
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generated by pre-mRNA alternative splicing likely retain their ligand binding capacity. To
directly address the potential of sSPDGFRf isoforms to bind PDGF-BB, we performed a
co-immunoprecipitation (co-IP) assay. Specifically, we selected a PDGF-BB antibody for
protein capture by adsorbing these antibodies to beads, and incubating antibody-coated
beads with whole brain protein lysate from a normal, healthy P21 WT (c57BL/6) mouse.
Proteins captured by the anti-PDGF-BB antibodies were eluted and immunoblotted under
denaturing conditions using PDGFR antibody labeling and detection (Figure 3). We
detected truncated PDGFRf variants in the whole brain lysate and in the eluted fraction
following co-IP, with minimal to no detection in the depleted flow-through fraction of
supernatant following immunoprecipitation. These data are consistent with the notion
that soluble isoforms of PDGFRf retain their capacity to bind PDGE-BB ligands, including
sPDGFRf proteins generated by pre-mRNA alternative splicing.
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Figure 2. Exon Maps of Full-Length and Truncated Pdgfr mRNA Transcripts were Constructed
Based on Known and RLM-RACE-Generated Sequences. (A) Full-length Pdgfrf mRNA exon map
based on murine (red accession number) and human (blue accession number) sequences with various
regions labeled: signal sequence, PDGF-BB binding domain, five extracellular Ig-like domains, the
transmembrane domain, and split intracellular kinase domains. Double blue lines indicate the region
used to design RNA-Scope® probes for in situ transcript detection. Purple line and arrows indicate
the approximate region corresponding to qRT-PCR probes for relative quantitation of mouse full-
length Pdgfrp transcripts. (B) Pdgfrp mRNA exon maps for soluble isoforms truncated at intron 10
(green background) or intron 4 (orange background) from both mouse and human. Double blue lines
indicate the region used to design RNA-Scope® probes for in situ transcript detection; 3’ UTR intron
“read-through regions are shown corresponding to each truncation location and species. Purple line
and arrows indicate the region used to design custom qRT-PCR probes for relative quantitation of
i10 mouse sPdgfrp transcripts. Single asterisk (*) indicates an established 5’ sequence, while double
asterisk (**) indicates 5" sequences that are currently unresolved for these variants.
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Figure 3. Soluble PDGFRf Engagement with PDGF-BB Ligand was Supported by Predicted
Protein Models of Mouse and Human Splice Variants and sPDGFRf3 Co-Immunoprecipitation
using PDGF-BB Capture. Protein models of mouse (A) and human (B) sPDGFR} variants including
predictions for PDGF-BB (cyan) binding. “D” denotes major folding domains. (C) Immunoblot
results (n = 1, P21 male) from the sSPDGFRf co-IP, with “M” denoting size marker. Whole Lysate
shown in Lane 2, the depleted fraction in Lane 3, and the co-IP elution labeled for PDGFR in Lane 4.
Note the distinct bands at ~32 kDa in the Whole Lysate and co-IP lanes.

3.3. Pdgfrp Splice Variant Transcripts Localize near Pecam1-Positive Cells in the Murine Brain
with PDGFRp Protein Associated with Vessels and Interstitial ECM

In addition to facilitating construction of predicted protein models, sequence identifi-
cation for the murine i10 Pdgfrf splice variant enabled the design and synthesis of custom
RNA-Scope® probes to label mRNA transcripts in situ. We hypothesized that sPdgfrf tran-
scripts in the murine brain would spatially correlate with transcripts of full-length Pdgfr
and with cerebrovascular endothelial cells positive for platelet-endothelial cell adhesion
molecule-1 (PECAM-1). To test this hypothesis, we collected normal, healthy WT (c57BL/6)
P21 murine brains for snap freezing and coronal cryosectioning. Brain cryo-slices were
fixed, dehydrated, and prepared for the hybridization of RNA probes against (i) the i10
sPdgfrp variant sequence (see Figure 2 for regions targeted by custom probes), (ii) full-
length Pdgfrp sequence corresponding to the intracellular kinase domain, and (iii) Pecam1.
Positive and negative control probes were applied to parallel samples. Probes were labeled
by corresponding dyes with signal amplification, and imaged by high resolution confocal
microscopy. Tiled images were collected to spatially assess sPdgfrf transcript distribution
relative to full-length Pdgfrp and Pecam-1 transcripts (Figure 4).

The vast majority of fluorescent signals associated with sPdgfrp transcripts over-
lapped with full-length Pdgfrf transcript signals, although not entirely, as distinct sPdgfr-
associated signals were noted. These overlapping signals demonstrated a strong localiza-
tion with the Pecam1-positive signals throughout the brain as well, consistent with the
spatial configuration of endothelial cells and pericytes within the brain microvasculature
(Figure 4), though overlap could represent a subset of double-positive vascular cells derived
from hematopoietic lineages [45]. The distribution of these signals also appeared to be
fairly conserved across different brain regions, including the cortex, the hypothalamus,
and along the floor of the third ventricle, adjacent to the thalamus (e.g., neighboring the
paraventricular nucleus of the thalamus) (Figure 4). In addition, we did not observe any
notable differences in the spatial distribution of these signals across sexes.
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Figure 4. RNA-Scope® Probes Facilitated Detection of Soluble and Full-length Pdgfrp Transcripts
Adjacent to Pecamm1 mRNA in the Adult Mouse Brain. (A) Representative coronal section of an
adult mouse brain (from n = 4 biological replicates, both sexes) labeled for cell nuclei (DAPI) with
white, dotted boxes indicating regions visualized at a higher-power magnification shown in (B).
(B) High-power magnification images of mouse cerebral cortex and white matter (i-iv with associated
inset), thalamus (v—viii), hypothalamus (ix—xii), and along the floor of the third ventricle, adjacent
to the thalamus (xiii—xvi) labeled for soluble Pdgfrp transcripts (i, v, ix, xiii; green in iv, viii, xii, xvi),
and full-length Pdgfrp transcripts (ii, vi, X, xiv; red in iv, viii, xii, xvi). A merge of these two signals
appears yellow in iii, vii, xi, and xv. While most of these signals overlap, we found instances where
the signal was stronger for full-length Pdgfrp (arrowheads, ix—xii) or soluble Pdgfrp (arrows, xiii—xvi).
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Pecam1 transcripts were also detected (magenta in iii, iv, vii, and viii), along with cell nuclei (DAP],
white in iv and viii), with many locations where Pecam1-positive signals spatially correlated with
Pdgfrp transcript signals (see dashed white oval, xiii—xvi). Scale bars are 200 microns in iv and xii, 20
microns in the inset in iii and in viii, and 50 microns in xvi. (C) Representative high-power images
of a mouse brain section labeled with RNA-Scope® probes against soluble PdgfrB (i, and green in
iii and iv), full-length Pdgfrp (ii, and red in iii and iv), and Pecam1 (magenta in iii and iv), along
with cell nuclei (DAPI, white in iv). Most signals converged, though we noted instances of more
prominent full-length Pdgfrp (arrowhead) or soluble Pdgfr (arrow), with signal also corresponding
to Pecaml-positive signals (dashed white oval). Scale bar is 50 microns. (D) Graph of Pearson’s
Colocalization Coefficient for each of the signal combinations indicated, specifically sPDGFRf
and full-length PDGFRf (magenta box, sSPDGFR{3:PDGFRf), sPDGFRb and PECAM-1 (cyan box,
sPDGFRb: PECAM-1), and full-length PDGFRb and PECAM-1 (green box, PDGFRb:PECAM-1).

Having mapped the spatial distribution of sPdgfrf transcripts relative to full length
Pdgfrp mRNA and Pecaml-expressing cells within murine brain sections, we then wanted
to assess the distribution and localization of PDGFRf protein. We have previously im-
munostained early postnatal murine brains for PDGFRf{ (P1 [46], and P5 [47]) to observe
pericytes and their interactions with the developing cerebrovasculature. In addition to
observing distinct signals on the cell surface of pericytes within these brain slices, we noted
regions of diffuse signals with varying intensity associated with the PDGFRf} staining.
Here, we replicated those findings by immunolabeling PDGFRf protein alongside visu-
alization of endothelial cells (anti-PECAM-1 antibody labeling) and glial fibrillary acidic
protein (GFAP)-positive astrocytes (Figure 5). In brain sections from normal, healthy P1
and P21 WT (c57BL6) mice, we found PDGFRB-positive pericytes along brain microvessels
located in several areas neighboring the caudothalamic groove in the floor of the lateral
ventricle, posterior to the interventricular foramen. However, we also observed regions
of PDGFR signal located beyond vessel walls that were not associated with PECAM-1-
positive endothelial cells, presumably distributed in the surrounding extracellular matrix
(ECM) (Figure 5). Additionally, we observed increased cellular density corresponding with
ECM-associated PDGFRf signal. Though we could not exclude the possibility of direct
overlap between the PDGFR{3 and GFAP signals, obvious convergence of these signals
appeared relatively infrequent, suggesting minimal association with astrocytes (Figure 5),
which have been proposed to express full-length Pdgfr under certain conditions [48].
Overall, these observations were consistent with non-cell associated PDGFRf that likely
represents a soluble variant that can tether to the ECM.

3.4. Aging and Acute Hypoxia Induce an Increase in Transcript and Protein Levels of sSPDGFRf

Cognitive and behavioral abnormalities such as memory loss and dementia arise
in part from neurodegeneration occurring in the context of aging and during hypoxic
stress [49]. These factors likely contribute to neuronal damage through, among others,
cerebrovascular dysfunction, which is presumably driven by aberrant regulation of cells
within the blood vessel wall. Because pericyte regulation by the PDGF-BB signaling axis
might be involved in these vascular defects, we sought to address the question of how
soluble PDGFR} variants might be affected by these factors, namely aging and hypoxia.
To do this, we collected whole murine brains at P5, P21, P90 (3 months old), and 20 months
old. Following RNA isolation and cDNA synthesis, we conducted quantitative RT-PCR
(Figure 6) using probes against full-length Pdgfrp transcripts (targeting the exon 13-14
boundary) and the soluble i10 Pdgfrf variant (via custom-designed probes—see Figure 2
for regions targeted by custom probes). We found that full-length Pdgfrp transcripts were
more abundant than sPdgfr transcripts at earlier ages (P5 and P21) (Figure 6); however,
by P90, sPdgfrp transcript abundance increased by nearly five-fold relative to the P5 time-
point, while full-length Pdgfrp mRNA stayed relatively constant. At 20 months of age,
full-length Pdgfrf expression appeared to diminish relative to P5 levels, while sPdgfrf3
transcript levels continued to increase to nearly 10-11-fold higher relative quantitation than
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at P5 (Figure 6). This trend was reflected in the relative protein levels of each PDGFRf
isoform at each time point as well. Protein lysates from whole P7, P21, and P90 murine
brains were analyzed by Western blot with anti-PDGFRf and anti-x-tubulin antibodies
used for detection. For P7 brains, a distinct band at ~180 kDa was detected, corresponding
to full-length PDGFR; in contrast, faint signals around the 32 kDa molecular weight were
observed, suggesting a relatively low abundance of SPDGFRf isoforms at this early age
(Figure 6). Bands appeared more prominently in this size range for P21 murine brain lysates
relative to P7, and signal associated with full-length PDGFRf} also appeared more intense
at this time-point. Signal strength for bands in the 32 kDa range intensified further for P90
brain lysates, indicating a potential increase in sSPDGFR[3 abundance. Bands at the higher
molecular weight (~180 kDa) appeared to decrease in density at the P90 age, mirroring the
mRNA relative quantitation data (Figure 6).

Figure 5. Inmunofluorescent Labeling of PDGFRf in the Mouse Brain Revealed Signals Along-
side PECAM-1-Positive Vessels but also Diffusely Distributed throughout the Parenchyma.
(A) Representative confocal images of mouse brain sections immunohistochemically labeled for
PECAM-1 (i, v; green in iv, viii) and PDGFR (ii, vi; red in iv, viii) with cell nuclei stained with DAPI
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(iii, vii; blue in iv, viii) in P1 (from n = 4 biological replicates, both sexes) and P21 murine brains
(n = 3 biological replicates, both sexes—see Supplemental Figure S1 for images from additional biological
replicates). Scale bars are 250 microns. Note the diffuse signal associated with PDGFR immunos-
taining in addition to signals associated with vessels in ii, iv, vi, and viii. A select region of the
P1 vessels is shown at higher magnification to visualize PDGFRf signals associated with vessel
walls and those in the parenchyma. Scale bar is 50 microns. (B) Representative confocal images of
immunohistochemical labeling of PECAM-1 (i, green in v), PDGFR} (ii, red in v), and GFAP (iii, cyan
in v) with cell nuclei stained with DAPI (iv, white in v) in P1 murine brain (from n = 5 biological
replicates, both sexes). Scale bars are 200 microns. Note the diffuse signal associated with PDGFRf3
immunostaining in addition to signals associated with vessels in ii and iv.
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Figure 6. Soluble PDGFR( Transcript and Protein Levels Increased in the Murine Brain with Age
and in a Cell-Based Model of Acute Hypoxia. (A) Graph of the ratio of full-length Pdgfrf transcripts
relative to the soluble i10 isoform by relative expression using qRT-PCR to evaluate mRNA levels in
murine brains at postnatal day 5 (P5), P21, P90, and at ~20 months. The housekeeping gene was Tbp.
The asterisk (*) denotes samples taken from non-induced VI control littermates instead of WT, as
described in the Methods section. Values are averages with error bars representing standard error of
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the mean. Biological replicates were n = 4-5 for all ages and represent both sexes. (B) Graph of the
relative quantitation (RQ) of soluble i10 (teal) and full-length (green) Pdgfrp in mouse brain at P5, P21,
P90, and ~20 months, with values referenced to P5 for relative comparison across time (i.e., indicative
of fold change). The asterisk (*) denotes samples taken from non-induced Vil control littermates
instead of WT, as described in the Methods section. Values are averages with error bars representing
standard error of the mean. Biological replicates were n = 4-5 for all ages and represent both sexes.
(C) Representative Western blot images of full-length PDGFRf (fl-PDGFRf, ~180 kDa) and soluble
PDGFRp (s-PDGFRf, ~32 kDa) with -actin shown for reference. Protein lysates were collected
from murine brains at P7 (lanes 1-3, n = 3, both sexes), P21 (lanes 4-6, n = 3, both sexes), and P90
(lanes 7-9, n = 3, both sexes). (D) Graph of the ratios of integrated densities for 32 kDa (s-PDGFRf})
and 180 kDa (fl-PDGFRf) bands relative to -actin bands, with values referenced to P7 for relative
comparison across time (i.e., indicative of fold change). (E) Relative quantitation of soluble i10 (teal)
and full-length (green) Pdgfrp referenced to control samples using qRT-PCR to evaluate mRNA levels
from mouse embryonic stem cell (ESC)-derived vessels exposed to hypoxia 12 or 24 h before collection
at day 10 differentiation (Tbp housekeeping gene). Values are averages with error bars representing
standard deviation. n = 3-5 biological replicates for each condition. ** p < 0.01 by ordinary one-
way ANOVA followed by unpaired Tukey’s f-test (outlier data points removed by Grubbs’ test, or
the extreme studentized deviate method, with « = 0.05). (F) Representative Western blot images
of full-length PDGFR{ (fI-PDGFR, ~160 kDa) and soluble PDGFRp (s-PDGFRf, ~32 kDa) with
-actin (~50 kDa) shown for reference. Protein lysates were collected from differentiated ESCs under
normoxia (control) or exposed to 12 or 24 h of hypoxia. n = 3-5 biological replicates for each condition.
(G) Graph of the ratios of integrated densities for 32 kDa (s-PDGFRf3) bands relative to 3-actin bands,
with values referenced to Control (normoxia) for relative comparison across experimental groups.

To test our hypothesis that sSPDGFRf variant levels are oxygen-sensitive, we took
advantage of a recently developed cell-based model containing reporter-labeled endothelial
cell and pericyte lineages that would permit a high degree of experimental control over the
oxygen environment. Specifically, mouse embryonic stem cells (ESCs) were differentiated
into endothelial cell and pericyte precursors that give rise to primitive vascular structures
composed of these cell types [43]. Following visual confirmation of early vessel formation,
we exposed these cultures to hypoxic conditions for 12 and 24 h, and then collected mRNA
for quantification of the soluble i10 Pdgfrf variant and full-length Pdgfrp. After 12 and
24 h of exposure to 3% O, soluble Pdgfr isoforms displayed a nearly three-fold increase
in transcript levels relative to the control (i.e., cultures exposed to ambient O; levels until
collection) (Figure 6). In contrast, the expression of full-length Pdgfrp remained relatively
constant, with a slight decrease at the 24-h time point. Protein levels of a ~32 kDa isoform
that stained positive for PDGFRf3 remained fairly constant at 12 h of hypoxia (relative to
controls), but increased after 24 h of hypoxic conditions (Figure 6). These data suggest
that sPdgfrp levels are likely sensitive to variations in oxygen levels, with acute hypoxia
inducing a marked increase.

4. Discussion

The PDGEF-BB pathway is a critical regulator of microvascular pericytes, facilitating
their investment and retention within the cerebral microcirculation. Similar RTKs such
as VEGF-A are modulated by soluble isoforms of cognate receptors that maintain signal-
ing within a physiological range. Soluble variants of PDGFRf3 have been reported, with
their origins being attributed to enzymatic cleavage from the surface of vascular mural
cells, and specifically cerebral pericytes [31,32]. Here, we present evidence that SPDGFRf3
is also generated by pre-mRINA alternative splicing, terminating prior to the transmem-
brane and intracellular domains. We detected truncated PDGFRf3 isoforms in a range of
murine tissues, including the blood (serum), kidney, and brain. Given the importance
of PDGFRJ signaling for cerebral pericytes, we utilized brain tissue for follow-on anal-
ysis, including sequence identification and protein model predictions. Corresponding
sequences and protein models were also found in human cells, suggesting a conservation
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across species. Co-immunoprecipitation of truncated/soluble PDGFRp with PDGF-BB
corroborated protein-protein docking model predictions and crystal structure data (human
PDGF-BB with PDGFR{ domains 1-3), supporting the likely essential functional relevance
of sSPDGFR. In situ hybridization and fluorescent labeling of sPdgfrf transcripts in murine
brain revealed a strong, though not complete, colocalization with full-length Pdgfrf tran-
scripts. Soluble Pdgfrf transcripts were also in close proximity to transcripts labeled for
the endothelial cell marker Pecam1, consistent with cerebrovascular mural cells as a source
of sPDGFRf3 under normal physiological conditions. Visualization of immunofluores-
cently labeled PDGFRp protein distribution throughout certain brain regions suggested
the presence of ECM-associated PDGFRf protein in the brain parenchyma, in addition to
vessel-associated pericytes. We also took initial steps to understand factors that might regu-
late the production of sPdgfrp variants, and found that aging and hypoxia were associated
with an increased abundance of i10 soluble PDGFRf isoforms relative to full-length Pdgfr
expression. Overall, our data are consistent with the idea that (i) soluble PDGFRf3 isoforms
are present in the normal murine brain, likely generated by pre-mRNA alternative splicing,
and (ii) corresponding sPdgfr transcripts, which were similarly detected in human cells,
are sensitive to aging and hypoxia—two factors that can fuel cerebrovascular dysfunction,
neurodegeneration, and in turn, memory loss and dementia.

Truncated isoforms of PDGFRf have been previously reported, with a range of molec-
ular weights reported for different physiological and pathological contexts [5,30-33,44].
For instance, in the setting of amyloid-beta exposure or severe hypoxia (1% O,), human per-
icytes are proposed to shed a soluble isoform of PDGFR} in the size range of ~160 kDa [5],
suggested to be an indicator of A Disintegrin And Metalloproteinase domain-containing
protein 10 (ADAM10) activity, BBB breakdown, and cognitive decline [32]. Cultured pri-
mary mouse pericytes from normal, healthy postnatal (P5) and adult (6 months) brains,
however, have also been reported to generate 110 and 160 kDa species of PDGFRf3, while
cortical slices from mouse brain generated a 60 kDa PDGFRf isoform after 2 weeks in
organotypic culture [33]. Considering current sequence data from both humans and mice,
it appears that the entire extracellular portion of PDGFR[3—post signal cleavage—is around
55 kDa without glycosylation. Therefore, truncated forms of PDGFRf larger than ~60 kDa
(allowing for glycosylation) likely extend through the transmembrane domain (<3 kDa)
and into the intracellular region. As we learn more about truncated PDGFRf} isoforms, we
will also need to expand our understanding of the potential mechanisms that may give
rise to these unique growth factor receptor species. In the current study, we repeatedly
detected an ~32 kDa PDGFR variant from normal, healthy murine brains, with double
bands potentially arising from variable glycosylation. Our sequence analysis found a
correspondence between this protein and a Pdgfrf3 splice variant generated by truncation
in intron 4 (i4 splice variant-identified in human cells, and a predicted sequence in mice
cells still being resolved). The i10 Pdgfrf splice variant likely corresponds to larger protein
isoforms (~50-60 kDa) previously detected by our group [44] and others [33]. We have
demonstrated here that sSPDGFRf3 i10 is expressed during normal physiological conditions,
but is altered during hypoxia and aging in the brain. Thus, these findings provide a new
perspective for future investigations into PDGFRf isoforms that are essential for tissue
homeostasis versus those associated with pathology, as well as for studies identifying their
context-dependent regulatory mechanisms.

The spatial distribution of soluble growth factor receptors often depends on the pres-
ence of unique motifs that facilitate binding to the ECM. Soluble Flt-1/VEGFR1, for instance,
includes a heparin-binding domain in the fourth Ig-like loop of its protein structure [50],
which can be targeted for sFlt-1/sVEGFRI release from the ECM by exposure to unfrac-
tionated heparin in tissues such as the placenta [51]. Sequence analysis in the current study
suggests that the previously unreported i10 PDGFR} splice variant (but not the i4 isoform)
retains a heparin binding domain capable of facilitating physical association with the ECM
via heparin sulfate interactions. This property is consistent with our observation of a diffuse
signal for PDGFRf immunostaining in murine brain slices in addition to the expected
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labeling of full-length PDGFRf3 on pericyte cell walls. We noted an enrichment of this more
dispersed signal in periventricular brain regions. These areas displayed a relatively higher
density of cells, as seen from the corresponding nuclear labeling, suggesting an increased
concentration of ECM proteins as well. PDGFRf that may be present on the astrocyte
cell wall did not appear to substantially contribute to this diffuse signal, though we could
not fully exclude contributions from astrocytes or all possible cell types that may be ex-
pressing PDGFR} in these brain regions. Another phenomenon potentially contributing to
elevated sPDGFRf in these sub-regions may be an increased exposure to PDGF-BB ligands.
Soluble receptors associated with RTKSs are often generated as a feedback mechanism to
maintain growth factor signaling within an appropriate range [22,26,35-38]. Therefore,
their levels frequently increase when cells are exposed to high levels of ligand, and this
response may be partially responsible for the noted increase in SPDGFR{3 immunostaining
signal in periventricular areas. Previous studies have suggested that the production of
specific PDGFRf3 isoforms may indeed be ligand-sensitive [33], but testing this response
for the isoforms identified herein was beyond the scope of the current study. Additional
insight into how PDGFR} isoform levels and distribution may be differentially regulated
throughout the brain will be critical for understanding not only their upstream regulation,
but also their functional relevance for cerebrovascular homeostasis.

Growth factor receptor isoforms can perform a number of unique functions, depend-
ing on the signaling pathway and the context. The soluble epidermal growth factor receptor
(sEGFR), for example, can inhibit intracellular signaling in target cells by (i) acting as a
“decoy” receptor to prevent ligand binding of surface receptors, or (ii) binding the extra-
cellular domain of full-length EGFRs. Soluble variant interaction with transmembrane
receptors can create inactive heterodimers or prevent internalization [52], thereby inter-
fering with initial signaling events. Previous studies have utilized full-length sequence
information to artificially create truncated, soluble versions of PDGFRp [41,53]. These
dominant-negative constructs have been introduced into a variety of settings, but their pri-
mary effect appears to be antagonizing signaling via full-length PDGFRf3 and accordingly
altering cell activation and behavior. Truncated PDGFRf isoforms generated by proteolytic
cleavage have been primarily considered biomarkers of pericyte injury or death [31,32],
with potential functional roles remaining relatively unexplored. Soluble PDGFRf vari-
ants produced by alternative splicing also remain to be characterized with regard to their
functional relevance, but, supported by ligand-binding capacity demonstrated herein, it
is likely that they play similar roles as those within other RTK pathways, such as sFlt-
1/VEGEFR1 [22,26,35-38]. In pathological scenarios, dysregulated sPDGFR interference
with signaling via the full-length receptor, particularly for cerebrovascular pericytes, is
likely to lead to deleterious effects akin to those reported for sFlt-1/sVEGFR1 [34]. More
specifically, sSPDGFR3-mediated attenuation of pericyte signaling via full-length receptors
may undermine pericyte investment within cerebral capillaries, leading to BBB and/or va-
somotor defects, neuronal dysfunction and degeneration, and ultimately, memory loss and
cognitive decline [13]. Thus, as we continue to learn more about how sPDGFRf isoforms
are created and regulated in the brain and beyond, it will be essential to also establish their
contributions to both physiological and pathological processes, to better understand their
utility as biomarkers of disease and also as potential drug targets.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom13040711/s1, Figure S1: Immunofluorescent Labeling of
PDGEFRS{ in the Mouse Brain Revealed Signals alongside PECAM-1-Positive Vessels but also Dis-
tributed Diffusely throughout the Parenchyma; File S1: Images of Raw Immunoblots in Support of
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Abstract: Tumor necrosis factor-receptor 1 (TNF-R1)-mediated signaling is critical to the regulation of
inflammatory responses. TNF-R1 can be proteolytically released into systemic blood circulation in a
soluble form (sTNE-R1), where it binds to circulating TNF and functions to attenuate TNF-mediated
inflammation. Increases of peripheral sSTNF-R1 have been reported in both Alzheimer’s disease (AD)
dementia and vascular dementia (VaD). However, the status of sSTNF-R1 in predementia subjects
(cognitive impairment, no dementia, CIND) is unknown, and putative associations with cerebral
small vessel disease (CSVD), as well as with longitudinal changes in cognitive functions are unclear.
We measured baseline serum sTNF-R1 in a longitudinally assessed cohort of 93 controls and 103 CIND,
along with neuropsychological evaluations and neuroimaging assessments. Serum sTNF-R1 levels
were increased in CIND compared with controls (p < 0.001). Higher baseline sTNF-R1 levels were
specifically associated with lacunar infarcts (rate ratio = 6.91, 95% CI 3.19-14.96, p < 0.001), as well
as lower rates of cognitive decline in the CIND subgroup. Our data suggest that sSTNF-R1 interacts
with vascular cognitive impairment in a complex manner at predementia stages, with elevated levels
associated with more severe CSVD at baseline, but which may subsequently be protective against
cognitive decline.

Keywords: Alzheimer’s disease; biomarker; cerebral small vessel diseases; predementia; serum;
TNF-receptor 1; tumor necrosis factor; vascular cognitive impairment

1. Introduction

Alzheimer’s disease (AD) and vascular dementia (VaD) are the two most common
forms of dementia [1]. AD is a neurodegenerative disease characterized by the accumu-
lation of extracellular amyloid plaques and intracellular neurofibrillary tangles [1]. In
contrast, VaD falls within the vascular cognitive impairment (VCI) spectrum and is associ-
ated with cerebrovascular disease, particularly cerebral small vessel disease (CSVD) [2].
CSVDs manifest on magnetic resonance imaging (MRI) scans as lacunes, white matter
hyperintensities (WMHSs) and cerebral microbleeds (CMBs) [2]. The presence of CSVD has
been associated with cognitive impairment and an increased risk of dementia [2], and also
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acts additively or synergistically with AD pathology [3]. Therefore, in certain populations
where the baseline CSVD burden is relatively high, such as those in Asia, the cerebrovas-
cular contribution to cognitive decline and dementia may be more prominent than in
Western populations [4,5], and more research efforts should be expended on uncovering the
common pathophysiological mechanisms underlying CSVD and AD, as well as identifying
potential biomarkers and therapeutic targets.

One pathogenic factor observed in both CSVD and AD is dysregulated neuroinflam-
mation, characterized by chronic gliosis within compromised brain regions [6,7]. In AD,
a proinflammatory state with widespread upregulation of cytokines and chemokines has
been observed, and neuroinflammation is also implicated in the pathogenesis of amyloid
plaques and neurofibrillary tangles [8]. In patients with CSVD, microglia and peripheral
macrophages may play both protective and detrimental roles in maintaining cerebral vascu-
lature integrity [6]. Furthermore, intracerebral ventricular administration of tumor necrosis
factor (TNF), an acute-phase proinflammatory cytokine known to be secreted by both mi-
croglia and macrophages [9], dose-dependently increased infarct volume in rodent models
of brain ischemia [10]. Studies also showed increased cerebrospinal fluid (CSF) levels of
TNF in patients with VaD [11]. Interestingly, the high-affinity subtype of the receptor for
TNF, TNF-receptor 1, can be cleaved from its membrane-bound state and secreted into the
systemic blood circulation in a soluble form (sTNF-R1) as a response to various upstream
stimuli, including TNF [12,13]. The release of sSTNF-R1 may in turn attenuate TNF-induced
inflammatory processes by acting as decoy receptors for circulating TNF [12]. As blood
sTNF-R1 is detectable for prolonged periods, it has been proposed to be a more reliable
indicator of circulating TNF concentrations than TNF itself [12], suggesting potential utility
as a promising inflammatory biomarker for individuals with CSVD and dementia.

In AD and VaD subjects, plasma sTNF-R1 has previously been reported to be increased
compared with healthy controls [14,15]. In patients with pre-clinical stages of dementia,
CSF sTNF-R1 was positively correlated with CSF 3-amyloid and tau [16]. However, while
increased plasma levels of STNF-R1 were associated with memory functions in healthy
individuals [17], the putative links between sTNF-R1 and cognitive performance, as well
as structural brain changes in predementia subjects, remain unclear. Within the spectrum
of cognitive impairment and dementia, predementia (which may include MCI or cognitive
impairment, no dementia (CIND)) represents a clinically important stage when disease-
modifying interventions may still be possible [18,19]. Furthermore, associations between
sTNF-R1 and neuroimaging features of CSVD await investigation. Therefore, we aimed to
examine serum sTNF-R1 associations in a prospectively assessed cohort of predementia
subjects with neuroimaging markers of CSVD and cerebral atrophy at baseline, as well as
the relationship between sTNF-R1 and longitudinal changes in cognitive function in the
cohort of patients with CIND over 3 years of follow-up.

2. Materials and Methods
2.1. Study Cohort

The selection and assessment of subjects for this study have been previously de-
scribed [20]. Briefly, patients with subjective complaints of memory loss were recruited
from memory clinics at Singapore’s National University Hospital and Saint Luke’s Hospital.
Subjects underwent clinical, physical and neuropsychological assessments, together with
neuroimaging at the National University of Singapore. Important demographic and medi-
cal covariates, including cardiovascular risk factors (see Section 2.4 on covariates below)
and exclusion factors (previous head trauma, psychiatric illnesses, thyroid disease and
non-dementia neurodegenerative conditions), were collected by detailed questionnaires
and reviews of medical records. The inclusion criteria of this study were as follows: (i)
patients diagnosed as no cognitive impairment (NCI, used as control group) and CIND
at baseline, (ii) complete neuropsychological data at baseline and >2 follow-up visits and
(iii) sufficient baseline serum available for sSTNF-R1 measurement. The diagnoses of all
study subjects were made at regular consensus meetings attended by study clinicians and
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neuropsychologists. NCI was defined as those found to be cognitively normal and without
functional loss based on the standard neuropsychological test battery (see below). CIND
cases were defined as not meeting the Diagnostic and Statistical Manual of Mental Disor-
ders, Fourth Edition (DSM-1V) diagnostic criteria for dementia but showing impairment in
at least one domain of the neuropsychological battery (that is, education-adjusted cognitive
scores >1.5 standard deviations (SDs) below cut-off scores on any test) [21]. As this study
is focused on predementia, patients diagnosed with AD dementia or VaD based on current
criteria [22,23] were excluded.

2.2. Standard Protocol Approvals, Registrations and Patient Consent

This study was performed in accordance with the Declaration of Helsinki and ap-
proved by the Singapore National Healthcare Group Domain-Specific Review Board (NHG-
DSRB) (reference: 2010/00017; study protocol number: DEM4233). Written informed
consent was obtained from all participants or their caregivers.

2.3. Neuropsychological Battery

All patients were administered an annual comprehensive neuropsychological battery
which consists of six cognitive domains (see Supplementary Table S1 for the component
tests of each domain) [24]. Raw scores of individual tests were transformed into standard-
ized z-scores using the mean and standard deviation (SD) of the control group. The score
for each cognitive domain was created by averaging the z-scores of individual component
tests and standardized using the composite mean and SD of the NCI. In order to obtain the
global cognitive score for each patient, the domain z-scores were averaged and standard-
ized using the mean and SD of the NCI group, as previously described [25]. The follow-up
annual visits” global and domain-specific cognitive z-scores were obtained using the means
and SDs of the NCI group at baseline.

2.4. Covariates

Together with the demographic variables, vascular risk factors (hypertension, hyper-
lipidemia, diabetes mellitus and cardiovascular disease) were collected and classified as
absent or present. Hypertension was determined by a systolic blood pressure >140 mmHg
and/or diastolic blood pressure >90 mmHg, or the patient being on medications for hy-
pertension. Hyperlipidemia was determined by total cholesterol levels of >4.14 mM, or
the patient being on medications for hyperlipidemia. Diabetes mellitus was defined by
glycated hemoglobin (HbAlc) of >6.5%, or the patient being on medications for diabetes
mellitus. Medications for hypertension, hyperlipidemia and diabetes mellitus were also
recorded. Cardiovascular disease was determined by a previous history of atrial fibrillation,
congestive heart failure or myocardial infarction. Apolipoprotein E (APOE) genotyping
was performed as previously described [26] to determine positive APOE ¢4 carrier status
(presence of at least one APOE ¢4 allele).

2.5. Neuroimaging

Using a 3T Siemens Magnetom Trio Tim scanner with a 32-channel head coil, MRI
scans were obtained at the Clinical Imaging Research Center of the National University of
Singapore. For each subject, the following MRI markers were determined as previously
described [27,28]. Lacunar infarcts (lacunes) were identified as lesions involving the
subcortical regions, 3-15 mm in diameter, with a low signal on the T1-weighted image
and a fluid attenuated inversion recovery (FLAIR) sequence giving a high signal on the
T2-weighted image, as well as a hyperintense rim with a center following CSF intensity
on FLAIR. WMHSs were identified as hyperintense regions on T2 and FLAIR sequences
without cavitation and hypointense on T1-weighted images. WMHs were graded using
the Age-Related White Matter Changes (ARWMC) scale [29]. Cerebral microbleeds (CMBs)
were identified as small focal rounded hypointense lesions, graded based on susceptibility-
weighted imaging sequences using the Brain Observer MicroBleed Scale [30]. Medial
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temporal lobe atrophy (MTA) was graded by coronal sections on a 5-point Scheltens’ scale
(0—normal, 1—mild, 2—mild to moderate, 3—moderate, 4—severe), which considers the
widening of the choroid fissure and temporal horn and loss of hippocampal height [28]. The
presence vs. absence of significant neurodegeneration predictive of AD [31] was defined by
MTA scores of 2—4 vs. scores of 0-1. Furthermore, the presence vs. absence of significant
CSVD burden was defined as: confluent WMHs (ARWMC score > 8 vs. <8), >2 lacunes vs.
<2 lacune or >2 CMBs vs. <2 CMBs.

2.6. Serum sTNF-R1 Measurements

Non-fasting blood was drawn from patients into serum-separating tubes; centrifuged
at 2000x g for 10 min at 4 °C. Serum samples were mixed well, aliquoted, and stored at
—80 °C for future use. All samples underwent only one freeze—thaw cycle. Samples were
diluted by 10x volume with the kit’s diluent, then assayed for sSTNF-R1 concentrations
by quantitative sandwich enzyme immunoassay technique (Quantikine® ELISA Kit, R&D
Systems Inc., Minneapolis, MN, USA), as per the manufacturer’s instructions. sTNF-R1
was detectable and linear from 7.8 pg/mL to 500 pg/mL.

2.7. Statistical Analyses

The baseline serum biomarker (sTNF-R1) level and clinical data were used for cross-
sectional analyses, while the global and cognitive domain-specific z-scores data were
obtained at baseline, as well as up to three years follow-up (mean 2.9 &+ SD 0.3 years)
for longitudinal analyses of cognitive trajectories. Analyses of data were performed us-
ing the SPSS (version 26, IBM Inc., Armonk, NY, USA) and R (version 4.0.5, R Founda-
tion) software. Independent samples t-tests, Mann—-Whitney U tests or chi-square tests
were used to compare demographic characteristics and sTNF-R1 levels between NCI and
CIND. For regression analyses, sTNF-R1 levels were stratified into tertiles (lowest tertile:
<1054.04 pg/mL, middle tertile: 1054.05-1333.69 pg/mL, highest tertile: >1333.70 pg/mL)
as sSTNFR1 concentrations were not normally distributed in this study (Shapiro-Wilk test
p < 0.001, skewness = 1.34, kurtosis = 2.36), then examined for associations with CSVD
markers at baseline. Poisson regression modelling was performed for counts of lacunes,
while negative binomial regression was used for over-dispersed CMB counts and expressed
as rate ratios (RR) with 95% confidence intervals (95% CI). For WMH grading, linear re-
gression models were performed with measures of associations by mean differences (MD)
with 95% CIL. Binary logistic regression was used for significant MTA and expressed as
odds ratios (OR) with 95% CI. Models were then adjusted with various covariates (see
Section 2.4. Covariates above).

Lastly, we used linear mixed-effect models to examine the associations between base-
line serum sTNF-R1 levels (independent variable) and changes in both global and domain-
specific cognitive z-scores (dependent variables) of CIND subjects over time. All models
included random effects for subjects and fixed effects for baseline levels of sSTNF-R1 (lowest,
middle and highest tertiles) and time, as well as interactions between baseline sTNF-R1
and time. Covariates added to the models included age, gender, education, APOE4 carrier
status, hypertension, diabetes mellitus, cardiovascular disease, and hyperlipidemia. The
model estimates were produced using the maximum likelihood method with random
intercept and slope.

3. Results
3.1. Study Participants

Of the 273 participants diagnosed as NCI or CIND in the cohort, 186 subjects had
available collected blood samples, as well as complete neuroimaging data at baseline (see
Supplementary Figure S1). Similar to previous observations for our cohort [32-35], CIND
subjects were significantly older (p < 0.001) with fewer years of education (p = 0.006) than
NCI subjects. Therefore, both demographic variables (age and education) are included as
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covariates for subsequent regression analyses. Table 1 shows that sTNF-R1 levels in CIND
were significantly higher than NCI (p < 0.001).

Table 1. Demographic characteristics of cases and controls at baseline.

Characteristics (nl\LCgIs) (ncil\i()D3) p-Value

Age, mean (SD) 68.9 (6.4) 74.1 (6.9) <0.001 *
Female, n (%) 54 (58.1) 49 (47.6) 0.142

Years of education, mean (SD) 9.7 (4.7) 79 (44) 0.006 *
APOEA4 carrier, 1 (%) 22 (23.7) 27 (26.2) 0.680
Hypertension, n (%) 53 (57.0) 69 (67.0) 0.149
Diabetes mellitus, 1 (%) 20 (21.5) 33 (32.0) 0.097
Cardiovascular disease, 11 (%) 5(5.4) 14 (13.6) 0.052
Hyperlipidemia, 1 (%) 66 (71.0) 80 (77.7) 0.282

sTNF-R1, median (IQR), pg/mL 1126.5 (381.3) 1236.5 (587.4) <0.001 *

CIND = cognitive impairment, no dementia; IQR = interquartile range; NCI = no cognitive impairment; n = number
of cases; SD = standard deviation; sSTNF-R1 = soluble tumor necrosis factor-receptor 1. * p < 0.05; Student’s ¢-test
or Mann-Whitney U-test.

3.2. Associations between STNF-R1 and Neuroimaging Markers

In order to investigate potential associations between sTNF-R1 levels and CSVD, we
compared sTNF-R1 levels between subjects with and without significant WMH, lacunes
and cerebral microbleeds (total n = 186). STNF-R1 concentrations were significantly higher
in subjects with confluent WMH (ARWMC score > 8, p = 0.034) or the presence of lacunes
(p = 0.004) (Figure 1). No significant differences were observed in subjects with or without
significant cerebral microbleeds (p = 0.621). In unadjusted univariate regression models
on the entire cohort, higher sTNF-R1 (analyzed as tertiles) was significantly associated
with the severity of WMH (as measured by ARWMC scores) and the number of lacunes
and cerebral microbleeds (Table 2). After adjusting for covariates, sSTNF-R1 remained
significantly associated with lacunes but not with WMH and cerebral microbleeds (Table 2).
Interestingly, sSTNF-R1 was not associated with significant MTA after adjusting for covari-
ates (Supplementary Table S2), suggesting that sTNF-R1 may be a biomarker of CSVD
rather than the pattern of neurodegeneration which is characteristic of AD.
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Figure 1. Serum sTNF-R1 concentrations in predementia subjects with CSVD. Bar graphs are median
sTNF-R1 values =+ interquartile range (IQR) stratified by the absence vs. presence of significant (A)
WMH, (B) lacunes and (C) cerebral microbleeds (see Section 2.5 on neuroimaging for definitions).
Datapoints represent available individual measures. * p < 0.05, ** p < 0.01, ns: not significant, pairwise
comparisons using independent-samples Mann-Whitney U-tests. ARWMC = age-related white
matter changes; n = number of cases; WMH = white matter hyperintensities.
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Table 2. Association between serum sTNF-R1 tertiles and CSVD markers at baseline !.

sTNF-R1 WMH (ARWMOQO) Number of Lacunes Number of CMBs
(Tertiles) MD (95% CI) RR (95% CI) RR (95% CI)
Model 1
Lowest 0 1 1
Middl 0.34 (—0.90, 1.59) 1.68 (0.79, 3.58) 1.59 (1.00, 2.53)
radie p =0.590 p=0.182 p =0.051
. 1.43 (0.20, 2.65) 4.16 (2.15, 8.04) 2.02 (1.29, 3.16)
Highest p=0022* p<0.001* p=0.002*
Model 11
Lowest 0 1 1
Middl —0.21 (—1.43,1.02) 2.08 (0.95, 4.56) 1.56 (0.91, 2.68)
radie p=0.738 p =0.068 p=0.110
. 0.18 (—1.22, 1.58) 6.91 (3.19, 14.96) 1.73 (0.97, 3.08)
Highest p = 0.800 p <0.001 * p = 0.061

ARWMC = age-related white matter changes; CSVD = cerebral small vessel disease; CI = confidence interval;
CMBs = cerebral microbleeds; WMH = white matter hyperintensities; MD = mean difference; RR = rate ratio.
CSVD markers were available for 186 subjects. * p < 0.05 using linear, Poisson or negative binomial regression.
Model I: unadjusted; Model 1I: adjusted for age, gender, APOE4 carrier status, hypertension, diabetes mellitus,
cardiovascular disease and hyperlipidemia. ! Interpretation: the lowest sSTNF-R1 tertile was set as a reference
group. Linear regression models were used for WMHs by ARWMC scores: when MD > 0, subjects with the
middle/highest sSTNF-R1 tertile will have MD units higher (lower when MD < 0) in the ARWMC scores compared
with those with the lowest sSTNF-R1 tertile. Poisson and negative binomial regression models were used for
lacunes and CMBs: subjects with the middle/highest sSTNF-R1 tertile were RR times more likely to have as many
lacunes or CMBs compared with those with the lowest sSTNF-R1 tertile.

3.3. Associations between sSTNF-R1 and Cognitive Trajectories

Interestingly, while no significant difference in baseline cognitive z-scores was ob-
served among the tertiles of sSTNF-R1 (Supplementary Figure S2), we found that sTNF-
R1 was associated with the cognitive trajectories of CIND subjects, in that significant
declines in scores over time were observed within specific sSTNF-R1 tertiles for global
cognition (lowest: 3 = —0.24, 95% CI = —0.35 to —0.13; highest: = —0.09, 95% CI = —0.19
to —0.01, Figure 2A), executive function (lowest: 3 = —0.26, 95% CI = —0.42 to —0.10;
highest: = —0.15, 95% CI = —0.28 to —0.03, Figure 2B), language (lowest: = —0.26,
95% CI = —0.47 to —0.05, Figure 2D), visuomotor speed (lowest: = —0.16, 95% CI =
—0.24 to —0.08; highest: 3 = —0.11, 95% CI = —0.17 to —0.04, Figure 2F) and memory
(lowest: p = —0.12, 95% CI = —0.22 to —0.02, Figure 2G). However, subjects with higher
sTNF-R1 showed slower cognitive declines compared to those with the lowest sTNF-R1
tertile in global cognition (highest vs. lowest: 3’ = 0.15, 95% CI = 0.01 to 0.29; middle vs.
lowest: 3" =0.19, 95% CI = 0.03 to 0.35, Figure 2A), language (highest vs. lowest: 3 = 0.29,
95% CI = 0.02 to 0.57, Figure 2D) and visuomotor speed (middle vs. lowest: 3" = 0.18, 95%
CI =0.07 to 0.29, Figure 2F).

39



Biomolecules 2023, 13, 525

A Global B Executive
Inter-tertiles: Highest vs Lowest STNF-R1: ' = 0.15 (0.01, 0.29)* Inter- temles Highest vs Lowest STNF-R1: ' = 0.11 (-0.10, 0.31) n.s.
Middle vs Lowest STNF-R1: ' = 0.19 (0.03, 0.35)* iddle vs Lowest STNF-R1: B = 0.19 (- o 03,0.42) n.s.

00 0.0
o 05 ° 0.5
8 8
? ]
& &
<o <10
i5 -5
Within tertiles: Within tertiles:
# Highest sSTNF-R1: B =-0.09 (-0.19, -0.01)} * Highest sSTNF-R1: B =-0.15(-0.28, -0.03)t
* Middle sSTNF-R1: B =-0.05(-0.17,0.07) n.s. * Middle sSTNF-R1: B =-0.07 (-0.23, 0.09) n.s.
20 Lowest sTNF-R1: B =-0.24 (-0.35,-0.13)f £ -20 Lowest STNF-R1: B =-0.26 (-0.42, -0.10)}
] 1 2 3 o 1 2 3
Time from baseline, y Time from baseline, y
Working memory Language
( : Inter-tertiles: Highest vs Lowest STNF-R1: ' = 0.03 (~0.09, 0.15) n.s. D Inter-tertiles: Highest vs Lowest STNF-R1: ' = 0.29 (0.02, 0.57)*
Middle vs Lowest STNF-R1: B = 0.01 (-0.13, 0.14) n.s. Middle vs Lowest STNF-R1: B'=0.28(-0.02,059) n.s. -

. R A ) |

—t—— =T

208 == sl 208
5 ]
g 8
3 2
k4 1
< -1.0 9 -1.0
15 15
Within tertiles: Within tertiles:
# Highest STNF-R1: B =-0.03 (0.1, 0.05) ns. # Highest STNF-R1: B =0.03 (-0.14,0.21) n.s.
* Middle sSTNF-R1: B =-0.06 (~0.15,0.04) n.s. * Middle sSTNF-R1: B =0.02 (-0.20, 0.24) n.s.
20 Lowest sTNF-R1: B = -0.06 (~0.16, 0.03) n.s. -20 Lowest sTNF-R1: B = -0.26 (-0.47, -0.05)¢
0 = 3 0 1 2 3
Tims from baseline, y Time from baseline, y
Visuospatial function Visuomotor speed
Inter- tertlles Highest vs Lowest sTNF-R1: B’ = 0.08 (-0.15, 0.30) n.s. Inter-tertiles: Highest vs Lowest STNF-R1: ' = 0.05 (~0.05, 0.15) n.s.
E iddle vs Lowest STNF-R1: ' = 0.06 (~0.19, 0.31) n.s. Middle vs Lowest STNF-R1: §' = 0.18 (0.07, 0.29)*
05 05

E I |
3 , 1

I

S
- 208
s s
8 8
1 3
N N
<o <0
15 15
Within tertles: Within tertiles:
* Highest sSTNF-R1: B =-0.05 (-0.19, 0.09) n.s. # Highest STNF-R1: B=-0.11(-0.17, -0.04)f $ 1
* Middie STNF-R1: B = ~0.07 (-0.25, 0.11) ns. * Middle STNF-R1: §=0.02 (-0.06,0.10) n.s.
20« LowestsTNF-R1: B =-0.13(-0.30, 0.05) n.s 20 = Lowest sTNF-R1: B =-0.16 (-0.24,-0.08)
[ 1 2 3 ° 1 2 3
Time from baseline, y Time from baseline, y

Az-score

Within tertiles:

* Highest STNF-R1: B =-0.07 (-0.15, 0.01) n.s.
* Middle STNF-R1: § = -0.08 (-0.18, 0.02) n.s.
20+ LowestsTNF-R1: B =-0.12(-0.22, -0.02)¢

o 1 2 3
Time from baseline, y

Figure 2. Associations between baseline sSTNF-R1 tertiles and the cognitive trajectories of CIND
subjects. Estimated mean change in cognitive domain scores (A z-scores) with 95% CI are stratified
by the tertiles of STNF-R1 (yellow: lowest tertile (n = 30), green: middle tertile (n = 27), blue: highest
tertile (n = 46)) for (A) global cognition as well as (B-G) each of the six cognitive domains (see
Section 2.3 on neuropsychological battery). (3-coefficients with 95% ClIs are derived from linear mixed-
effect models adjusted for age, education, gender, APOE4 carrier status, hypertension, diabetes
mellitus, cardiovascular disease and hyperlipidemia. Interpretation: Within tertiles, 3 represents the
decline in cognitive z-scores over time for each tertile of STNF-R1; { p < 0.05, $1 p < 0.01, $11 p < 0.001,
n.s.: not significant. Between tertiles, 3’ represents the difference in the rate of change in cognitive
z-scores between the highest/middle tertiles of STNF-R1 vs. the lowest sTNF-R1 tertile; * p < 0.05,
**p <0.01, n.s.: not significant. CIND = cognitive impairment, no dementia; n = number of cases.
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4. Discussion

This study reports significantly higher levels of serum sTNF-R1 in CIND compared
to NCI patients, and extends previous findings of elevated sTNF-R1 in dementia pa-
tients [14,15] to the predementia (also known as minimal cognitive impairment, MCI)
stages. Furthermore, we investigated potential associations between sTNF-R1 and CSVD,
showing that higher levels of sSTNF-R1 were specifically linked to baseline measurements of
lacunes independent of vascular risk factors. While the precise mechanisms linking sTNF-
R1 with lacunes are unknown, postmortem and in vivo studies have reported the migration
of microglia toward regions of infarcts after an ischemic episode, whereupon the secretion
of chemoattractants, including TNF [9], initiates the recruitment of macrophages, mono-
cytes and granulocytes, as well as the perpetuation of neuroinflammatory responses [36,37].
Interestingly, the production of TNF under chronic inflammatory conditions has been
known to induce sTNF-R1 secretion into the systemic blood circulation [38], and data from
mouse models suggest that sSTNF-R1 upregulation binds to peripheral free TNF, thus atten-
uating TNF-mediated inflammatory responses and ameliorating increases in infarct size
after middle cerebral artery occlusion [10,39]. Considering the current findings of sSTNF-R1
in association with lacunes, we postulate that sTNF-R1 might be an adaptive response to
the increased TNF and may play a protective role in TNF-associated CSVD processes, thus
underscoring the biological relevance of sSTNF-R1 as a biomarker for CSVD. Regarding
lacunes, some studies have reported associations with worse cognitive outcomes [40],
while others have not [41]. Nevertheless, successful validation of peripheral sTNF-R1 as
a biomarker for the early identification of individuals with cerebral vascular pathologies
may allow clinicians to prioritize timely management of vascular risk factors in these
patients, thereby lowering the incidence of VCI, and potentially preventing concomitant
AD progression [42]. Our data may have added clinical significance for Asian populations
which are known to have a relatively high CSVD burden [3,4]. Moreover, compared with
expensive MRI scans, peripheral biomarkers may be a cost-effective alternative for at-risk
populations, especially those from developing countries [43]. Hence, sSTNF-R1 may be a
useful, economical blood-based diagnostic tool for the early identification of subjects with
CSVD before progression to dementia.

Besides neuroimaging markers, the second main aim of the study was to investigate
sTNF-R1’s associations with cognitive decline. Although we did not find significant
differences in the baseline z-scores among sTNF-R1 tertiles (Supplementary Figure S2),
longitudinal analyses showed that CIND subjects with a higher sTNF-R1 declined more
slowly in terms of global cognition than those at the lowest sSTNF-R1 tertile. These results
complement a recent study that reported elevated levels of CSF markers, including sTNF-
R1, associated with decreased cognitive decline and a risk of conversion to AD in MCI
subjects [44]. Since sSTNF-R1 acts as a decoy receptor to inhibit TNF-induced signaling [13],
it is possible that predementia subjects with higher sTNF-R1 levels may be protected
from cognitive decline resulting from TNF-mediated neuroinflammatory or neurovascular
injuries, as higher CSF levels of TNF were found to be associated with conversion to
dementia [45]. Taken together, the present findings of higher sSTNF-R1 being associated
with more severe baseline lacunes but also a slower cognitive decline over the follow-up
period, suggest a complex picture where robust responses to more severe CSVD-induced
neuroinflammation resulted in better protection against cognitive decline in the longer
term. Interestingly, the protective effects of STNF-R1 may be specific to VCI, as sTNF-R1
changes were unrelated to the characteristic brain perturbations of AD (using MTA as the
neuroimaging marker).

This study has several limitations. Firstly, our results on memory clinic patients
might not be generalizable to the population at-large as there may be non-memory clinic
patients with risk factor profiles that are not considered in our analyses. Secondly, as
associations between baseline serum sTNF-R1 and CSVD neuroimaging markers were
cross-sectionally analyzed, investigations into the temporal relationship between sTNF-
R1 and the progression of the markers are needed. Thirdly, we were not able to detect
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any sTNF-R1 associations with clinical conversion (NCI to CIND or CIND to dementia)
or with cognitive trajectories within the NCI group, due to the small sample size and
relatively short follow-up period. Furthermore, whilst our finding of higher sSTNF-R1 levels
correlating with lacunes supports sSTNF-R1 elevation as a putatively protective response to
TNF-associated CSVD progression, we were not able to detect TNF directly due to platform
and sample factors (data not shown), and correlations between blood TNF and sTNF-
R1 levels are needed in future investigations to validate the functions of TNF-mediated
inflammation and responses in VCI and dementia. Lastly, the relatively small sample
size of the current study necessitates follow-up research with larger cohorts and a longer
follow-up duration to more adequately study sTNF-R1 effects on cognitive trajectories
stratified by CVSD severity.

5. Conclusions

To the best of our knowledge, this study is the first to examine serum sTNF-R1 as-
sociations with both neuroimaging CSVD markers, as well as cognitive trajectories in
predementia subjects. Since vascular risk factors may influence the onset and progression
of dementia [42], our multiple regression models controlled for potential confounding
effects of vascular risk factors, and still found that the higher levels of serum sTNF-R1
in CIND subjects were associated with more severe lacunar infarcts but also with slower
cognitive decline, suggesting a complex interaction between sTNF-R1 and CSVD-associated
processes. Our study proposes sTNF-R1 as a prognostic peripheral biomarker for identify-
ing patients with concomitant cerebrovascular pathologies, as well as for early identification
of individuals at risk for VCI. However, further clinical studies using larger cohorts with
longitudinal design are needed to validate the clinical utility of sSTNF-RI.
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Abstract: Pleckstrin homology domain and leucine rich repeat protein phosphatase (PHLPP) knock-
out mice have improved outcomes after a stroke, traumatic brain injury (TBI), and decreased mal-
adaptive vascular remodeling following vascular injury. Thus, small-molecule PHLPP inhibitors
have the potential to improve neurological outcomes in a variety of conditions. There is a paucity
of data on the efficacy of the known experimental PHLPP inhibitors, and not all may be suited for
targeting acute brain injury. Here, we assessed several PHLPP inhibitors not previously explored for
neuroprotection (NSC13378, NSC25247, and NSC74429) that had favorable predicted chemistries for
targeting the central nervous system (CNS). Neuronal culture studies in staurosporine (apoptosis),
glutamate (excitotoxicity), and hydrogen peroxide (necrosis/oxidative stress) revealed that NSC74429
at micromolar concentrations was the most neuroprotective. Subsequent testing in a rat model of
asphyxial cardiac arrest, and in a mouse model of severe TBI, showed that serial dosing of 1 mg/kg
of NSC74429 over 3 days improved hippocampal survival in both models. Taken together, NSC74429
is neuroprotective across multiple insult mechanisms. Future pharmacokinetic and pharmacody-
namic (PK/PD) studies are warranted to optimize dosing, and mechanistic studies are needed to
determine the percentage of neuroprotection mediated by PHLPP1/2 inhibition, or potentially from
the modulation of PHLPP-independent targets.

Keywords: PHLPP; PHLPP1; PHLPP2; neuroprotection; NSC74429; brain

1. Introduction

Studies in mice show that knockout (KO) of the pleckstrin homology domain and
leucine rich repeat protein phosphatase (PHLPP) gene improves CNS outcomes in mouse
models of stroke, and traumatic brain injury (TBI), and decreases detrimental vascular
remodeling after damage to the carotid artery [1-3]. PHLPPs promote cell death by in-
hibiting or activating a variety of signaling molecules. For instance, protein kinase B
(AKT) is a potent pro-survival kinase and is inactivated by PHLPP-dependent dephos-
phorylation at Serine 473 [4]. Conversely, mammalian sterile 20-like kinase 1 (Mst1) is a
potent pro-apoptotic effector and is activated by PHLPP-dependent dephosphorylation at
Threonine 387 [5]. Thus, PHLPP antagonists, by blocking phosphatase activity, have great
clinical potential to promote brain health by modulating neuronal survival and vascular
homeostasis. Germane to that possibility, Sierecki et al. identified ~116 small molecule
experimental PHLPP inhibitors [6]. All had IC50s ranging from 1-100 uM to inhibit the
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PHLPP2-PP2C phosphatase domain in a cell-free assay, and also blocked the PP2C domain
of the PHLPP1 isoform with varying potencies [6]. Most of those inhibitors have not been
characterized further and their research utility or translational potential is unknown. The
exceptions are PHLPP inhibitors NSC117079 and NSC45586. Sierecki et al. showed that
both compounds inhibited PHLPP signaling at ~50 uM in mammalian cells in vitro and
were cytoprotective in a model of etoposide-induced cell death [6]. Consistent with that
finding, we reported that 50 uM NSC117079 or NSC45586 altered PHLPP signaling in
primary rat cortical neurons in vitro and were neuroprotective following staurosporine
injury [7]. However, we also observed that NSC45586 strongly bound to albumin in the cul-
ture media, raising questions on its potential translatability for in vivo use [7]. In addition,
both NSC117079 and NSC45586 are poor candidates to cross the blood-brain barrier (BBB)
based on their physiochemical properties. Here, we used a predictive chemistry-guided
approach to select three additional PHLPP inhibitors for testing that have not been further
explored among the 116 known compounds, and to use three in vitro assays and two
in vivo models to assess neuroprotection.

2. Materials and Methods

Reagents. Experimental PHLPP Inhibitors: NSC13378, NSC25247, and NSC74429
were obtained from the Developmental Therapeutics Program (DTP) of the National
Cancer Institute (NCI) upon completion of a Material Transfer Agreement. Compounds
were provided as powder in opaque glass vials and dissolved in 100% dimethylsulfoxide
(DMSO) before diluting to the desired final concentration. DMSO, 30% Hydrogen Peroxide
Solution, and Glutamate were purchased from Sigma (St. Louis, MO, USA). Staurosporine
was purchased from Tocris (Bristol, UK). Cell Titer Blue was purchased from Promega
(Madison, WI, USA). Neurobasal/B27 culture media was purchased from ThermoFisher
Scientific/Life Technologies (Waltham, MA, USA).

Animals. All studies were approved by the IACUC of the University of Pittsburgh.
Methods of euthanasia adhered with the AVMA Guidelines for the Euthanasia of Animals.
Timed pregnant female Sprague Dawley rats were purchased from Charles River (Wilm-
ington, MA, USA). Male adult Sprague Dawley rats (~12 weeks old) weighing 350-375 g
were purchased from Charles River. Adult male C57BL/6 mice (~12 weeks old) weighing
~28 g were also purchased from Charles River. All animals were given ad lib access to food
and water and housed on a 12 h light/dark cycle.

Preparation of Experimental PHLPP Inhibitors for In Vitro and In Vivo Testing.
For in vitro studies, NSC13378, NSC25247, and NSC74429 were prepared in 10 mM stocks
in 100% DMSO and diluted to a final concentration of 25 uM or 50 uM in cell culture media.
For in vivo studies, pilot testing indicated low water solubility of NSC74429. Therefore,
a combination of DMSO, heating via a water bath, and vigorous vortexing was used to
enhance solubilization. Two drug doses were tested in rats and in mice (1 or 3 mg/kg).
For studies in rats, NSC74429 was prepared in 24% DMSO/D5W (dextrose 5% in water)
and administered at a volume of 1.25 mL/kg (intravenous [IV] or intraperitoneal [IP]). For
studies in mice, NSC74429 was prepared in 5% DMSO/D5W (vehicle) and a 250 pL bolus
was administered IV or IP.

Primary Neuronal Culture. Neuron culture was done using our established methods [7,8].
In brief, timed-pregnant Sprague Dawley rats were purchased from Charles River and
cortices isolated from E18-19 embryos under a dissecting microscope (Leica M651, Buffalo
Grove, IL, USA). Mixed-sex neurons were dissociated and seeded onto 96-well plates at
1.5 x 10°/well in Neurobasal/B27 media. The culture media was supplemented with
8 uM cytosine 3-D-arabinofuranoside hydrochloride on day in vitro (DIV) 3 to reduce glial
proliferation. A second feeding (% media exchange) was given on DIV6 and neurons were
subjected to injury and/or drug therapy on DIVO.

Staurosporine Injury Model. On DIV9, half of the media from each well was collected
and pooled (conditioned media) and mixed with an equal volume fresh neurobasal /B27
to make “24 h treatment media”. Treatment media was prepared with or without 150 nM

47



Biomolecules 2022, 12, 1352

STS and with or without experimental PHLPP inhibitors at 25 pM or 50 pM. The final
concentration of DMSO in all groups was ~0.5%. Each well received 100 pL of treatment
media per well and incubated for 24 h at 37 °C. Cell viability was measured on DIV10.

Hydrogen Peroxide (H,O,) Injury Model. On DIV9Y, 2/3 conditioned media was
prepared and set aside for the post-injury phase. H,O, was prepared fresh. Specifically,
30% concentrated H,O, with stabilizers (Sigma) was first diluted in sterile ddH,O. The
diluted HyO, stock (Stock A) was immediately added to a balanced salt solution containing
5 mM glucose (BSS-G) and diluted to a final concentration of 40 uM H,O, (Stock B).
Cells were quickly washed once with plain BSS-G and then incubated with 40 uM H,O,
for 35 min. Controls received identical manipulations without injury. After 35 min, the
Stock B injury solution was removed and 100 pL of conditioned media with or without
experimental PHLPP inhibitors was added to the cells. The final DMSO concentration
was ~0.5%.

Glutamate-Excitotoxicity Model. On DIV9, 2/3 conditioned media was prepared
and set aside for the post-injury phase. Cells were quickly washed once with plain BSS-G
and then incubated in BSS-G containing 10 uM Glutamate for 5 min. Controls received
identical manipulations without injury. After 5 min, the glutamate solution was removed
and 100 pL of conditioned media with or without experimental PHLPP inhibitors was
added to the cells. The final DMSO concentration was ~0.5%.

Cell Viability Assay. In vitro neuronal injury was assessed using the CellTiter-Blue
method as reported by our group [7,8]. Briefly, 20 puL of CellTiter-Blue reagent (Promega;
Madison, WI, USA) was added to each well of a 96-well plate at 24 h post-injury. Plates
were incubated in the dark for ~1 h and absorbance was measured on a plate reader.

Asphyxial Cardiac Arrest Rat Model. Rats were injured by ACA as described by
our group [9]. Rats were fasted overnight prior to surgery. Anesthetized rats (4% isoflu-
rane in a 30:70 mix of oxygen/nitrogen) were intubated and mechanically ventilated
(~45-50 breaths/min). Positive end-expiratory pressure (PEEP) was set to 3 cm H,O and
tidal volume to 7 mL/kg. Temperature was monitored with a rectal thermometer and a
tympanic probe (Physitemp Instruments LLC, Clifton, New Jersey, USA) and adjusted via
a heating pad/lamp to target ~36.5-37 °C. Electrocardiographic leads were attached to
the limbs for continuous ECG monitoring (Powerlab, ADinstruments, CO, USA). Femoral
artery and venous catheters (PE50) were surgically inserted in the left hind limb for con-
tinuous blood pressure/heart rate monitoring (arterial) and for drug injections (venous).
Ventilator rate, tidal volume and FiO2 were adjusted based on arterial blood gas data
to achieve goal PaCO2 of 35-40 mm Hg and PaO2 of 80-150 mm Hg. To induce ACA,
isoflurane was discontinued just prior to cisatracurium (2 mg/kg) administration to induce
neuromuscular blockade, and rats were then disconnected from the mechanical ventilator,
“No-flow” was considered achieved when mean arterial blood pressure (MAP) reached
<10 mmHg and was maintained for 5 min in all subjects prior to starting resuscitation
efforts. The total asphyxia insult time was ~8-9 min and = (a) the time of the hypoxic
period starting from the discontinuation of ventilation until no-flow is reached + (b) 5 min
no-flow time + (c) the time to achieve return of spontaneous circulation (ROSC) after start-
ing resuscitation maneuvers. Subjects that were not able to be resuscitated within 2 min
of the onset of chest compressions were out of protocol and excluded from the study. Re-
suscitation was achieved by reinitiating mechanical ventilation, starting mechanical chest
compressions using a rat thumper at a rate of 275 beats per minute, and IV administration
of epinephrine (20 pg/kg), and sodium bicarbonate (1 mg/kg). At 5 min post-restoration
of spontaneous circulation (ROSC) rats received vehicle or NSC74429 (1 or 3 mg/kg) 1V,
and booster doses were administered via IP injections at 1 d, 2 d, and 3 d post-ROSC. At 15
min post-ROSC, rats received 5 mg/kg of ketoprofen to treat surgical pain, and booster IP
injections followed deficit scoring (5 mg/kg ketoprofen) on days 1, 2, and 3 post-injury. A
MiniMitter (Philips Respironics, Murrysville, PA, USA) temperature probe was inserted
into the abdominal cavity for telemetric monitoring of temperature to ensure normothermia
for the first ~18 h of recovery. Femoral catheters were removed, wounds sutured, and
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rats received 10 mL subcutaneous Dextrose 5% (D5NS) to ensure hydration. Outcome
performance category (OPC; 1 = normal, 2 = mild disability, 3 = moderate disability, 4 =
severe disability, and 5 = death) and neurological deficit score (NDS; 0-500, 0 = normal
and 500 = brain dead) were assessed daily for the first 72 h and on 7 d as described by
our group [9,10]. After 72 h, rats were returned to the primary animal care facility until
euthanasia for histological endpoints on day 7. Shams received surgical manipulations
and vehicle injections. Rats were randomized to treatments and technicians were blind to
groups (e.g., de-identified tubes labeled “A”, “B”, or “C” were provided to the technician
that administered the experimental therapy after ACA injury and for subsequent booster
doses). Rats that died before reaching the 7 d endpoint were removed from statistical analy-
sis. Three rats failed to achieve ROSC (death before drug therapy), and 4 were excluded for
death after ROSC but before day 7 (1 vehicle, 1 low dose NSC74429, 2 high dose NSC74429).

Traumatic Brain Injury Mouse Model. Mice were injured by controlled cortical im-
pact (CCI) followed by a secondary hemorrhagic shock (HS) insult (to mimic the commonly
observed clinical polytrauma scenario) as described by our group [11,12]. In brief, anes-
thetized mice (4% isoflurane in 70% N>O/30% O,) were secured inside a stereotaxic frame.
Body temperature was recorded via a rectal probe (targeted to ~37 °C), and catheters in-
serted into the left femoral artery and vein. A dental drill was used to perform a craniotomy
over the left parietal cortex. A pressure-driven pneumatic impactor, with a 3 mm steel
flat tip, was advanced into the brain parenchyma (velocity 5/ms; depth 1.0mm). Five
minutes after the CCI, isoflurane was reduced to 0.5%, and blood was removed by the
femoral venous catheter connected to a syringe containing citrate anticoagulant. Blood
was withdrawn over 15 minutes until MAP reached 25 to 27 mmHg. Hemorrhagic shock
was pressure-controlled for 35 mins by removing or administering shed blood in 50 puL
aliquots. After HS, volume resuscitation was initiated with 20 mL/kg lactated ringers (LR)
solution, plus additional bolus injections of 10 mL/kg LR as needed to sustain a target
MABP of 70 mmHg for 90 min (Pre-Hospital Care Phase). The final ‘Hospital Phase” was
initiated by returning shed blood to mice over 15 mins. After re-infusion of the shed blood,
MAP generally returns to near baseline levels (~90 mm Hg). Immediately following the
Hospital Phase, mice were administered the experimental therapy IV (vehicle, 1 mg/kg,
or 3 mg/kg). Mice were weaned from isoflurane, catheters were removed, and they were
allowed to recover on supplemental oxygen for 30 mins before returning to the animal
housing facility. In the acute study cohort (48 h endpoint) mice received an additional IP
bolus injection of the experimental therapy at 24 h post-injury. In the subacute study cohort
(7 d endpoint) mice received additional IP bolus injections at 1 d, 2 d, and 3 d post-injury.
Shams received craniotomy, catheterization, and vehicle injections. Mice were randomized
to treatments and technicians were blind to groups (e.g., de-identified tubes labeled “A”,
“B”, or “C” were provided to the technician that administered the experimental therapy
after CCI + HS injury and for subsequent booster injections).

Hematoxylin and Eosin (H&E) Staining and Cell Counts. Histological staining and
analysis were done as described by our group [2]. In brief, at the determined study endpoint,
rodents were anesthetized and flushed with heparinized ice-cold saline by transcardial
perfusion into the left ventricle with drainage from a right atrial incision until all blood was
cleared. Subsequently, the animal was immediately flushed with 10% buffered formalin.
Brains were removed and postfixed in 10% buffered formalin for 72 h. Brains were cut,
dehydrated, cleared, embedded into paraffin wax, and sectioned on a microtome. Sections
were deparaffinized, treated with hematoxylin stain (ThermoScientific, Waltham, MA,
USA), washed, treated with Bluing reagent (ThermoScientific), washed, and treated with
Eosin Y (ThermoScientific), mounted with a coverslip on glass slides, and imaged on a
Nikon Eclipse 90i microscope (Nikon, Melville, NY, USA). Live cells (CA1 and CA3) in the
stratum pyramidale hippocampus were counted, divided by the length of the CA1/CA3,
and reported as cells/0.1 mm. The technician quantifying CA1/CA3 cell counts was blind
to treatment.
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Statistics. Fluorescent units (CellTiter-Blue viability) were analyzed by one-way
ANOVA followed by a post hoc Newman-Keuls multiple comparison adjustment. CA1 cell
counts from ACA injured rats were analyzed by one-way ANOVA followed by Dunnett’s
post hoc comparison with vehicle-injury established as the control group for group com-
parisons. The CA1 cell count for a single subject was eliminated from statistical analysis
because it was a statistical outlier as determined by the ROUT method. No other subjects
across all groups were identified as outliers in the ROUT analysis. The one outlier animal
received a ~9 min cardiac arrest in the vehicle treated group but had the highest CA1 cell
count across all groups including when compared to uninjured sham rats. OPC and NDS
data were analyzed by two-way ANOVA followed by Dunnett’s post hoc comparison
with vehicle-injury established as the control group for group comparisons. In the 48 h
CCI + HS study, cell count data between groups had unequal variance. Therefore, 48 h
CA1/CA3 cell count data were analyzed by Welch’s ANOVA followed by Dunnett’s T3
post hoc comparison test with vehicle-injury established as the control group for group
comparisons. For the 7 d CCI + HS cohort, descriptive statistics confirmed all groups had
equal variance. Therefore, a standard two-way ANOVA followed by Dunnett’s post hoc
comparison was performed, with vehicle-injury established as the control group for group
comparisons. Scatter plots were graphed in GraphPad Prism (GraphPad Software Inc., La
Jolla, CA, USA, Version 8.1.2). Data were significant at p < 0.05.

3. Results

A five-step screening strategy (Figure 1A) was used to identify a potential CNS per-
meable PHLPP inhibitor for neuroprotection. Polar surface area (PSA) and calculated
partition coefficient (CLogP) are critical chemical properties that influence BBB penetration
of compounds [13,14]. PSA and CLogP were calculated for each of the 116 known PHLPP
inhibitors using Chemicalize software (Chemaxon; Boston, MA, USA) (Figure 1B). The up-
per limit of the PSA for BBB penetrating compounds is <90 A2 [13]. This led us to eliminate
65 PHLPP inhibitors from further consideration. The remaining 51/116 compounds were
screened for CLogP. The optimal mean CLogP of BBB penetrating drugs was reported to be
2.1[13,15], 2.5 [13,16], or 3.4 [13,17]. However, CLogP of BBB penetrating drugs is normally
distributed on a bell curve ranging from ~1 to ~5 [14]. To support our goal of refining
the number of hits, we set 2.1 as the optimal CLogP then instituted cutoffs by adding or
subtracting 1.3 from that value (i.e., a minimum of 0.8 and a maximum of 3.4). Thus, we
selected for compounds that cluster near the optimal CLogP mean of 2.1-3.4 and which led
us to eliminate an additional 29 inhibitors from further consideration.

To further rank the 22 remaining PHLPP inhibitors, we calculated the BBB Score for
each compound. The BBB Score methodology developed by Gupta et al. [18] considers
five physicochemical descriptors including: (a) number of aromatic rings, (b) heavy atoms,
(c) a descriptor comprising molecular weight, hydrogen bond donor, and hydrogen bond
acceptors (i.e.,, the MWHBN), (d) the PSA, and (e) pKa. The utility of the BBB Score
was verified by Gupta et al. against 270 CNS active and 720 non-CNS FDA-approved
drugs [18]. In their study no compounds with a calculated BBB Score of <2 were CNS
active. A total of 12.8% of drugs with a BBB Score between 2 and 3 were CNS active;
21.9% of drugs with a BBB Score between 3 and 4 were CNS active; 54.5% of drugs with
a BBB Score between 4 and 5 were CNS active; and 90.3% of drugs with a BBB Score
between 5 and 6 were CNS active. Germane to the 22 PHLPP inhibitors deemed of interest,
21/22 had BBB Scores > 3, 14/22 had scores > 4, and 4/22 had scores > 5. (Figure 1C).
Notably, the two most prolifically investigated PHLPP inhibitors have a BBB score < 2, and
the frontrunner for potential translation (NSC177079 [6,7,19,20]) had the lowest value of
0.86. The 22 unexplored inhibitors were then grouped and ordered by IC50 to block the
PP2C domain of PHLPPs [6]. Only compounds with the lowest IC50 to inhibit PHLPP
(<5 uM) were considered for empirical testing of neuroprotection. This led us to consider
four compounds for in vitro studies (NSC13378, NSC25247, NSC48961, and NSC74429),
Ultimately, NSC48961 was excluded due to having a CLogP furthest outside the optimal
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range (2.1-3.4) and because better options were identified. This led us to obtain from the
DTP/NCI three highly promising compounds to test in cell culture (Figure 1D): NSC13378
(BBB Score = 5.06), NSC25247 (BBB Score = 4.82), and NSC74429 (BBB Score = 3.60).
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Figure 1. Physicochemical Properties of PHLPP Inhibitors and the Prediction of Their CNS Activity.
(A) An overview of the top-down screening process employed in this study for drug selection. (B) The
predicted polar surface aera (PSA) and calculated partition coefficient (CLogP) for each PHLPP
inhibitor calculated in Chemicalize (Chemaxon). Compounds highlighted in purple denote the two
PHLPP inhibitors that have received the most empirical study/characterization to date. Compounds
highlighted in yellow denote unexplored PHLPP inhibitors that have chemistries supportive of BBB
penetration. (C) The 2 most studied compounds and the 22 unexplored PHLPP inhibitors organized
by known IC50s to block the PP2C domain of PHLPP2. Additionally, the BBB Score (BBB-S) was
calculated for each of the compounds and arranged in each subgroup highest to lowest. The red
highlighted BBB Scores indicate values < 2 and consistent with non-CNS drugs [6,18]. (D) The
chemical structures of 3 unexplored PHLPP inhibitors chosen for testing in neurons is depicted.
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NSC13378 did not increase neuronal survival in primary rat cortical neurons after a
24 h staurosporine insult (Figure 2A). In contrast, NSC25247 (at 50 uM) and NSC74429 (at
25 and 50 M) were both neuroprotective in the STS assay (Figure 2A,B). NSC13378 was
eliminated from further consideration while the other two compounds were advanced to
testing in models of excitotoxicity and oxidative stress. NSC25247 increased 24 h neuronal
survival after glutamate-induced injury (at 50 uM) but had no effect on survival in the
H,0O; injury assay (Figure 2C,D). In contrast, NSC74429 increased 24 h neuronal survival in
both the glutamate (at 50 pM) and H,O; injury assay (at 25 and 50 uM) (Figure 2C,D). At
the highest dose tested NSC25247 was neuroprotective in 2/3 assays and was a promising
candidate for a CNS-active PHLPP inhibitor. However, it was eliminated from further
consideration because NSC74429 demonstrated superior characteristics (i.e., it protected in
3/3 assays at one or both concentrations).
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Figure 2. Neuroprotective Efficacy of NSC13378, NSC25247, and NSC74429 in Cultured Primary Rat
Cortical Neurons. Neurons were injured on day in vitro (DIV) 9 and treated with vehicle or NSC
compounds. (A) A scatter plot showing 24 h viability in staurosporine injured neurons treated with
NSC13378 or NSC74429. (B) A scatter plot showing 24 h viability in staurosporine injured neurons
treated with NSC25247. (C) A scatter plot showing 24 h viability in glutamate injured neurons treated
with NSC25247 or NSC74429. (D) A scatter plot showing 24 h viability in hydrogen peroxide injured
neurons treated with NSC25247 or NSC74429. All groups include n = 10/group. Data were analyzed
by ANOVA and post hoc significance was detected using the Newman-Keuls multiple comparison
test. Data were significant at p < 0.05. (*) = p < 0.05, (***) = p < 0.001.
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Rats underwent an ~8-9 min ACA and were administered post-insult vehicle, 1 mg/kg
NSC74429, or 3 mg/kg NSC74429. Both doses of the experimental PHLPP inhibitor increased
7 d neuronal survival in the CA1 subregion of the hippocampus (Figures 3A-F and S1). The
duration of the total ischemia time did not differ compared to vehicle (IQR [min:sec]:
vehicle 8:39-9:07, 1 mg/kg 8:34-8:56, 3 mg/kg 8:39-9:02; post hoc Dunnett’s p = 0.856 for
vehicle vs. 1 mg/kg and p = 0.982 for vehicle vs. 3 mg/kg), indicating that differences in
7 d neuron survival were not due to differences in insult severity. OPC and NDS testing did
not reveal significant differences in neurological recovery at1d,2d, 3 d, or 7 d post-injury
in vehicle versus NSC74429 treated rats (Figure 3G, H).
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Figure 3. Evaluation of NSC74429 Mediated Neuroprotection in a Rat Model of Cardiac Arrest.
(A,B) Normalized CA1 cell count values are shown along with the associated scatter plot. A single
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CAL1 cell count outlier was confirmed by the ROUT method (indicated by the *) and removed prior to
statistical analysis of histology. Individual data points highlighted in red in the scatter plot correspond
to the rat brains selected as representative images. (C-F) Representative images of H&E-stained
brains used to assess CA1 cell loss. (G,H) Line graphs (mean + SEM) show changes in overall
performance category (OPC) and neurological deficit score (NDS) testing measured in the first 72 h
post-injury and at 7 d post-injury. Asterisks indicate significance compared to vehicle-injured rats.
Data were significant at p < 0.05. (*) = p < 0.05, (***) = p < 0.001, (****) = p < 0.0001.

Finally, to begin to assess the scope of hippocampal neuroprotection in vivo, we also
tested NSC74429 in an established mouse model of severe TBI. Vehicle treated mice sub-
jected to a CCI + HS had significant CA1 and CA3 neuronal loss in the hippocampus at
48 h post-injury (Figure 4A,B). By 7 d post-injury, neuronal loss persisted in the CA1 subre-
gion but was not statistically different versus shams in the CA3 subregion (Figure 4C,D).
One mg/kg NSC74429 significantly increased CA1 neuronal survival at 48 h post-injury but
not at 7 d post-injury (Figure 4A,C). Additionally, 1 mg/kg NSC74429 was associated with
a trend toward improved CA3 cell counts at both the 48 h and 7 d post-injury time points
but this was not statistically significant (Figure 4B,D). CA1/CA3 neuronal survival in the
3 mg/kg treatment group was also not statistically different compared to vehicle treated
mice (Figure 4A,B). However, CA1 cell counts at 48 h post-injury displayed a biomodal
pattern in the high dose group—one subgroup appeared to show signs of neuroprotec-
tion, whereas the other subgroup appeared worse than vehicle treated mice (Figure 4A).
Mortality was highest overall in the 3 mg/kg group (in the 48 h study) and had the only
case of a surviving mouse with brain hemorrhage that prevented accurate hippocampal
neuronal counting (Figure 41-L). For that reason, 3 mg/kg was not further explored in the
7 d outcome study.
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Figure 4. Evaluation of NSC74429 Mediated Neuroprotection in a Mouse Model of TBI. (A,B) Scatter
plots of normalized CA1 and CA3 cell counts at 48 h post-injury. (C,D) Scatter plots of normalized
CA1 and CAS3 cell counts at 7 d post-injury. Individual data points highlighted in red in the scatter plot
correspond to the mouse brains selected as representative images in panels E-H. (E-H) Representative
images of H&E-stained brains used to assess CA1/CAS3 cell loss. (I-L) Mortality for each group by
treatment and study endpoint. Asterisks indicate significance compared to vehicle-injured rats. The
red text indicates animals that died. The purple text indicates an animal that survived to the study
endpoint but had bleeding in the brain that precluded cell counting. Data were significant at p < 0.05.
Not Significant (N.S.), Brain Hemorrhage (B.H.), Controlled Cortical Impact (CCI), Hemorrhagic
Shock (HS). (*) = p < 0.05, (**) = p < 0.01, (****) = p < 0.0001.

4. Discussion

Sierecki et al. used a combination of cell-free screening assays and in silico tools
to identify ~116 small-molecules that selectively block the PP2C-phosphatase domain in
PHLPPs [6]. These compounds are non-selective for PHLPP1 and PHLPP2. Two com-
pounds (NSC117079 and NSC45586) were subsequently investigated by others but are
unlikely candidates for CNS therapeutics [7,19,20]. Specifically, their chemical properties
are not ideal for targeting the brain (e.g., their BBB score < 2) and some bind albumin.

Our objective was to employ an accelerated win/kill approach to quickly filter /identify,
among the 114 unexplored PHLPP inhibitors, a single compound that merited in vivo test-
ing for neuroprotection in multiple models of brain injury. Our rationale was based on
the need for a PHLPP inhibitor that is more likely to target the brain, and to establish
neuroprotection before advancing with elaborate follow up studies to comprehensively
assess cell signaling in a variety of cell types, behavioral outcomes, pharmacokinetic and
pharmacodynamic (PK/PD) studies, and brain disposition studies to determine dosing
and clearance kinetics.

A five-staged algorithm was used to identify a promising PHLPP inhibitor candidate
for CNS drug development (Figure 1A). First, we reviewed both key traditional chemical
criteria (e.g., CLogP thresholds for CNS drugs [13]) and contemporary tools (e.g., calcula-
tion of the BBB Score [18]) to identify 22 compounds with chemical properties suggestive
of BBB penetration (1st and 2nd level analysis). Next, we selected the top three drugs
(NSC13378, NSC25247, and NSC74429) with optimal properties and the lowest IC50s to
inhibit PHLPPs, and empirically tested them in neurons in a gold-standard model of STS-
induced apoptosis (3rd level analysis). STS was the initial screening injury-assay because
it models a pure apoptotic insult, and because apoptosis is the prototypical cell death
pathway augmented by PHLPPs [4,21]. Furthermore, we previously reported that PHLPP
gene knockdown or treating cells with NSC117079 is neuroprotective in STS, and therefore
using the same assay here facilitated historical comparisons germane to the efficacy of
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the uncharacterized novel PHLPP inhibitors that were tested [7]. The most promising
compounds advanced to testing in in vitro models of glutamate-induced excitotoxicity and
H,Os-induced oxidative stress (4th level analysis). The insults produced by these agents
activate a complex constellation of cell death mechanisms including apoptosis, necrosis,
and autophagy [22-25]. These mechanisms are felt to be critical in the pathophysiology
of clinical brain injury including in TBI, stroke and ACA [26-28]. NSC74429 performed
best overall (on all three assays) and was advanced to animal testing (5th level analysis).
We used a 1 mg/kg (low) and 3 mg/kg (high) dose for in vivo studies. Dosing was based
on a similar dose range reported with NSC117079 and NSC45586 to induce a biological
effect in animals [20]. To further strengthen our in vivo studies, we used two different brain
injury models across two different species, to assess the generalizability and robustness of
neuroprotection. Our rat ACA model results in a primary insult to the CA1 subregion of
the hippocampus but does not damage the BBB [29,30]. In contrast, our mouse CCI + HS
model is comparatively more severe, results in widespread necrosis, a cortical contusion,
robust hippocampal CA1/CA3 neuron death, and the BBB is compromised as determined
by Evans blue extravasation [11,31].

Low and/or high dose NSC74429 increased rat neuron survival after STS, glutamate,
or H,O; -induced cell death. High dose (50 tM) NSC25247 also showed promise and was
neuroprotective in both the STS and glutamate injury models, but not in HyO,. Importantly,
all assays employed a post-treatment strategy, except for STS in which NSC compounds
were added at the same time as the injury agent. Additionally, the finding that low dose
(25 uM) NSC74429 robustly protected in STS (apoptosis), modestly in HyO, (necrosis), and
had no effect in glutamate (excitotoxicity), precluded the possibility that neuroprotection
was simply due to an artifact of the compound interacting with the viability assay. Similarly,
cells treated with NSC13378 were visibly dead.

NSC74429 also decreased neuronal death in vivo in a rat model of ACA and a mouse
model of TBI. Neuroprotection in the injured CA1l in the ACA model persisted for at
least 7 d post-injury, which suggests that NSC74429 did not simply delay inevitable cell
death—although even longer endpoints were not studied [32,33]. Additionally, the fact that
BBB function is maintained in the ACA model, and that neuroprotection with NSC74429
was observed, supports the predictive chemistry suggesting that it is a promising candidate
to target the brain. Nevertheless, future studies are needed to directly assess drug levels
in brain tissue and/or to ascertain if peripheral effects could have contributed to CA1
neuroprotection via indirect mechanisms. In the CCI + HS model, CA1 neuroprotection was
seen at 48 h but not 7 d post-injury. Thus, NSC74429 delayed cell death in CA1 in the TBI
model but did not produce long-lasting neuroprotection in that region. The neuroprotective
benefit on 48 h CA1 survival is nevertheless striking given that (a) the CCI + HS model
produces a very severe insult which represents a high bar for neuroprotectants to show
a benefit, and (b) the administration of NSC74429 was delayed by almost ~2 h after the
initial CCI-TBI component of the insult (i.e., therapy was initiated after the hospital phase
of the HS component). Interestingly, in the CA3, there was a trend toward a sustained
increase in neuronal survival in the 1 mg/kg NSC74429 group at 48 h and 7 d post-injury;
however, this effect was not significant, and our study was not powered to appropriately
test that hypothesis. Higher mortality in the 3 mg/kg group merits additional study. While
bolus dosing was a logical first step to assess neuroprotection, future PK/PD studies are
needed to determine if sustained delivery at targeted serum doses may further improve
histological outcomes and minimize adverse side effects. The mechanism(s) mediating
increased mortality at the high bolus dose are unclear but will need to be elucidated prior to
clinical translation, if warranted, or to potentially determine if modifications to the parent
compound may mitigate some unwanted side effects.

We were surprised that NSC13378 failed to protect; it was our frontrunner based on its
LogP, BBB Score, and IC50 to inhibit PHLPP. This unexpected result highlights the benefits
of our multi-staged approach to screening. Conversely, we were surprised by the robustness
of NSC74429. Indeed, the magnitude of neuroprotection appeared to be much greater than
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what we previously observed in the STS assay in primary rat neurons after PHLPP1 gene
knockdown or by using NSC117079 [7]. Future cell culture studies are needed to test if
protection with NSC74429 is lost or ameliorated after PHLPP1 or PHLPP2 knockdown, or
after combined PHLPP1/PHLPP2 knockdown. Those experiments may shed light on the
potential contribution of PHLPP-dependent versus -independent mechanisms mediating
neuroprotection.

It is possible that NSC13378 failed to protect due to toxic off-target effects, whereas
NSC74429 was beneficial due to neuroprotective off-target effects. Thus, it is not clear if
hippocampal protection was fully or partially dependent on PHLPP inhibition and the
specificity of NSC74429 remains to be determined. Importantly, contemporary thinking in
neurotrauma has moved away from focusing solely on drugs that target a single mechanism.
That is because the nature of brain damage seen in heterogenous TBI patients is multi-
factorial and has contributed, in part, to the lack of new interventions after >191 clinical
trials [34]. Thus, from a translational perspective, we think it would be advantageous if
future studies discover that NSC74429 targets additional neuroprotective mechanisms on
top of PHLPP inhibition. We recognize however a disadvantage is that the more pathways
targeted by NSC74429 (if confirmed) the less useful this compound may turn out to be as a
research tool to selectively probe PHLPP biology in the brain, but whether this concern is
justified remains to be seen. Additionally, it is equally possible that NSC74429 is a selective
PHLPP inhibitor and that it performed the best because of its high specificity and lack of
side effects at the doses tested.

Clinically, we think that our findings may be important. Pro-death PHLPP1 and
PHLPP2, also referred to as suprachiasmatic nucleus circadian oscillatory proteins (SCOP),
are encoded by two genes [4,35,36]. The PHLPP-PP2C domain is highly homologous
between isoforms (58% identity), inhibits a variety of pro-survival signaling pathways,
and is of interest germane to blocking PHLPP-PP2C activity for neuroprotection [1,36].
Indeed, PHLPP1 gene KO mice have decreased infarct volume after experimental stroke [1].
Additionally, PHLPP1 impairs hippocampal-dependent memory function, and gene KO
mice have enhanced memory performance following a TBI [2,37]. PHLPP2 similarly
promotes neuronal death and siRNA mediated gene knockdown decreased brain damage
in a rat model of global cerebral ischemia [38]. More recently it was discovered that
endothelium-specific PHLPP2 KO mice have decreased neointima formation in injured
carotid arteries (i.e., decreased harmful vascular remodeling) [3]. Conversely, PHLPP2
levels are increased in the endothelium of human patients with atherosclerotic plaques [3].
Thus, PHLPPs are linked to a spectrum of disease-promoting cell signaling perturbations
that could negatively impact chronic brain health, and pharmacological inhibitors targeting
PHLPPs in the human brain may be useful.

Study limitations include sample size, the lack of an assessment of drug efficacy in fe-
males (i.e., only males were tested), lack of additional outcome metrics (e.g., behavior), and
that our findings come from a single center, and lack of assessment of cognitive outcome
and/or longer-term outcomes [11]. However, the high level of rigor in our study, both
technical (randomization and blinding) and statistical, strengthens our overall findings.
Additionally, assessing neuroprotective agents across models in a single study is uncom-
mon and has many potential scientific advantages to better predict real-world efficacy
and limitations of CNS drugs, as is being demonstrated by the multi-center drug testing
consortium for TBI, Operation Brain Trauma Therapy, and/or in consortia in early stages of
development for other forms of acute brain injury, including cardiac arrest [39-41]. Another
limitation was our compound screening design. While logical, it may have incorporated
biases that resulted in the elimination of drugs that ultimately warrant testing. For instance,
changes in the thresholding rules could have led to other compounds being assessed. Ad-
ditionally, we did not leverage other sophisticated methods to estimate BBB permeability
(e.g., Al learning [42]). Thus, other molecules among the 111 PHLPP inhibitors yet to be
characterized could have advantages over NSC74429 (e.g., more neuroprotective, greater
ability to penetrate the BBB, and/or less side effects at the optimal dose). Nevertheless, we
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believe that our approach resulted in exciting new findings that expand the current arma-
mentarium of research tools (NSC117079, NSC45586, NSC74429, and NSC25247) available
to researchers to study PHLPPs. Additionally, our findings support the need for further
tests on NSC74429 and NSC25247 to modulate PHLPP activity in the brain.

5. Patents

Travis C. Jackson and Patrick M. Kochanek are co-inventors on a pending patent ap-
plication titled: “Compounds for the treatment of acute organ injury” (USPTO Application
No. 16/584,314).
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Abstract: Numerous longitudinal studies suggest a strong association between cardiovascular risk
factors and cognitive impairment. Individuals with atrial fibrillation are at higher risk of dementia
and cognitive dysfunction, as atrial fibrillation increases the risk of cerebral hypoperfusion, inflam-
mation, and stroke. The lack of comprehensive understanding of the observed association and the
complex relationship between these two diseases makes it very hard to provide robust guidelines on
therapeutic indications. With this review, we attempt to shed some light on how atrial fibrillation is
related to dementia, what we know regarding preventive interventions, and how we could move
forward in managing those very frequently overlapping conditions.

Keywords: dementia; atrial fibrillation; Alzheimer’s; stroke; bleeding; anticoagulation

1. Introduction

Numerous longitudinal studies suggest a strong association between cardiovascular
risk factors and cognitive impairment. Patients with atrial fibrillation (AF) are at higher risk
of dementia and cognitive dysfunction as AF increases the risk of cerebral hypoperfusion,
inflammation, and stroke [1]. However, the existing literature still lacks a thorough analysis
of the observed association and complex relationship between these two diseases. In
addition, no official guidelines exist to provide clear indications for treatment based on
prospective intervention studies. This review will provide a comprehensive and detailed
overview of the topic.

2. Epidemiology of AF and Dementia

AF is the most prevalent arrhythmia in adults, with around 37.5 million cases; at
the same time, dementia accounts for a massive burden for the healthcare system, with
an estimated prevalence of approximately 55 million cases. With the population ageing
worldwide, epidemiological predictions foresee increased prevalence of both disorders as
well as associated morbidity and mortality [2]. Saglietto et al. reported atrial fibrillation
and dementia epidemiological data as analyzed from 1990 to 2019 [3]. The overall incidence
rate of AF and dementia was 7-9 folds higher in higher sociodemographic index (SDI)
countries compared to lower SDI countries. Remarkably, there is a significant overlap
in the population affected by the two diseases, with Liu et al. reporting that AF was
independently associated with dementia (HR = 1.34, 95% CI: 1.24-1.44) [4]. Unfortunately,
the causal association is still being investigated [5].
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3. Challenges in Associations

There are many potential links between AF and dementia. Firstly, a well-known
risk factor for dementia is stroke, which is one of the most common complications of AF.
Second, a decline in cardiac output secondary to AF leads to chronic cerebral hypoper-
fusion, which in turn causes central nervous system dysfunction. Although associating
the two conditions appears obvious, significant gaps in the mechanistic etiology of AF-
related cognitive consequences exist beyond aging and stroke. The shared etiology due
to overlapping risk factors (including advanced age, hypertension, heart failure, diabetes,
hyperlipidemia, sleep apnea, coronary artery disease, chronic kidney disease, obesity, and
physical inactivity) as well as therapeutic options (DOACS) [2] acts as a significant con-
founder in existing observational studies. Furthermore, causal associations with dementia
may be complicated to prove due to the slowly progressive nature of the disease. Still, it
also has many different sub-categories (vascular, Alzheimer’s, etc.) [6]. Recently, several
longitudinal studies have suggested that AF correlates with all causes of dementia but
also with Alzheimer’s disease [6,7]. However, observational studies might be confounded
by potential biases and reverse causation [8]. On the other hand, solid evidence from
numerous prospective studies has shown AF to be associated with cognitive impairment,
cognitive decline, and all causes of dementia [7,9-14]. However, most studies examined the
relationship with all-cause dementia without separate investigation for vascular demen-
tia and Alzheimer’s disease [10-14]. Although there is evidence that AF correlates with
Alzheimer’s, there is no suggested mechanical relationship between the two, with studies
concluding that it is likely related to confounding bias due to shared comorbidities [6].
Objective quantification of dementia can be challenging but vital when it comes to studies
regarding associations. MRl is the gold standard as it can depict structural changes (lacunar
infarcts, atrophy, and amyloid depositions) [15]. Computed tomography, despite being
more cost effective, does not provide optimal results when it comes to differentiating types
of dementia [16]. Recently, there has been a lot of progress in the field of neuro- imaging,
with advanced metabolic and functional modalities. Identifying pathology before the radio-
graphic evidence in T2 weighted MRI is a challenge, but single-photon emission computed
tomography, fluorodeoxyglucose—positron emission tomography and blood oxygenation
level-dependent MRI are state-of-the art and promising modalities [17].

4. Evidence of Association

Several well-established population-based longitudinal studies have demonstrated
a higher risk of cognitive decline or dementia associated with AF. Nevertheless, most
of the evidence comes from the data on the elderly population. Hence, the association
might be related to underlying systemic vascular disease and the increased prevalence
of both disorders with decreased age. Therefore, it is crucial to investigate whether the
link arises from a common pathophysiological mechanism or whether AF plays a role in
a causal pathway. Interestingly, in the Whitehall study [14], more than 10,000 patients
(aged 45-69 years) who completed cognitive tests four times over 15 years were recruited.
Compared to AF-free participants, patients with longstanding AF (5, 10, or 15 years) expe-
rienced a steeper curve of cognitive decline and a higher risk of dementia after adjusting
confounders (sociodemographic, behavioral, and chronic diseases) [HR: 1.87; 95% CI: 1.37,
2.55]. Hence, in those with early AF onset, a more extended exposure period led to more
significant neuronal injury and loss, possibly due to an enhancing effect of the degenerative
disease on vascular changes. In addition, a study showed that even adults with incident
AF at age 50-55 had accelerated cognitive decline [14]. Atrial fibrillation was associated
with an increased risk of dementia (hazard ratio, 1.23; 95% confidence interval, 1.04-1.45),
even after adjusting for cardiovascular risk factors, including ischemic stroke [18]. This
association was strongest for younger patients who consistently had a longer duration of
AF. A systematic review and meta-analysis by Kwork [19] identified 15 relevant studies,
including 46,637 participants with a mean age of 71.7 years. Fourteen studies showed a
significant increase in the risk of dementia associated with AF (OR 2.0,95% CI1.4to 2.7,
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p < 0.0001), with substantial heterogeneity (I(2) = 75%). After stratification by participants,
the association was significant in studies focusing only on stroke patients (7 studies, OR 2.4,
95% CI 1.7 to 3.5, p < 0.001, I(2) = 10%), and of marginal significance in broader populations
(7 studies, OR 1.6, 95% CI 1.0 to 2.7, p = 0.05, I(2) = 87%). Santangeli et al. comprised
eight prospective studies including more than 77,000 patients, of whom 11,700 (17%) had
AF [20-28]. The authors investigated whether there is an association between AF and
dementia in patients with normal cognitive function at baseline who did not suffer an
acute stroke. After adjusting for confounders, an independent risk of developing dementia
was demonstrated in AF patients with an HR of 1.4 (95% CI 1.2-1.7) [7]. An even more
extensive systematic review published by Kalantarian assessed the association of AF with
cognitive decline, including prospective and non-prospective studies, mainly using MMSE
and DSM-III or 1V criteria. What was found was that the risk for cognitive impairment
was more than doubled in AF patients with a history of stroke [RR 2.70 (95% CI 1.82-4.00)].
Additionally, there was a markedly increased risk for cognitive decline regardless of stroke
history [RR 1.40 (95% CI 1.19-1.64)] [29]. There is limited data available regarding the
prevalence of dementia within various treatment option populations for AF. The observed
inconsistencies between studies that establish associations and those that don’t could be
due to the variations in the methodology used across studies, a lack of rigorous adjustment
for potential confounder variables, and having highly selected populations. For instance,
certain studies have small sample sizes or short follow-up periods. In addition, different
approaches and age ranges were used to assess AF and dementia across the studies. In
summary, current evidence from systematic reviews and population-based longitudinal
studies suggests an independent association of dementia and cognitive decline with AF,
especially among the age group of 64-74.

5. Proposed Mechanistic Associations between AF and Cognitive Dysfunction

Cerebral infarction, AF-related cerebral hypoperfusion, microbleeds, inflammation,
brain atrophy, atherosclerosis, and others (Figure 1).
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Figure 1. Relationship of Atrial Fibrillation with Dementia.

5.1. Silent Cerebral Infarcts

There have been many studies showing that silent cerebral infarcts are associated with
dementia and stroke. In a meta-analysis, AF was associated with a 2.6-fold increased risk of
silent cerebral infarcts [30]. Compared with controls in sinus rhythm, patients with AF had

63



Biomolecules 2024, 14, 455

much lower cognitive function in an observational study that assessed patients with silent
infarcts (validated by MRI) [31]. In studies using systematic brain imaging, 15% to 50% of
patients with AF have a brain infarct [32]. What is more remarkable is that silent infarcts at
the time of diagnosis of AF are up to five times more common compared to symptomatic
infarcts [33]. As highlighted by Healy et al., frequently silent infarcts are miss-characterized
as “innocent, underestimating their clinical significance and the risk of developing into fatal
strokes [34]. Although this may often be regarded as a benign incidental finding without
significant neurologic deficits at the time, it is associated with both concurrent cognitive
performance and risk for cognitive decline [35,36]. The prospective SWISS-AF showed that
the infarct size is crucial to delayed outcomes. It was described that only the large embolic
silent noncortical or cortical infarcts were associated with lower cognitive scores in patients
with AF, but not the smaller size infarcts [37].

5.2. Cerebral Microbleeds

Microbleeds in key brain locations (lobar locations) have been reported to be associated
with poor cognition. What is remarkable is that even after adjusting for vascular risk factors
and imaging markers of CSVD, this relationship persists [38]. On the other hand, in a large
cohort of patients with AF, there was no association between cerebral microbleeds and
cognitive dysfunction [38]. Whether microbleeds are directly causally related to cognitive
impairment or they are bound to our therapeutic management of AF is still a mystery. There
is a chance that microbleeds attributable to OAC pose an explanation for cognitive decline
in patients with AF. A prospective MRI study found that only warfarin (not direct oral
anticoagulants or antiplatelet agents) was associated with developing new microbleeds at
one year in patients with AF. Still, we need larger cohorts to exclude that pathophysiologic
mechanism from the list [22].

5.3. Cerebral Hypoperfusion

Transient or chronic cerebral hypoperfusion has been implicated in the development of
dementia [39]. AF decreases cardiac output due to atrioventricular desynchrony, resulting
in less stroke volume and lower blood pressure [7]. Another proposed mechanism is an
interbeat volume variation, which may contribute to transient cerebral hypoperfusion [23].
Although cerebral auto-regulation is expected to keep blood flowing to the brain during
a wide blood pressure range, several studies have noted decreased cerebral perfusion in
patients suffering from AF [40]. In 358 patients with cognitive impairment and an age
greater than 65 years, excluding those with a history of transient ischemic attack, stroke,
or dementia, AF was an independent predictor for dementia, increasing the risk fourfold
after a mean follow-up of 10 years [41]. Relevant to the cerebral hypoperfusion hypothesis,
patients with either a low or high heart rate (<50 or >90) on 24-h Holter monitoring had a
7-fold risk for dementia compared to patients with a normal ventricular rate. These results
are supported by computational data highlighting that faster rates relate to a progressive
decrease in cerebral perfusion and hypotensive events in the cerebral circulation [42].
Relevant to the size of silent infarcts predicting cognitive impairment, the duration of AF
was independently associated with worse outcomes. In a cross-sectional study, patients
with sustained AF had reduced brain flow compared to those with paroxysmal AF or sinus
rhythm [24].

5.4. Inflammation

Inflammation enhances hypercoagulability and potentiates the formation of thrombi,
increasing the risk for stroke and malfunction of cerebrovascular regulation, which has
been linked to Alzheimer’s and vascular dementia [28,43]. AF is a pro-inflammatory
condition [26,27]. Validating the above, studies showed that increased markers of inflam-
mation correlate with cognitive impairment in patients with AF. Patients who developed
dementia were shown to have impaired hemostatic ability, resulting in microbleeds, as
discussed above. Continued microbleeds and inflammation form a vicious cycle that
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perpetuates, leading to a cascade of unfavorable physiologic changes. This association
between hemostasis and vascular dementia is also expressed as an abundance of thrombin
generation markers (D-dimer and prothrombin fragment 1 + 2) and endothelial dysfunc-
tion (von Willebrand factor and plasminogen activator inhibitor) [44]. In rodent models
of Alzheimer’s disease, dabigatran (a direct thrombin inhibitor) was shown to improve
pathologic changes, reduce inflammation, and slow down cognitive dysfunction even in
the absence of AF [45]. Thus, inflammatory markers could correlate with the degree of
atherosclerosis associated with cognitive impairment and AF [46].

5.5. Systemic Atherosclerosis/CHADVASC

As discussed above, atherosclerosis is strongly associated with dementia. Preclini-
cal markers of cardiovascular disease have been linked to both an increased risk of AF
and cognitive impairment [46—48]. Some are subclinical atherosclerosis, aortic stiffness,
and intima-media thickness of the carotid artery. Similarly, there is a direct correlation
between higher CHADS2 and CHA2DS2VASc scores and the risk of developing cognitive
dysfunction in patients with AF [49]. However, the number of studies on the relationship
between those scores and cognitive impairment is limited [16,17]. Chou et al. investigated
the correlation between vascular dementia/Alzheimer’s disease and CHADS2 score in the
Taiwan cohort, [16] concluding that the CHADS2 score is a valuable predictor. In another
study using the Taiwan AF cohort of 332.665 patients with AF, Liao et al. showed that
CHADS?2 and CHA2DS2-VASc were independently associated with developing dementia
during a 14-year follow-up. However, the CHA2DS2-VASc score was better at predicting
dementia [17], with a score of four or greater having 1.5 times more chances of developing
dementia than patients with less than that [11].

5.6. Genetics and Biomarkers

During the last ten years, significant progress has been made toward detecting
biomarkers of diagnostic and prognostic value for dementia [50]. Identifying biomarkers
predicting cognitive decline in AF patients could inform screening and management strate-
gies. Biomarkers will undoubtedly help refine risk stratification [51], but as with most novel
biomarkers (IncRNA BACE1-AS, MALAT1) [52], we must balance predictive ability against
practicality [50]. In a Mendelian randomization study using 93 SNPs as the instruments,
Pan et al. showed an insignificant association of genetically predicted AF with the risk of
Alzheimer’s disease. In detail, both a fixed-effect and a random-effect inverse-variance
weighted Mendelian randomization (IVW-MR) method showed that genetically predicted
AF was not associated with the risk of Alzheimer’s disease (OR = 1.002, 95% CI: 0.996-1.009,
p =0.47; OR = 1.002, 95% CI: 0.995-1.010, p = 0.52). This study concludes that genetically
predicted AF had no causal effect on the risk of Alzheimer’s disease, with the findings
being significant even when a sensitivity analysis was performed [6].

5.7. Amyloid AB4)

Atrial fibrillation compromises cerebral blood flow, which results in the development
of senile plaques due to the long-term deposition of A4, [53]. What was known was that
this type of cerebral amyloid deposition is associated with poor cognitive function and
the development of dementia [54,55]. During the last decade, there have been tremendous
advances in linking cerebral amyloid disease with low flow states, as in AF. Niwa et al.
showed that atrial fibrillation leads to vascular dysfunction which aggravates the deposition
of amyloid [56]. Hawkes et al. demonstrated how amyloid A, hinders the clearance
of cerebral amyloid, creating a vicious cycle [57]. Finally, Yao et al. elaborated on the
role of hypoperfusion and cerebral amyloid disease, attributing it to activation of the tau
phosphorylation enzymes glycogen synthase kinase-3 beta and cyclin-dependent kinase-5,
which eventually induce the accumulation of Af4;.
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6. Treatment
6.1. Rhythm Control

The potential impact of successful rhythm control on cognitive decline among patients
with atrial fibrillation is an area of ongoing debate. Data originating from a recent study
hint at the beneficial role of electric cardioversion in cerebral flow assessed by MRI [24].
Improved hemodynamics and increased brain perfusion resulting from rhythm control
are hypothesized to delay cognitive decline. On the other hand, most of the existing
literature reports that electric cardioversion increases the risk of cerebral microemboli. In
a population of AF patients, there was no consistent evidence of an association between
PVI (pulmonary vein isolation) and neurocognitive function [58]. In other studies, AF
ablation has been associated with declining cognitive function and acute brain lesions [59-
61]. However, a direct association between silent cerebral microembolism and cognitive
decline is yet to be proven [62]. Findings from the EAST-AFNET 4 trial did not demonstrate
a significant impact of early rhythm control on cognitive function [63]. Despite this,
ongoing studies, such as the Comparison of Brain Perfusion in Rhythm Control and Rate
Control of Persistent Atrial Fibrillation (NCT02633774) and AFCOG (NCT04033510), aim
to investigate the role of rhythm control in preventing cognitive decline in AF. The results
of these ongoing trials will inform treatment strategies to improve the cognitive outcomes
of individuals with AF and potentially impact this patient population’s management [1].
Since this is an issue of vital importance, the NOR-FIB2 (Fibrosis, Inflammation, and Brain
Health in Atrial Fibrillation: The Norwegian Atrial Fibrillation and Stroke Study; URL:
https:/ /www.clinicaltrials.gov; Unique identifier: NCT03816865) is ongoing and ventures
to assess whether programmed direct-current cardioversion increases the risk of cognitive
dysfunction and the incidence of new-onset silent cerebral infarcts. In summary, the results
seem to be either neutral or negative regarding the effect of cardioversion on dementia.
Still, more studies are required to investigate whether converting to sinus could reduce the
risk of developing dementia in the long run.

6.2. Comparison between Ablation and Oral Antiarrhythmics

Compared to oral antiarrhythmics, ablations reduce paroxysmal AF episodes and
prolong the duration of sinus normorhythmia, thereby improving the quality of life [64,65].
Two recent studies demonstrated that, beyond that, catheter ablation improved cognitive
function [66,67]. Using the Korean NHIS database, Kim et al. [68] compared the risk
of dementia between 9119 patients undergoing ablation and 17,978 patients managed
using medical therapy (antiarrhythmic or rate control drugs). During a median follow-up
of 52 months, ablated patients had a significantly lower incidence and a reduced risk
of dementia overall (8.1 and 5.6 per 1000 person-years, respectively; HR, 0.73; 95% CI,
0.58-0.93). The authors inferred that restoring sinus rhythm, not the ablation procedure,
was the critical mechanism in reducing the risk for dementia since the ablation group had
longer durations of persistent sinus rhythm when compared to the medical management
arm. The ongoing DIAL-F case—control study (Cognitive Impairment in Atrial Fibrillation;
Unique identifier: NCT01816308) is comparing the incidence of cognitive impairment
(assessed by MoCA) in two groups of patients with AF (Patients undergoing catheter
ablation for AF versus those receiving antiarrhythmic drugs) [1].

6.3. Anticoagulation

The pathophysiological mechanisms linking atrial fibrillation with cognitive impair-
ment may be attributed to both microembolization (silent strokes) and macroembolization
(overt strokes). Anticoagulation therapy is an effective measure to prevent stroke and
systemic emboli in AF patients. However, anticoagulation-associated microbleeds can
worsen cognitive function, concluding that intervention RCTs are needed to assess long-
term outcomes. There are incoming data that suggest that OACs are lowering the risk
of AF-related dementia [69-71]. Kim et al. reported that OACs had a preventive effect
on dementia with an HR of 0.61 among patients with incidental AF. Friberg and Rosen-
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qvist [70] found that patients with AF who received OAC treatment had a 29% lower
risk of dementia than those with AF who were not prescribed OACs (HR, 0.71; 95% CI,
0.68-0.74) in a large-scale national cohort in Sweden. That study also showed a suggested
dose-dependent effect, with patients lowering their risk the longer they are on an OAC. In
another study by the same authors, it was recommended that AF patients aged >65 years,
irrespective of their stroke risk score, benefit from OAC in regards to lowering the risk for
dementia [71]. Several clinical trials, including GIRAF [72] and CAF [73], have investigated
the role of warfarin and dabigatran in preventing cognitive decline. Both trials evaluated
the participants at baseline and two years after the initiation of the study and revealed
no significant differences between the two medications. Despite some studies reporting a
benefit, others are suggesting that anticoagulation is associated with higher risks of devel-
oping dementia in AF, possibly due to microbleeds. In AF patients receiving warfarin, a
lower time-in-therapeutic range has been associated with a higher risk of dementia [21,74].
Due to frequent suboptimal control in patients receiving warfarin, there is a significant
concern for microbleeds, which can, in line with this, cause chronic cerebral injuries and
inflammation and eventually lead to cognitive decline [75].

6.4. Type of AC

Currently, there are no randomized data on the efficacy of different OACs in preventing
dementia in AF patients. In patients with an indication for AC, it is not ethically acceptable
to randomize patients to OAC versus placebo to assess cognitive outcomes. On the other
hand, small observational studies highlight the protective effect of DOACs compared
to other pharmacological options when it comes to cognitive outcomes [70,76]. A small
meta-analysis of four randomized trials that compared NOACs to warfarin demonstrated
that NOACs were associated with a significant risk reduction in terms of overall stroke
and systemic embolism [77,78]. Two cohort studies performed in the USA also agreed with
the above outcome [76,79]. While the Danish registries showed no difference in dementia
between DOACSs and warfarin users [80], Kim et al. [81] enrolled 52,888 new OAC users
with AF (aged >60 years, 31,211 NOAC users, and 21,677 warfarin users) from the Korean
NHIS database, suggesting statistically significant differences in outcomes. Relative to
propensity-matched warfarin users, NOAC users, regardless of whether it was apixaban,
dabigatran, or rivaroxaban, tended to have a lower risk of dementia (HR, 0.78; 95% CI,
0.69-0.90). Nationwide Swedish and Danish cohort studies showed neutral results, as they
concluded that the incidences of dementia when comparing warfarin and NOAC were
similar [70,80].

6.5. Anti-Inflammatory Agents

The relationship between inflammation and cognitive decline in individuals with
atrial fibrillation remains an area of active research. While some evidence suggests that
inflammation plays a role in the development of cognitive impairment in patients with AF,
further investigation is necessary to fully understand this relationship’s nature. Specifically,
additional research is required to determine the potential effectiveness of anti-inflammatory
medications, such as statins, aspirin, or etanercept, in mitigating the cognitive decline asso-
ciated with inflammation. Statin therapy appears to positively affect cognitive outcomes
in patients with AF [70], but this will require more extensive studies to influence our
current guidelines.

7. Future Directions and Conclusions

Understanding the relationship between atrial fibrillation and structural brain changes
is a crucial area of investigation in cognitive neuroscience. However, the underlying struc-
tural changes that may contribute to this decline still need to be fully understood. In
this review, we summarized the potential etiological link between AF and dementia, ana-
lyzed potential risk stratification or monitoring surrogates, and elaborated on therapeutic
interventions that have shown benefit (Figure 2).
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Diagnosis and Therapy: data for atrial fibrillation and dementia
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Figure 2. Summary of evidence regarding atrial fibrillation and dementia.

Hopefully, as more light is shed on the subject, more trials will be designed to solidify
therapeutic guidelines. Ongoing and recently published studies, such as the SWISS-AF
study [82], represent an essential step forward in clarifying the nature of this relationship.
Rhythm control using pharmacological cardioversion, electrical cardioversion, or ablation
to enhance cerebral perfusion and reduce the incidence of cognitive decline in patients
with atrial fibrillation is of significant interest. Additionally, investigations into different
anticoagulants and their effect on cognitive impairment, the potential benefits of anti-
inflammatory medications such as statins in mitigating the impact of systemic inflammation
associated with AF, and the role of genetics in determining susceptibility to cognitive decline
are all promising areas for future research. Finally, as the neurodiagnostic tools continue to
evolve, we hope to identify more and more links between neurophysiology and low blood
flow states, even before atrophy begins to manifest on a macroscopic level. Continued
collaboration between basic science and clinical research is critical in identifying novel
approaches to preventing and managing cognitive decline in AF patients. The anticipated
findings from these studies can impact early intervention strategies and ultimately improve
patient outcomes.
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Abstract: Neutrophils are the most abundant leukocyte in circulation and are the first line of defense
after an infection or injury. Neutrophils have a broad spectrum of functions, including phagocytosis
of microorganisms, the release of pro-inflammatory cytokines and chemokines, oxidative burst, and
the formation of neutrophil extracellular traps. Traditionally, neutrophils were thought to be most
important for acute inflammatory responses, with a short half-life and a more static response to infec-
tions and injury. However, this view has changed in recent years showing neutrophil heterogeneity
and dynamics, indicating a much more regulated and flexible response. Here we will discuss the role
of neutrophils in aging and neurological disorders; specifically, we focus on recent data indicating
the impact of neutrophils in chronic inflammatory processes and their contribution to neurological
diseases. Lastly, we aim to conclude that reactive neutrophils directly contribute to increased vascular
inflammation and age-related diseases.

Keywords: neutrophils; NETosis; vascular inflammation; neutrophil heterogeneity

1. Introduction

Neutrophils are human blood’s most abundant white blood cells making up 60-70%
of total leukocytes [1]. Neutrophils originate in the bone marrow from hematopoietic
stem cells, and after going through successive differentiation processes, they circulate in
the blood for several hours to days [2] and transmigrate out of the blood vessels into the
tissue upon encountering pro-inflammatory signals [3]. Ongoing inflammation leads to
up-regulation of selectins such as P-selectin on endothelial cells, which interacts with the
sialo-mucin ligand P-selectin-glycoprotein-ligand-1 (PSGL-1), constitutively expressed
on the surface of neutrophils. This interaction slows down the speed of free-flowing
neutrophils in the blood vessel by mediating neutrophil rolling (stop and go movement)
along the endothelium [4] (Figure 1a). Following the step of neutrophil rolling, a high-
affinity interaction of CD18 integrins CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1)
expressed on neutrophils with inter-cellular-adhesion-molecule-1 or -2 (ICAM-1/ICAM-2)
expressed on endothelium mediates the firm arrest (complete stop) of neutrophils on the
vascular endothelium [5]. Neutrophils then crawl and cross the border known as the
blood-brain barrier (BBB) that lies between endothelial cells and the tissue site through
a process known as diapedesis. Inflammatory signals, such as complement protein C5a,
Interleukin-8, and Leukotriene B4, are among the most potent chemo-attractants that guides
the neutrophil within the tissue [6,7] (Figure 1a).

Neutrophils eliminate pathogens in one of four ways. First, they can phagocytose
pathogens that come into cells as phagosomes, which are fused with the lysosome and
degraded through various enzymes, such as acid hydrolases [8] (Figure 1b). Second, neu-
trophils can release granules containing cytotoxic enzymes that destroy pathogens [9]
(Figure 1b). Third, they can eject their DNA chromatin with cytotoxic granules to trap the
pathogen in a process known as NETosis [10] (Figure 1b). Fourth, neutrophils also undergo
oxidative bursts [11]. After the elimination of pathogens, most neutrophils undergo apopto-
sis or other methods of cell death, and cell debris is phagocytosed by macrophages [12]. The
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remaining neutrophils reverse migrate into the blood and go to the bone marrow, spleen,
and liver for degradation [3]. Despite playing vital roles in the body’s defense, neutrophils
are responsible for initiating or progressing various diseases such as psoriasis, rheumatoid
arthritis, systemic lupus erythematosus, coronary heart disease, and asthma [13]. More-
over, the involvement of neutrophils in low-level chronic inflammatory diseases such as
Alzheimer’s is being investigated [14,15].
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Figure 1. A brief overview of the neutrophil life cycle. (a) Generation and maturation of the neutrophil
in the bone marrow and their entry into the blood after attaining maturity, functional responses upon
encountering pathogens, and apoptosis or clearance after pathogen clearance; (b) mechanism of
effector actions of neutrophil; (c) distinctions between immature and mature neutrophils based on
cellular morphology and molecular markers [13,16-23].

With the implementation of single-cell sequencing, sophisticated programs, and
software to analyze the data [24], the utilization of bone marrow chimera mice [25] is
challenging the idea of a single homogeneous ‘type’ of neutrophils. Instead, it is becom-
ing increasingly clear that the circulating neutrophil population is heterogeneous [24,26]
(Figure 1c). Therefore, this review will discuss the overall development and differentiation
of neutrophils, their heterogeneity, and their involvement in neurological diseases.

2. Generation, Development, and Life Cycle of Neutrophils

Like all leukocytes, neutrophils begin their life cycle in the bone marrow from hematopoi-
etic stem cells, which differentiate into multipotent precursor (MPP) cells. MPPs then divide
and generate lymphoid and myeloid progenitor (LMP) cells. LMPs undergo subsequent
differentiation to give rise to granulocyte-macrophage precursors (GMP), which divide to
generate neutrophil precursors [27,28]. Neutrophil precursors differentiate into myeloblast,
promyelocyte, myelocyte, metamyelocyte, and band cell stages, which ultimately give rise
to segmented neutrophils [16,17].

Myeloblasts are considered the earliest neutrophil progenitors, with a large nucleus
and cytoplasm devoid of granules. Promyelocytes are larger than myeloblasts, the shape
of their nucleus is rounded, and it contains azurophilic granules with myeloperoxidase
as the primary compound [17,28]. In the myelocyte stage, the rounded nucleus of the
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promyelocyte begins to indent, and the cell size also decreases. At this stage of neutrophil
development, secondary granules start forming, made up of compounds such as lactoferrin,
lysozyme, and collagenase [3]. In the metamyelocyte stage, the size of the cell decreases
further, and the nucleus becomes more densely packed with chromatin. It becomes kidney-
shaped, and both azurophilic and secondary granules are observed. In the band cell stage,
the cell size decreases even further, and the relative shape of the nucleus becomes more
elongated and lobular [17].

Behind the differentiation of neutrophils from the hematopoietic stem cell, several
molecules and factors have a crucial role. Granulocyte-colony stimulating factor is one
of them. It has vital roles in the neutrophil life cycle, such as controlling the differenti-
ation of neutrophils from the hematopoietic stem cells, the production and survival of
neutrophils [29], and their release from the bone marrow into the blood [30,31]. Apart
from this, chemokine receptors CXCR2 and CXCR4 control the decision of retention or
release of the neutrophils from mouse bone marrow; CXCR4 (which is the receptor for the
chemokine CXCL12) is mainly associated with the retention of neutrophils in the marrow
and CXCR2 (which is the receptor of the CXCL1 and CXCL2) is related to the event of a
neutrophil release from the bone marrow [32]. In humans, IL8 (CXCLS) is the major ligand
for CXCR1 and CXCR2. On top of these, several other transcription factors, such as the
CCAAT enhancer binding protein o gene [33] and PU.1 [34], are essential in the later stages
of neutrophil differentiation.

3. Common Techniques and Methodologies Used to Study Neutrophil Biology

Proteomics: There are three main types of proteomics: expression proteomics, structural
proteomics, and functional proteomics [35,36]. Expression proteomics quantitatively iden-
tifies and characterizes proteins in various sample groups (Control, treatment). Proteins
are separated using two-dimensional gel electrophoresis, and then the separated proteins
are identified using mass spectrometry (MALDI TOF MS, LC-ESI MS/MS) [37]. On the
other hand, the primary objective of structural proteomics is to elucidate the structure and
composition of proteins and study the protein—protein interactions [38]. In this proteomics,
target proteins are first immunoprecipitated, then separated by gel electrophoresis. Finally,
they are identified using mass spectrometry [37,39]. In contrast, functional proteomics is
about studying the function of proteins [40], whereas mass spectrometry is widely used
with other techniques [37].

Single-cell sequencing: This is a widely used state-of-the-art technique for study-
ing neutrophils. The main benefit of this technique is that it can identify the expres-
sion of various genes and transcripts at a single-cell resolution [41]. For example, using
single-cell RNA sequencing, it has been shown that the circulating population of neu-
trophils is heterogenous, contrary to the popular belief of one homogenous population of
neutrophils [42]. On top of that, the data obtained from the single-cell sequencing of neu-
trophil are processed through sophisticated algorithms such as diffusion mapping, which
lead to further advancement of understanding about the development of neutrophils [43].

Single-cell Metabolomics: Studying immune cells such as neutrophils with a short life
span is challenging but essential. One of the ways to understand cellular metabolism is
to study the whole metabolome, which is the collection of all metabolites at a particular
time point [44]. The composition of metabolites is measured at the single-cell level to
understand cellular metabolism processes in individual cells and populations. It has been
recently used to discover the role of glutathione depletion in the spontaneous apoptosis of
neutrophils [45].

Multiphoton Imaging: Another way to obtain real-time information about highly
dynamic immune cells such as neutrophils is to use two-photon and three-photon imaging,
which, unlike confocal microscopy, uses two photons for better penetration into the sample
and less photodamage [46,47]. Using this technique, researchers have shown the extravasa-
tion of neutrophils. For example, micro emboli formation in sickle-cell disease and NET
formation occurs in the lungs upon receiving inflammatory cues [48-52]. Similarly, another
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group of researchers utilized multiphoton imaging to study neutrophil-extracellular-trap
formation in vivo [53].

4. Contribution of Neutrophils in Neurological Diseases
4.1. Ischemic Stroke

Ischemic stroke is defined by the occlusion of blood vessels in the brain due to throm-
bus formation. Within minutes, neutrophils in mouse blood can be detected at the ischemic
site, guided by inflammatory cytokines such as II-1, I1-6, CXCL1, and TNF and chemokines
such as CCL-2, CCL-3, and CCL-5 [54,55]. In addition, damage-associated molecular pat-
terns such as high mobility group box protein, heat shock protein, and DNA released
by the death of the cells help in their recruitment and activation in mice and patients
(Figure 2) [55,56]. Neutrophils then adhere to the endothelium and transmigrate inside
the tissue space. The pro-inflammatory cytokines, proteases, and reactive oxygen species
secreted by neutrophils exacerbate cerebral inflammation, cause blood-brain barrier break-
down, and recruit neutrophil reinforcement to the thrombus site [55]. Neutrophils can also
exaggerate the pro-thrombogenic pathways by direct interaction with platelets, proteolytic
cleavage of clotting factors, and releasing a neutrophil extracellular trap that binds and

entraps platelets [57,58].
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Figure 2. An overview of neutrophils” functions in various neurological diseases.

Further research has shown that the neutrophil population has functional heterogene-
ity. The pro-inflammatory ‘N1’ neutrophils have an anti-inflammatory ‘N2’ counterpart.
The N2 neutrophils secrete TGFf3 and IL-10 and have a neuroprotective and immune-
suppressive function [59], but further research is needed to establish whether N1 and N2
neutrophils are ontogenically different. Recent studies in mice have shown that reducing
the adhesion and neutrophil number using an antibody against the neutrophil protein
Ly6G increased reperfusion by reducing the number of capillary obstructions in the cap-
illaries [60,61]. Overall, the ischemic stroke outcome was less severe when neutrophils
were depleted.
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4.2. Parkinson’s Disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that causes
dopaminergic neuron loss in the brain, primarily in the substantia nigra, which has essential
roles in controlling movement. Besides the accumulation of alpha-synuclein and loss of
dopaminergic neurons in the substation nigra, PD encompasses both central and peripheral
inflammation. Many studies uncover the involvement of immune cells, such as neutrophils,
in PD [62]. In mice, one of the effector mechanisms of neutrophils is the use of large
concentrations of nitric oxide, which is generated by nitric oxide synthase [63]. Patients
with PD have elevated expression of neuronal nitric oxide synthase in their circulating
neutrophils, indicating a role in increased oxidative stress in PD patients [64]. Nitric oxide
reacts with superoxide anion and can give rise to peroxynitrite, which is shown to trigger
the release of the neutrophil extracellular trap ex vivo, exacerbating inflammation [65].
Since neutrophils are one of the most abundant white blood cells in the blood, they are often
utilized to assess peripheral inflammation. For example, leucine-rich repeat kinase two has
essential roles in Parkinson’s disease. Its kinase activity is measured by the phosphorylation
status of Rab10, which can be extracted from peripheral blood neutrophils [66]. The
neutrophil-to-lymphocyte ratio is a way to estimate inflammation. Although its role in
Parkinson’s is still under investigation, some studies show that the patients generally have
a higher neutrophil-to-lymphocyte ratio than the healthy controls [62,67].

4.3. COVID-19

Severe acute respiratory syndrome coronavirus-2 causes COVID-19 disease, primar-
ily damaging the lungs, and causes mild to moderate respiratory difficulty in many
patients [68]. Inflammation, which occurs during the acute phase of infection, recruits
neutrophils to the lungs, which then undergo degranulation with the secretion of NETs
and pro-inflammatory cytokines. This results from animal models in an increase in in-
flammation and associated tissue damage [69]. Almost half the people with COVID-19
are now developing long-term symptoms [70]. Neutrophils, among the other leukocytes,
play a vital role in the post-COVID-19 changes in the lungs and other organs, including the
brain. Compared to control patients, people with post-COVID-19 interstitial lung changes
have shown increased levels of pro-inflammatory cytokines such as TNF and IL-17C in the
plasma and reported upregulation of proteins known for neutrophil chemotaxis such as
CCL20 and CCL25 (Figure 2) [71]. This group also showed more circulating neutrophils
(indicating peripheral inflammation), higher concentration of myeloperoxidase (peroxidase
expressed predominantly by neutrophils), and increased NETosis compared to controls [71].
The upregulation of NETs during long COVID-19 increases the expression of fibrogenic
mediators, which can lead to thrombosis in the lung, kidney, or other organs [71,72]. It is
proposed that neutrophils specifically harm the microvasculature by causing endothelial
cell swelling and small clots [73,74]. Patients with long COVID-19 also reported varying
degrees of cognitive impairment, commonly called ‘brain fog.” It is reported that SARS-
CoV-2 can enter the central nervous system via dysregulation of the BBB [75,76]. Once
inside the brain, it can constrict the capillaries and reduce the blood flow via binding ACE2
on the pericytes [77]. SARS-CoV-2 also increases the viscosity of the blood, which causes
the reduced blood flow in the cerebral capillaries [78]. As seen in other dementia or stroke
models, this reduction in the blood flow might be one of the mechanisms behind cognitive
impairment in the long COVID-19.

4.4. Huntington's Disease

Huntington’s disease (HD) is a rare neurodegenerative disease that causes neurode-
generation due to a mutation in the Huntington gene [79]. For a long time, the role of the
immune system in HD has remained underappreciated, but the recent focus on this area
has started to uncover some fascinating insights. For example, compared to the healthy
controls, the plasma of HD patients has been shown to contain increased IL-6, MMP-9,
VEGE, TGF-$1, and decreased IL-18 levels [80]. Interestingly, I1-6 deficiency in a mouse
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model has been shown to exacerbate the HD symptoms and thus may point towards the
importance of optimal IL-6 in the body [81]. In HD cases, it is thought that there is only a
marginal influx of peripheral immune cells, including neutrophils [79]. In another study,
however, the effect on neutrophils went in the other direction. Using BACHD mice, a
well-characterized mouse model of HD, the authors observed that the BACHD mice had
60% fewer infiltrating neutrophils in the peritoneum than wild-type mice [81]. More data
need to be reported on the effect of neutrophils on mouse models and patients with HD.

4.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease caused by neuro-
genic amyotrophy and degeneration of upper and lower motor neurons [82]. Dysregulated
inflammatory pathways are prevalent in patients with amyotrophic lateral sclerosis, char-
acterized by increased levels of pro-inflammatory cytokines and subsequent immune cell
infiltration into the CNS, such as neutrophils [83]. Relatively high levels of inflammatory
cytokines, such as IFN-f3, TNF-«, IL-6, and IL-8, were identified in the plasma of ALS
participants. These pro-inflammatory cytokines have an imperative role in ALS mouse
models in neutrophil activity and trafficking [83-85]. High levels of IL-6 and sIL-6R have
been demonstrated in several chronic inflammatory and autoimmune diseases [86,87]. A
study has shown the effect of systemic IL-6-mediated inflammation on endothelial cell (EC)
death damaging the CNS barrier in ALS individuals (Figure 2) [88]. In patients, IL-6R can
be released by proteolytic shedding from neutrophils or by secretion from monocytes of an
alternatively spliced messenger RNA (mRNA) species as a soluble form (sIL-6R). Increased
shedding of sIL-6R promotes IL-6/sIL-6R complex formation in the blood [89,90]. This
complex activates the trans-signaling pathway upon binding to glycoprotein 130 on the
target cell membrane, activating JAK and other signal transduction molecules, including
MAPK, ERK, P13K, and STAT. This results in a pro-inflammatory response in the endothe-
lial cells and a de novo synthesis of monocyte-attracting chemokines and vascular cell
adhesion molecules, leading to the extravasation of inflammatory cells into the CNS [88]. It
is believed that such a swamp of cells will cause EC degeneration, the principal cause of
damage to the brain-CNS barrier in ALS.

Apart from the role of inflammatory cytokines, other immune factors are associated
with ALS that can enhance the activity, trafficking, and survival of neutrophils, including
Leukotriene B4, platelet-activating factor, and C5a [91]. Several studies have shown a
correlation between the increased percentage of neutrophils within the total leukocyte
population and disease progression [92-94]. Accordingly, the increased neutrophil-to-
monocyte ratio in patients with ALS suggests progressive alterations in peripheral myeloid
populations, which may contribute to functional changes associated with the disease [92].
In the skeletal muscle, neutrophils are recognized for their role in mediating myofiber
damage and atrophy. It was found that ALS patients have significant infiltrations of
mast cells and phagocytic neutrophils into their skeletal muscles. These cells orchestrate
interactions with each other, myofibers, and motor endplates, leading to neuromuscular
junction denervation and muscular atrophy. In mouse models, an influx of endomysial
elastase-expressing neutrophils may cause such atrophy in muscles, which is reportedly
upregulated in muscular dystrophy, impairing myogenesis [95,96]. The data suggest that
neutrophil hyperactivation with a high potential for cytotoxicity is involved in neutrophil-
mediated inflammation due to NET formation, indicating that the uncontrolled activation
of neutrophils likely contributes to muscular pathology ALS.

Studies have shown a link between immune cell features, such as population frequency
and expression markers, and disease features. Accordingly, CD16 (FcgRIlIb) expression
on mouse neutrophils is associated with disease severity and disease progression rate.
As neutrophils age in culture, they lose expression of CD16 in parallel with declining
functionality, increasing phagocytosis and oxidative stress [96,97]. This suggests the pos-
sibility of reactive oxygen species production during chronic neutrophil activation that
exacerbates motor neuron degeneration [91]. A study by Murdock et al. showed that the
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immune system affects ALS patients differently depending on their gender. Using two
separate survival models, the study examined the potential role of neutrophils in ALS
patients and determined whether sex affects immunity in those individuals [98]. First, they
showed the association of increasing peripheral neutrophils with increased mortality in
ALS [99,100]. Second, they revealed that the role of neutrophils is complicated by sex, as
low peripheral neutrophil levels were associated with more prolonged median survival
in females. Low neutrophil levels, however, did not correlate with increased survival in
male participants. This discrepancy could be explained by various mechanisms, including
the direct effects of sex hormones on neutrophil activity due to the immunomodulatory
effects of male and female hormones and the alternation of the immune environment by sex
within the CNS [92,94]. The data suggest a profound impact of neutrophils in the disease
progression, and sex-specific neutrophil responses could contribute to sex differences seen
in ALS patients. Much more work is needed to untangle the role of neutrophils and their
sex-specific roles.

4.6. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory disorder of the central nervous
system (CNS), characterized by the deterioration of the myelin sheath that protects the
nerve fibers. Neutrophil infiltration into the CNS, followed by cytokines secretion such
as TNF-«, IL-6, IL-12, IL-1$3, and IFN-y, triggers the inflammatory cascade, causing BBB
injury in MS patients [101].

IL-17, known to be produced by Th17 cells and neutrophils, is also reported to be
upregulated in the brain of experimental autoimmune encephalomyelitis (EAE) mice
during the early stages of the disease. IL-17 is known to disrupt the BBB, which facilitates
the migration of inflammatory cells into the brain and also affects the production of
other inflammatory chemokines and cytokines associated with EAE, including CXCL1
and CXCL2 [102,103]. Observations suggest neutrophils may damage neurons directly
through CXCR2 signaling, a key regulator of neutrophil neurotoxicity. A study found
that neutrophils isolated from control EAE mice induced severe neuronal cell death via
CXCR2-mediated ROS generation in neutrophils. Neutrophil-specific CXCR2 deletion is
sufficient to rescue this effect by preventing ROS production. We can conclude that MS’s
pathogenesis requires CXCR?2 signaling [104,105].

Increased neutrophil numbers are primarily attributed to a decrease in spontaneous
apoptosis. The existence of a pro-inflammatory environment appears to modify neutrophil
lifespan in patients with relapsing-remitting MS (RRMS), as it was shown that RRMS neu-
trophils have greater apoptosis resistance than neutrophils from healthy controls (HC) [106],
stating that an inflammatory environment can influence neutrophil survival and apoptosis.
Such an environment can result from inflammatory priming agents such as IL-1f3, IL-6,
IFN-y, G-CSE, GM-CSF, or IL-8, which can delay neutrophil apoptosis. In addition, elevated
levels of TLR2, CD43, FPR1, and CXCR1 in RRMS patients’ neutrophils further suggest that
the chronic inflammatory milieu primes neutrophils in RRMS [107]. Primed neutrophils
from RRMS patients showed enhanced effector mechanisms, including degranulation,
oxidative burst, and release of NETs [108]. Increased levels of NETs are linked to patho-
physiological conditions, which are believed to be induced by inflammatory mediators,
including IL-8. MS patients show higher levels of IL-8 [109], which also prolongs neutrophil
survival [110]. Interestingly, a study found that the subset of RRMS patients with high NETs
in the serum was significantly enriched in male patients compared to females, suggesting
that NETosis may be gender-specific in this disease and could be involved in certain aspects
of MS pathogenesis, such as the opening of the BBB [111].

4.7. Autism

Autism spectrum disorder (ASD) is a pediatric heterogeneous neuropsychiatric dis-
order characterized by social and communication deficits, language impairment, and
ritualistic or repetitive behaviors [112]. Dysregulations in innate and adaptive immune
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cells have been implicated in the pathogenesis of ASD [113]. Thereby, oxidants and pro-
inflammatory cytokines generate important effects.

Past investigations found high levels of pro-inflammatory cytokines, including IL-6
and IL-17A, in ASD patients and autistic mice [114,115]. In ASD subjects, IL-17A produced
by immune cells such as Th17 and monocytes/macrophages cells can activate neutrophils.
Primed neutrophils might worsen overall inflammation, indicating they play a crucial
role in developing peripheral inflammation. A study has found the upregulation of IL-
17A/IL-17R in neutrophils of ASD patients, whose interaction is required in oxidative
stress regulation in neutrophils. Activation of IL-17A /IL-17R in neutrophils correlates with
elevated NOX2/ROS signaling [113].

Excessive oxidative stress due to the activation of NF«kB and iNOS is also reported in
autistic subjects and BTBR T + Itpr3tf/] (BTBR) mice. This study showed that sulforaphane, an
Nrf2 activation mediator, inhibited NFkB-iNOS signaling in neutrophils and cerebellum [116],
given the importance of Nrf2 in controlling immune system response and cellular oxida-
tive stress. It was suggested that sulforaphane would attenuate the effects of oxidative
stress on neutrophils and brain tissue in autism via activating Nrf2 in microglial cells and
macrophages.

ASD neutrophils may also cause increased oxidative stress in response to environmen-
tal pollutants such as i-2-ethylhexyl phthalate (DEHP). Neutrophils in such patients are
unable to mount an antioxidant response, which was shown by lower expression levels of
Nrf2 [117].

Epithelial cell-derived neutrophil-activating peptide-78 (ENA-78/CXCLS5) is a CXC
chemokine that attracts and activates neutrophils [118]. Accompanied by IL-8, it can induce
neutrophil chemotaxis and activation by increasing intracellular calcium levels and elastase
release [119], stating that the dysfunction of the immune system can act as a crucial factor
in the development of autism.

Highly reactive neutrophil cathepsin B can initiate leukocyte—endothelial cell adhesion
by promoting leukocyte Mac-1 activation and its interaction with endothelial ICAM-1.
Accordingly, Mac-1 in neutrophils and ICAM-1 in endothelial cells is found to be signifi-
cantly higher in autistic mice, underlying the role of neutrophil cathepsin B in inducing
neurovascular inflammation during autism [120].

4.8. Down Syndrome

Down syndrome (DS) is one of the most common genetic disorders caused by complete
or partial triplication of chromosome 21 [101]. Individuals with DS have a higher risk of
Alzheimer’s disease because patients have an extra copy of the amyloid precursor protein
(APP) gene located on chromosome 21, which is trivalent in this population [121]. Due to
mutations in APP and genetic risk genes, such as PSEN1 and PSEN2 which alter amyloid
concentrations, patients with DS are more prone to develop Alzheimer’s disease at an
earlier age (30-60 years) than those with late-onset Alzheimer’s disease (>65 years) [122].

It is generally accepted that patients with DS are susceptible to developing infections
and chronic inflammatory conditions [122,123], which might also play a critical role in
the onset and progression of dementia in these individuals. A meta-analysis study found
high expression levels of 1I-13, TNF-«, IFN-y, and IL-6 cytokines in DS patients com-
pared to healthy control [124]. These cytokines stimulate neutrophil activation and their
trafficking into the CNS, underlining the importance of primed neutrophils in neuroin-
flammation in DS patients. Elevated levels of inflammation can lead to Toll-like receptor
(TLR) signaling dysregulation. A study reported the increased expression levels of TLR2
on neutrophils and altered gene expression of key regulators proteins involved in its
signal propagation [125]. It is possible that excessive cytokine levels in DS may reflect
abnormal signaling of TLR pathways. Since the end point of these pathways results
in the release of inflammatory mediators, DS subjects may display a hyperresponsive
immune reaction [124]. Furthermore, TLR2 and TLR4 regulate neutrophil function in
DS patients, including apoptosis, adhesion, and activating pro-inflammatory signaling
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pathways, including the NF-«B pathway. Stimulation of the NF-kB pathway induces tran-
scriptional machinery of pro-inflammatory factors, such as iNOS, NOX2, IL-6, and other
chemokines/cytokines [10,113]. It has also been found that platelet TLR4 activation can
lead to robust neutrophil activation and NET formation, which can cause BBB damage
in DS subjects. The same symptoms were observed in Alzheimer’s disease when NETs
develop intravascularly and intraparenchymally [10,14,126]. These observations raise the
possibility that the same pathologic mechanisms might contribute to the progression of
both diseases.

Although many of the inflammatory pathways described for AD would apply directly
to DS, there are some particular inflammatory genes on chromosome 21 that affect inflamma-
tory responses in the DS brain, including a highly expressed CXADR gene, which functions
as an adhesion molecule and is associated with endothelial tight junctions [127,128]. It has
been shown that CXADR not only can induce stress-activated mitogen-activated protein
kinase (MAPK) pathways in the heart leading to increased production of IFNy, IL-12,
IL-1B, TNFe, and IL-6 but also has a significant role in BBB permeability facilitating trans-
endothelial migration of neutrophils [127]. The increased migration of neutrophils damages
the tight junction and increases the permeability of the BBB. This damage occurs when
neutrophil elastase (NE) is released, disrupting cadherin—cadherin binding, thus increasing
BBB permeability [129,130]. We can conclude that altered expression of the CXADR gene on
the endothelial cells of the cerebral vasculature in DS subjects can affect inflammatory cells’
infiltration into the brain, such as neutrophils, and influence the inflammatory response.

DS patients are generally believed to be exposed to excessive amounts of oxidative
stress due to dosage imbalances of the cytoplasmic enzyme Cu®*/Zn?* superoxide dis-
mutase (SOD-1) gene, which is also found in Chr 21 [131,132]. SOD plays a fundamental
role in regulating reactive oxygen species (ROS) levels, a major contributor to oxidative
stress, neuronal death, and disease progression [133]. Chronic neutrophil activation may
exacerbate motor neuron degeneration in DS by producing reactive oxygen species. Indeed,
neutrophils have been implicated in other neurodegenerative diseases such as AD [134]
and produce significantly higher levels of reactive oxygen species in these patients [135],
which is plausible since the functionally deleterious role of neutrophils in AD could be
mirrored in DS. We can therefore suggest inhibiting NADPH oxidase enzymes (NOX) as
a potential target to reduce ROS, leading to decreased capillary stalling and increased
CBF [136].

4.9. Frontotemporal Dementia (FTD)

FTD is the second most common form of dementia and is a collection of neurodegen-
erative disorders affecting mainly the frontal and temporal lobes of the brain. Its symptom
can vary widely between persons, but some include behavioral changes such as a lack of
empathy, increased inappropriate social behavior, speech and language problems, and mo-
tor disorders [137]. Neuroinflammation, macrophage infiltration, and microglial activation
are reported in some patients with FTD [138,139]. Although microglia are thought to be
one of the critical immune cells in the progression of FTD [140], recent data indicate the
involvement of other immune cells in the disease progression. Employing a mouse model
with frontotemporal lobular degeneration, the authors observed the differential expression
of genes associated with neutrophils and monocytes [141]. Moreover, the presence of the
neutrophilic protein, 37 kDa cationic antimicrobial protein (CAP37), is detected in the brain
of a patient with FTD, indicating the involvement of neutrophils in this disease [21].

Another critically important protein in FID is progranulin, whose mutation is a major
cause of the onset and progression of the disease [142]. Progranulin involves multiple path-
ways, from wound healing after injury to inflammation [143]. Single-nucleus RNA sequencing
of FTD patients’ cerebral cortex has shown profound neurovascular dysfunction [144]. Interest-
ingly, there is also a dynamic interaction between neutrophils and progranulin; neutrophils
release serine protease, and elastase can cleave progranulin into smaller fragments of gran-
ulin peptides [145]. At least, one of the granulin fragments, granulin-B, has been shown
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to elicit an inflammatory response [142]. In contrast, another neutrophil-secreted protein,
leukocyte protease inhibitor-1 (SLP-1), can inhibit the generation of granulin fragments
from progranulin [146]. Therefore, understanding the role of innate immune cells such
as neutrophils in the progression or resolution of FTD is crucial and might lead to the
development of therapeutic interventions.

5. Contribution of Neutrophils in Alzheimer’s Disease (AD)

An increasing number of studies provide evidence indicating that inflammation and
the innate immune system play a pivotal role in the development of AD [147]. Therefore,
neutrophil activation and alteration may contribute to increased vascular inflammation
associated with AD [148]. A study conducted with a transgenic mouse model of AD re-
vealed that neutrophil depletion significantly reduced Alzheimer-like neuropathology and
improved memory in mice with cognitive deficits [14]. One of the pathological hallmarks
of Alzheimer’s disease is the generation of senile plaques that make up beta-amyloid
peptides (A) [149]. A plays an essential role in recruiting neutrophils to inflamed tissues
by triggering a shift in lymphocyte function-associated antigen-1 (LFA-1) from a low to
high-affinity state, resulting in increased LFA1-dependent adhesion of neutrophils in AD
mouse models [14]. High-affinity LFA-1 may also signal the arrest of neutrophils within the
parenchyma, causing neutrophil accumulation and leading to the widespread neutrophil-
dependent central nervous system (CNS) damage [14]. The data suggest an interaction
between the innate immune system and senile plaques linking the periphery with the
CNS [150]. Furthermore, the adhesion molecule, Mac-1 (CD11b/CD18), is expressed at
higher levels in sporadic AD patients than in control patients. This increase may be corre-
lated with disease severity and the progression of dementia [151]. It should also be noted
that the o subunit of Mac-1, CD11b, is thought to be expressed exclusively on leukocytes,
where it interacts with the adhesion molecule-1 (ICAM-1, CD54) and other endothelial
surface ligands [152]. In this regard, the significant elevation in blood neutrophils, Mac-1, in
AD patients suggests a state of neutrophil activation. This activation is likely a consequence
of increased levels of TNF-c, IL-6, ICAM-1, CRP, and other inflammatory-immune markers
observed in AD patients” serum (Figure 3) [151,153,154].

Neutrophil-associated inflammatory proteins may affect memory and executive func-
tion in patients with AD. Lipocalin-2 (LCN2), a pro-inflammatory molecule secreted into
the peripheral circulation by neutrophils, is believed to cause cognitive decline [148,155].
Accordingly, several studies have reported the upregulation of LCN2 in AD mouse models
and patients’ serum and brain tissue [156-158]. How LCN2 contributes to cognitive decline
in AD patients is not fully understood. LNC2 may affect neutrophil adhesion by altering the
expression of the neutrophil adhesion factors CD62L (L-selectin), Mac-1 (CD11b/CD18.),
and CD51/CD61 (av33) [159], and the increased adhesion causes an over activation of the
inflammatory cascade. The overactivation, in turn, may reduce proper cellular function
contributing to neuronal dysfunction. It is unclear how LCN2 contributes to cognitive
decline in AD patients. It may affect neutrophil adhesion by altering the expression of
neutrophil adhesion factors CD62L (L-selectin), Mac-1 (CD11b/CD18.), and CD51/CD61
(oevB3). It is also possible that LCN2 induces chemokine production and enhances neu-
trophil trafficking into the brain. In addition to LCN2, four different neutrophil adhesive
and activation promoter proteins have been associated with executive function deficits
in mild AD, including MPO, IL-8, TNF -«, and MIP-1 (CCL4) [148]. We can therefore
conclude that neutrophil-associated inflammatory proteins and their related pathways
potentially contribute to AD progression and severity.
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Figure 3. Diagrammatic representation of cellular events in the Alzheimer’s vasculature. Increased
deposition of amyloid plaques in the brain leads to inflammatory processes; reactive microglia and
astrocytes release pro-inflammatory cytokines IL-13, TNF-«, and IL-6 are released to the bloodstream
and attract and activate innate immune cells such as neutrophils and platelets. Peripheral inflamma-
tion contributes to reactive neutrophils and platelets. Those, in turn, are more prone to react with
blood vessels, likely at sites of reduced blood-brain barrier permeability. Neutrophils are now more
likely to stall blood vessels and degranulation inside the vessels. Furthermore, neutrophils interact
with reactive platelets, transmigrate into the brain parenchyma, undergo degranulation and NETosis,
and secrete reactive oxygen species and pro-inflammatory chemokines and cytokines. This vicious
cycle contributes to low-level chronic inflammation in patients with Alzheimer’s.

The tight cohesion of leukocytes causes capillary stalling to the cortical capillary
endothelium. This adhesion contributes to cerebral blood flow (CBF) reduction in mouse
models of AD. Studies have shown the contribution of pro-inflammatory mediators such
as IL-1p3, IL-6, and TNF-« increased vascular inflammation and likely increased capillary
stalling [160]. Elevated levels of inflammatory cytokines can enhance neutrophil infiltration,
which may also contribute to a decrease in CBF. In this regard, Cruz Hernandez et al.
investigated the role of neutrophil adhesion in capillary segments, which exacerbates
AD symptoms due to CBF reduction. By administrating a fluorescently tagged antibody
against the neutrophil marker Ly6G, they could detect immediate improvement in CBF
in amyloid precursor proteins (APP) mice [134]. In patients and mouse models of AD,
elevated NADPH-oxidase 2 (NOX2) increases oxidative stress in the microvasculature,
and oxidative stress contributes to capillary stalling and vascular inflammation. A recent
preprint has demonstrated in an AD mouse model, that inhibiting NOX2 improves short-
term memory [135,161]. These improvements were associated with increases in CBF by
reducing capillary stalling in the APP/PS1 mouse model [135]. Although neutrophils
impact AD progression and severity, very little is known about the mechanism affecting
neutrophil changes.

Neutrophils tend to act in different forms when pathogens invade. These changes
include ROS production causing an oxidative burst, phagocytosis, and degranulation.
Neutrophils have elevated amounts of NADPH-oxidase, which has the essential function
of generating reactive oxygen species [162]. Elevated levels of ROS lead to neutrophil
hyperactivation and increase NET formation. As neutrophils are a crucial medium for

83



Biomolecules 2023, 13, 743

inflammation-activated vascular and tissue damage, the inappropriate activation of neu-
trophils may cause oxidative stress and magnifies inflammatory responses. Neutrophil ac-
tivation can also trigger apoptosis and hamper their ability to function full-fledged against
the impulse [134]. The experimental analysis noted that the flow of aged neutrophils
increases ROS production, which is directly related to A3 deposition in patients [163,164].

6. Conclusions and Future Perspectives

It has become evident that neutrophils are not only important as first responders
after infection or injury following a static response. Neutrophils can react dynamically
and highly sophisticatedly to orchestrate a response fighting the threat and attract other
immune cells. In aging and neurological diseases, neutrophils appear more activated,
likely driving a vicious cycle, further increasing the low-level chronic vascular inflamma-
tion associated with neurological diseases. These reactive neutrophils will likely release
pro-inflammatory cytokines and chemokines, forming more NETs in the vessels and the
parenchyma. Moreover, the inflammasome was shown to be more active in neurological
diseases such as Alzheimer’s, driving further NET formation [165,166]. Altogether, these
factors drive an inflammatory environment in the periphery and the brain even further.

It is imminent, despite their short lifespan, that neutrophils are contributing to the
increased inflammation associated with neurological disease development, so that inhibit-
ing reactive neutrophils could contribute to slower disease progression. Therefore, a better
understanding of neutrophil behaviors in neurological diseases will be crucial to better
understanding the transition to more reactive neutrophils. The question of neutrophil
heterogeneity is still very much open and needs further investigation using singe-cell and
other approaches. Overall, due to the nature of neutrophils, in vivo, studies are critical
to investigate neutrophils in the tissue and their interaction with the vasculature or sites
of injury.

Neutrophils are significantly different between rodent models and humans, and this
needs to be considered when interpreting results. Furthermore, sterile housing condi-
tions also significantly impact neutrophil maturation and the immune system in model
organisms [167,168]. For example, wild mice can be used or co-housed with pet-shop mice
to make the immune system more mature [169]. Another example to address this problem
is the recently humanized neutrophil mouse model [170]. More studies are needed to
overcome these shortcomings.

There are many open questions which mean more research in model organisms, and
patient is needed to understand the specific contributions of neutrophils in neurological
diseases. However, neutrophils eventually drive inflammation in the vasculature and
contribute to aging and age-related disease.
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Abstract: Neurons and glial cells in the brain are protected by the blood brain barrier (BBB). The
local regulation of blood flow is determined by neurons and signal conducting cells called astrocytes.
Although alterations in neurons and glial cells affect the function of neurons, the majority of effects are
coming from other cells and organs of the body. Although it seems obvious that effects beginning in
brain vasculature would play an important role in the development of various neuroinflammatory and
neurodegenerative pathologies, significant interest has only been directed to the possible mechanisms
involved in the development of vascular cognitive impairment and dementia (VCID) for the last
decade. Presently, the National Institute of Neurological Disorders and Stroke applies considerable
attention toward research related to VCID and vascular impairments during Alzheimer’s disease.
Thus, any changes in cerebral vessels, such as in blood flow, thrombogenesis, permeability, or
others, which affect the proper vasculo-neuronal connection and interaction and result in neuronal
degeneration that leads to memory decline should be considered as a subject of investigation under
the VCID category. Out of several vascular effects that can trigger neurodegeneration, changes in
cerebrovascular permeability seem to result in the most devastating effects. The present review
emphasizes the importance of changes in the BBB and possible mechanisms primarily involving
fibrinogen in the development and/or progression of neuroinflammatory and neurodegenerative
diseases resulting in memory decline.

Keywords: blood-brain-barrier; blood proteins; fibrinogen and cognitive impairment

1. Introduction

During this past decade, greater emphasis in neuroscience has been given to problems
associated with vascular cognitive impairment and dementia (VCID) [1]. As a result, out of
132 Research Priorities that have been used as a guide by the National Health, Lung, and
Blood Institute for this last decade, two compelling questions relate to vascular effects on
neurodegeneration. They are “What interdependencies between the brain/peripheral
nervous system are important to the development, progression, manifestations, and
treatment of cardiac and vascular disease?” and “What pathobiology underlies vascu-
lar causes of cognitive decline?” [2]. Inflammation can be one of the main causes in the
development of VCID.

Research has shown a strong link between cardiovascular diseases, along with cere-
brovascular diseases, and subsequent cognitive impairment and dementia [3]. During
some neuroinflammatory diseases, VCID is often presented as a co-morbidity. For example,
Alzheimer’s disease (AD) is the leading cause of dementia, and it is often accompanied
by VCID. It is estimated that 40% of AD patients also have some form of VCID. Vascular
dementia accounts for about 15-30% of dementia cases worldwide [3,4]. Other diseases
that are known to cause a substantial cognitive impairment are traumatic brain injury
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(TBI) [5-8] and multiple sclerosis (MS) [9]. Although dementia is not the primary clinical
sign associated with stroke, stroke almost doubles the risk of developing dementia later in
life [10]. The risk of dementia in stroke patients after the incident depends on the lesion size
and location, but stroke survivors also suffer worsened cognition years later for reasons
not well understood [10]. While incidence of dementia can be close to 5% after transient
ischemic stroke, its occurrence can reach 34% after severe stroke [3,4]. Ischemic stroke is
the most common type of stroke, making up 87% of all strokes where brain ischemia causes
substantial neuronal damage. It has been shown that aggravated peripheral inflammatory
response to stroke caused by preceding systemic inflammation has deleterious actions on
components of the neurovascular unit (NVU) that may affect BBB integrity [11]. Some
common mechanisms associated with cerebrovascular-driven cognitive impairment are
associated with accumulation of abnormal proteins, oxidative stress, early synaptic dis-
connection, and apoptosis leading to cell death. All these abnormalities can be positively
accompanied by alterations in the blood brain barrier (BBB). There are many studies that
link BBB dysfunction with dementia in humans [12-15] and in animal models [14-17]. The
objective of this review is to underline the importance of changes in the cerebrovascular
permeability resulting in accumulation of blood plasma proteins and particularly of fib-
rinogen (Fg) in the extravascular space of the brain, as well as to discuss some possible
mechanisms involved in the development and/or progression of neuroinflammatory and
neurodegenerative diseases resulting in memory decline.

2. Inflammation and Thrombogenesis

Inflammation is one the most important factors that cause changes in normal home-
ostasis in the body. Many neurodegenerative diseases are associated with inflammation
and considered neuroinflammatory diseases. For example, TBI [18-20], AD [21], MS [22,23],
and stroke [24] are considered neuroinflammatory diseases. The main components of
the circulatory system that can be affected by inflammation and may result in neurode-
generation are blood cells, such as platelets, leukocytes, and erythrocytes, and vascular
wall components, such as endothelial cells (ECs), smooth muscle cells, and pericytes. For
example, blood samples from AD patients showed an increased number of activated
platelets compared to that in samples from the control group [25]. Platelets, major players
in hemostasis and thrombosis [21], have also been known to have a significant effect during
inflammation [26]. Activation of platelets and their increased aggregation have been docu-
mented during neurodegenerative diseases such as TBI [27], AD [25], and MS [28]. It has
been shown that AD mutations result in a significantly hyperactivated state of circulating
platelets where the platelets from 3XTg-AD mice adhere more avidly on matrices and
have an increased ability to form thrombi during normal flow condition [29]. Therefore,
it is well-accepted that platelets are not only activated as a result of inflammation during
inflammatory diseases but also can cause or exacerbate pathological processes and result in
further neurodegeneration.

Increased thrombosis in the circulatory system would reasonably be expected to
affect blood flow in small cerebral vessels, impairing exchange between the vessels and
neurons and thus leading to vasculo-neuronal uncoupling. For example, it is known that
TBI is associated with an almost immediate reduction in cerebral blood flow (CBF). It
was reported that in the period of 2 h after a controlled cortical impact causing mild-to-
moderate TBI, microthrombi occluded up to 70% of venules and 33% of arterioles [30].The
reduced CBF seen in the traumatic penumbra caused by the formation of thrombi in the
microcirculation [30] leads to secondary damages causing impairment in neuronal function
and neurodegeneration, ultimately resulting in memory reduction [31].

The role of platelets in MS pathology has been speculated due to their interaction with
leukocytes during their penetration of the BBB and the release of platelet-EC adhesion
molecule-1 (PECAM-1) to the circulation [32]. In normal conditions, the basal expression
of adhesion molecules is low; however, the expression of adhesion molecules on ECs
and leucocytes is upregulated during inflammation [33]. Increased soluble PECAM-1
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(SPECAM-1) is detected in the sera of MS patients [34]. The increased levels of sSPECAM-1
may be a result of its increased release from microvessels and leukocytes during inflam-
mation [34]. Platelet extravasation has been described in inflammatory reactions as a
consequence of vascular rupture or increased permeability of undamaged venular endothe-
lium by a transcellular route [35]. More commonly, platelets are described as “pathfinders”
to direct leukocyte recruitment to the sites of their extravasation [36], and the significant
role platelets play in the leukocyte recruitment into the inflamed brain microvessels was
validated [37].

3. BBB Breakdown and Extravasation of Blood Cells

Leukocyte extravasation occurs primarily in post-capillary venules where shear stress
is low [38]. The process of leukocyte migration from the blood stream to the extravas-
cular space involves multiple steps. It begins with flowing leukocytes decelerating and
slowly rolling on the activated endothelium [38,39], followed by adhesion strengthen-
ing and spreading, intravascular crawling, and finally, transcellular and/or paracellular
transmigration [39]. Specific interactions of Fg with leukocytes and with ECs through
its respective receptors on these cells, such as integrin «Mf2 and intercellular adhesion
molecule-1 (ICAM-1), results in migration of leukocytes through ECs [40,41]. It has been
shown that Fg dose dependently increases the adhesion of leukocytes to human umbilical
vein ECs [42]. In an inflammatory condition, where Fg is elevated, it can be assumed
that there is an increased adhesion of leukocytes on the luminal surface of ECs, leading
to intraintimal accumulation and then extravasation of leukocytes. In fact, the finding
of large depositions of Fg on the luminal surface of ECs in vivo represents a hallmark of
certain inflammatory conditions, such as atherothrombosis [43]. Thus, it is possible that
inflammation-induced elevation of the blood content of Fg potentially exacerbates the
neuroinflammatory pathology.

Besides leukocytes, erythrocytes could also be found being extravasated during a
breakdown of the BBB. However, if the vascular wall is not damaged significantly enough
to allow penetration of red blood cells (RBCs), they do not cross the BBB even if the vessels
are permeable to other cells or plasma components [44]. Extravasation of erythrocytes
has been shown to cause oxidative injury to the brain [45]. It leads to the deposition of
hemoglobin-derived neurotoxic products, including free iron. Decompartmentalization of
iron from erythrocytes can cause brain edema and lipid peroxidation, leading to oxidative
damages and neuronal death [45,46].

Oxidative Stress in Cerebrovascular Disease

Under normal conditions, there is a balance between oxidant and antioxidant systems
preventing oxidative damage. Oxidative stress develops when generation of reactive oxy-
gen species (ROSs) is enhanced and/or ROS scavenging is impaired. Iron-derived ROSs
are implicated in the pathogenesis of various vascular disorders, including vasculitis and
reperfusion injury [47]. In the brain, ROSs have been shown to significantly alter BBB per-
meability and promote monocyte transmigration across the BBB. Therefore, any molecules
that potentially generate enhanced ROSs potentially exacerbate neuroinflammation [48].

4. Increased Cerebrovascular Permeability and Neurodegeneration
4.1. Paracellular

Overall, changes in cerebrovascular permeability play the main role in the develop-
ment of VCID. There are two modes of vascular permeability: paracellular (between the
cells) [49] and transcellular (through the cells) [50-52]. Depending on the size of a sub-
stance, one or the other pathway can be used in extravasation. For example, a moderately
large virus may not fit the gaps formed for a paracellular transport and would likely use
a transcellular pathway involving vesicular transport [53]. In normal conditions, brain
vessels are characterized with higher transendothelial electrical resistance than in periph-
eral circulation, indicating tighter junctions and therefore suggesting lesser paracellular
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transport than in skeletal muscle [54]. Similarly, much less transcellular transport (caveolar
transport) occurs in brain vessels than in peripheral circulation [55]. During pathologies
(inflammation), slight increases in these transport mechanisms can result in devastating
consequences. These effects may result in enhanced water transport through paracellular
and transcellular (via aquaporins) pathways and result in edema formation [56]. It is
noteworthy that the physical breakdown of the BBB (rupture of vessels) that can occur
during stroke or moderate to severe TBI and result in the accumulation of blood cells
in the brain can result in changes of neuronal function and thus neurodegeneration [46].
Damage of vessels that leads to vascular rupture results in bleeding and the accumulation
of blood components in the brain tissue. This process may not be considered a result
of “vascular permeability” changes. Vascular permeability changes may occur in non-
ruptured vessels that can be a result of alterations in the function of paracellular and/or
transcellular transports. Altogether, changes in BBB integrity (vascular rupture) and/or
permeability (enhanced paracellular and/or transcellular transports) inevitably lead to
neurodegeneration and can result in memory reduction.

Chronic inflammation may also be one of the causes of enhanced cerebrovascular
permeability. One of the indications of inflammation is a microvascular leakage of plasma
substances and proteins and their deposition in the subendothelial matrix and intersti-
tium [49]. We have shown a reduction in some endothelial junction proteins, along with
increased endothelial layer permeability to albumin, caused by an elevated level of Fg,
which is known to be associated with inflammation [57,58]. One of the possible mecha-
nisms of increased paracellular transport can be explained by the findings that activity of
inflammatory matrix metalloproteinases (MMPs) increases in many neurodegenerative dis-
eases and after ischemic central nervous system (CNS) injury [59,60]. MMPs directly affect
junction proteins and basement membrane extracellular matrix proteins [59]. Involvement
of MMP-9 in increased extravascular deposition of Fg and an accompanied reduction in
short-term memory has been found during TBI [61]. The levels of many adherence junctions
and tight junction proteins are reduced in various neurodegenerative diseases, such as in
AD and other diseases associated with dementia [44], amyotrophic lateral sclerosis [62],
MS [63], and some animal models of neurodegeneration, such as aging [64].

4.2. Transcellular

Another pathway of cerebrovascular permeability, transcellular transport, includes
caveolar transcytosis. While small molecules mainly use the paracellular pathway, high
molecular weight proteins (e.g., Fg) cross the vessel wall mainly via caveolar transcyto-
sis [52,65]. The main effect of this transport as opposed to the paracellular transport is that
it can move relatively large proteins across the BBB. Crossing of the vascular wall for large
proteins of the plasma via paracellular transport requires physically opening endothelial
junctions wide enough to allow extravasation of these proteins.

On the other hand, caveolae that can be ~30-80 nm in diameter [66-68], with the neck
diameter reaching ~56 nm in ECs [69], can accommodate large proteins. For example,
albumin and Fg, with their Stokes-Einstein radiuses of about 3.5 nm [70,71] and 8.4 nm [72],
respectively, can easily fit into a caveola and be transported across the BBB.

Among the continuous endothelium found in many types of tissue, including lung,
muscle, and brain, the ECs in the brain have more restricted permeability [73]. The critical
characteristic of brain endothelium is that it establishes the barrier limits for the diffusion
of blood-borne solutes and restricts molecular exchange [73]. These features include
specialized tight junctions that restrict diffusion of molecules, a small number of endocytic
vesicles, and lowered rates of transcytosis relative to peripheral vasculature [44]. Thus, in
normal conditions, caveolar transcytosis is quite low and very little macromolecular cargo
crosses the cerebral capillary endothelium [55]. However, during inflammation, activation
of ECs results in enhanced caveolar transcytosis that can have devastating effects on brain
cells [74-76].
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Alterations in endothelial layer integrity, caveolar transcytosis, and the basal mem-
brane result in the accumulation of high molecular weight proteins, normally found in
plasma, in the extravascular space [77]. One such protein is Fg [77]. It is evident that depo-
sition of Fg in the extravascular space of brain tissue during inflammatory diseases such as
AD [78] and TBI [8,79] is associated with a decline in memory. Enhanced deposition of Fg
results in favorable conditions for the formation of Fg-containing protein complexes such
as Fg-amyloid beta (Af3) [75,78,80] and Fg-cellular prion protein (PrPC) [81]. It has been
shown that PrP€ can be endocytosed via caveolae [82]. We found that at an elevated level
(e.g., during inflammation), Fg is transcytosed [74], is extravasated by caveolae [75], and
then can directly interact with PrP¢ [83]. It is known that, during neurodegenerative dis-
eases, endogenous PrP¢ undergoes a transformation to a conformationally altered scrapie
prion protein (PrP5°) that accumulates in the brain as insoluble aggregates [84]. The binding
of Fg to PrP5¢ has also been documented [85]. It has also been found that PrP€ can bind
readily to A3, indicating that it may act as a receptor that initiates a chain of events leading
to neuronal destruction [86]. In addition, it has been shown that the specific interaction of Fg
with A [75,80] modifies Fg’s structure, leading to an abnormal fibrin clot formation more
resistant to degradation [80,87]. Combined, these results suggest that a possible interaction
of extravasated Fg with PrP¢ and AB may result in the formation of aggregates highly
resistant to degradation and lead to the neurodegeneration seen during neuroinflammatory
diseases. In addition, the deposition of Fg and the formation of Fg-containing protein
complexes in the extravascular space of the brain results in increased water transport and
its accumulation in the interstitium, leading to the formation of edema and the resultant
neurodegeneration [88].

5. Acute Phase Proteins in VCID

As a result of the development of systemic inflammation, blood plasma proteins such
as albumin, Fg, C-reactive protein (CRP), and possibly some other high molecular weight
acute reactant proteins may contribute to VCID. In response to injury and infection, at the
expense of albumin synthesis, the liver enhances the synthesis of certain plasma proteins
collectively known as acute phase proteins (APPs) [89]. The magnitude of the increase
in the levels of these proteins varies. While CRP and serum amyloid A (SAA) can reach
plasma levels of several hundred to a thousand-fold following acute inflammation, levels
of haptoglobin and Fg do not increase more than two to tenfold [89,90]. Moreover, while
the levels of CRP and SAA rapidly return to their normal range after the inflammation
subsides, the levels of haptoglobin and Fg stay elevated for more than 21 days [90].

CRP is a 21 kD protein that has a similar structure to SAA [91]. Measuring the levels of
CRP has been a standard of care in the clinic that can be a useful objective index to monitor
the effectiveness of a therapy for a disease (inflammatory). At a normal level (0.8-9 pug/mL),
CRP does not affect the BBB permeability [91]. On the other hand, it has been shown that
when the level of CRP exceeds 2.5 ng/mL, it increases paracellular permeability of the BBB,
affecting function but not the level of expression of tight junction proteins [91].

SAA is a small protein with a molecular weight of 12.5 kD that can be found in the
blood of healthy individuals at the level of 20-50 pug/mL [92]. In subclinical inflammation,
and for patients receiving glucocorticoid or immunosuppressive therapy, it has been
suggested that SAA is a more sensitive biomarker than CRP [93]. It has been shown that
Apo-SAA dose dependently increased the rat brain ECs permeability, shown by a significant
reduction in transendothelial electrical resistance [94]. Interestingly, it has been shown
that the circulating lipid free form of the SAA in the human plasma is 100 times lesser
than that of SAA associated with high-density lipoprotein (HDL) [92]. Furthermore, the
SAA-mediated impairment of the BBB was shown to be inhibited by the addition of HDL
related to SAA in plasma [94]. Whether the free form of native SAA impairs the integrity
of the BBB in pathological conditions remains unclear [94]. Given the SAA characteristic
of high lipophilicity and the fact that most of the circulating SAA is associated with HDL,
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it is suggested that only a small amount of lipid-free SAA plays a major role in the BBB
permeability changes compared to the other APPs.

Haptoglobin is an acute phase glycoprotein that can be found in the serum of all
mammals [95]. As it binds to free hemoglobin (Hb) with a high affinity, haptoglobin’s
primary function is to facilitate Hb clearance. Hb is the prominent blood protein involved in
transporting oxygen in the circulation. When unbound to haptoglobin and in the absence of
other clearance mechanisms, free Hb can catalyze the formation of free radicals and mediate
oxidative damages [95]. Haptoglobin is primarily synthesized in the liver. However, it
has been shown that oligodendroglia can also synthesize haptoglobin, releasing it into the
extracellular space, where it shows protective effects on brain cells from damages mediated
by hemolytic product during intracerebral hemorrhage [96]. Haptoglobin production has
also been described in other tissues, such as lung, skin, and kidney, during inflammatory
conditions [97]. Although zonulin, a pre-haptoglobin precursor protein, has been shown
to enhance small intestinal permeability, its direct effect in mediating BBB permeability
has been questioned [98]. There are contrasting findings where preclinical in vitro data
showed that zonulin potentially impaired BBB permeability [99], while other studies did
not find evidence of its significant contribution in BBB permeability changes [98]. Taking
into consideration that haptoglobin is found at a very low level in the normal brain [96]
and that it has been shown to protect against Hb-induced toxicity [100], the prevailing role
of haptoglobin can be considered to be neuroprotection.

Fg is an acute phase reactant protein that is increased during inflammation [90]. The
blood content of Fg increases not only during neuroinflammatory diseases such as AD [101],
MS [102], TBI [103], or stroke) [104], but also during other inflammatory diseases such as
cardiovascular diseases [105,106] and cancer [107]. It has been widely shown that Fg and
its derivative fibrin are not only markers of inflammation [90], but also cause inflammatory
responses [57,108-111]. The cause-and-effect relationship between elevated blood levels of
Fg (HFg) and cardiovascular disease has been shown, and HFg is presumed to be more
than just a byproduct of an inflammatory cardiovascular disease. It may independently or
interactively modulate the severity and/or the progression of cardiovascular disease [105].
Fg deposition in brain parenchyma has been documented during conditions with an
impaired BBB, such as MS [112]. In fact, extravascular deposition of Fg in the brain
parenchyma seen in autopsy tissue samples of patients who suffered from MS is indicative
of BBB impairment [113].

Changes in blood rheological properties that are caused by changes in blood viscosity,
blood flow, RBC aggregation, leukocyte activity, and platelet thrombogenesis are associated
with HFg. A significant role of Fg in blood viscosity changes has long been known [114-117].
In addition, it is established that Fg is directly involved in platelet thrombogenesis [118]. We
have shown that HFg that occurs during hypertension (an inflammatory disease) enhanced
development of platelet thrombogenesis [119,120]. Interaction of Fg and leukocytes during
their activation has been well defined [42,121]. In addition, the role of Fg in increased
RBC aggregation has been well established [122]. We have shown that a direct interaction
of Fg with erythrocytes has a significant effect on RBC aggregation [123]. Furthermore,
a direct correlation between blood viscosity and RBC aggregation during hypertension
is well established [124,125]. Combined, these effects of Fg can easily result in develop-
ment of hemostasis during inflammatory diseases and cause vasculo-neuronal uncoupling
in the brain.

Specific interaction of Fg with the microvascular endothelium and the resultant vaso-
constriction has been shown [126]. We have also shown that at elevated levels, Fg can
activate ECs [111] and enhance caveolar transcytosis of proteins [127], resulting in the
increased BBB permeability seen during TBI [128]. While out of vasculature, Fg can interact
with and activate astrocytes [129,130] and, by directly interacting with neurons, generate
(ROS), NO, and mitochondrial superoxide in these cells [83]. Moreover, as it is converted
to fibrin in the extravascular space, it induces perivascular microglial clustering, promotes
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demyelination, and promotes dendrite and spine elimination in neurons, which has been
shown to be associated with neurodegeneration and reduced neuronal density [131,132].

Although Fg is mainly synthesized and generated in the liver [133], in addition to
being situated in plasma, it is accumulated in x-granules of platelets [134,135]. The release
of Fg from «-granules [134] occurs slower than secretion from dense granules [136] and
possibly as a second phase of platelet activation after content of the dense granules is
released. Fg deposited on activated endothelial cells can become a binding site for even
non-activated platelets via their surface receptor oy, 33 [137]. It has been known that RBC
aggregation can be promoted by several plasma proteins, such as Fg, a2-macroglobulin,
and immunoglobulins M and G [138]. However, it was found that the only protein that had
an effect on RBC aggregation on a biologically relevant level was Fg [138]. We have found
that Fg had a specific interaction with RBCs via, most likely, integrin-like receptors on the
surface of erythrocytes and promoted RBC aggregation [123]. Combined, these results
suggest that during inflammation, when its blood content is elevated, Fg can be involved
in platelet thrombogenesis and RBC aggregation, leading to blood flow reduction and
decreasing supply to neural tissue with necessary nutrients, resulting in neurodegeneration.
These findings suggest that Fg can be one of the most prominent agents in the circulatory
system involved in vascular effects of neurodegeneration and memory reduction, i.e., in
VCID. Some inflammation-induced and VCI-mediated mechanisms involved in memory
decline are presented in Figure 1.
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Figure 1. Schematic representation of the hypothesis of inflammation-induced vascular cognitive
impairment. Among other factors that can affect vasculo-neuronal uncoupling, the factor that stands
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out is fibrinogen (Fg). It can be involved in changes of vascular permeability in various ways.
Changes in vascular permeability result in direct activation of astrocytes and neurons through
increased deposition of blood proteins (particularly of Fg) in the extravascular space, leading to
neurodegeneration and a reduction in memory. Orange arrows indicate direct effects of Fg. Red
arrows indicate direct effects. Dotted arrow indicates indirect effect. Green boxes and the arrow
define anti-inflammatory pathway, while red boxes emphasize effects with strongest effects in VCID.
Abbreviations: RBC—red blood cells, ECs—endothelial cells, CRP—C reactive protein, SAA—serum
amyloid A, ROS—reactive oxygen species.

6. Other Proteins Involved in VCID

It has been shown that A is generated in both brain and peripheral tissues and is
released into the circulatory system [139], where its level is correlated with increased risk
of AD development [140-142]. Blood-derived A can enter the brain tissue and cause
neuronal dysfunction [143,144]. Strong association of Ap peptide with Fg was linked to
severity of AD [80]. A correlation of A pathology and impairment in memory during TBI
has been suggested [145]. In addition, there is evidence that links the occurrence of TBI to
the onset and progression of AD and cognitive impairment [146]. Repetitive mild TBI has
been shown to accelerate A} deposition, lipid peroxidation, and cognitive impairment in a
transgenic mouse model of AD [146].

The extravasation of A has a major role in the accumulation of A{3 in the CNS [147].
There is also evidence that A3 accumulation itself affects brain vasculature and changes the
function of the NVU [144]. It has been shown that the association of Fg and Af alters throm-
bosis [78] and results in the formation of clots with an abnormal structure and resistance
to fibrinolysis [87]. Although the formation of complexes containing Fg/fibrin [148] and
AP [149,150] is the hallmark of AD [78,80,148], some evidence indicates that the content of
Af alone has a limited effect on memory [151,152]. These results suggest that formation of
Fg—Af complexes can have a greater effect on memory reduction than the extravascular
deposition of Fg or A3 alone.

Although A is strongly associated with AD [80], there is evidence of the greater
role of cellular prion protein (PrP) in memory reduction [151,152]. In addition, the
role of PrPC in TBI-associated memory reduction has been shown [153]. PrPC is a cell
surface, glycosylphosphatidylinositol anchored glycoprotein, abundantly expressed in
neurons, glial cells [154], and endothelial cells [155]. It was shown that PrP€ participates
in Af} transcytosis through the BBB [156] and Af3-mediated memory reduction during
TBI [151]. We have recently shown that Fg can specifically interact with PrP¢ on the
surface of astrocytes [81,130]. Moreover, our data showed that Fg can form a complex
with PrP¢ in the extravascular space of mouse brains during mild-to-moderate TBI and
was accompanied by short-term memory reduction [61]. TBI causes AB-PrPS-Fyn kinase
activation, which also induces tau phosphorylation [153]. Fyn kinase is localized in the
postsynaptic density of the brain, which is the primary site of signal transduction and
processing, and its activity is linked to synaptic function [157,158].

It is well known that the deposition of Af3 plaques and tau-associated neurofibrillary
tangles are a hallmark of AD. Both the deposition of amyloid and tau proteins have been
implicated in the memory decline present during AD [159]. In fact, the direct interaction
between the A3 and specific regions of tau has recently been defined, suggesting that
targeting only A or only tau may not be the best treatment strategy during AD [160].
However, there are some conflicting data regarding effects of A and tau on memory. Some
data indicate that the content of tau, but not the levels of A, in cerebrospinal fluid is
associated with the severity of short-term memory impairment present in AD patients [161].
Other studies indicate that hyperphosphorylation of tau is not directly responsible for Af3-
induced neurodegeneration in vitro [162], and amyloid deposition has a greater association
with microglial activation and memory reduction than tau pathology does [163]. Similarly,
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it has been shown that tau has a limited role in Af-induced memory impairment [164].
These results suggest that A may have a greater effect than tau in memory reduction. This
point can be substantiated by the fact that tau is exclusively present in nonvascular brain
cells while Af3, in addition to its presence in brain cells, can also be extravasated from the
blood stream to further increase its overall content in the brain during neuroinflammation.

The neuropeptide substance P (SP) was first identified in the brain and gut in the
early 1930s by Euler and Gaddum [165]. It is widely distributed in the central, peripheral,
and enteric nervous systems and acts as a neurotransmitter and a neuromodulator that
has a potent hypotensive property. It has been shown that during acute brain injury, SP
was found perivascularly and linked to vasogenic edema formation [166]. It is suggested
that SP plays a major role in secondary injury during neuroinflammatory diseases such as
TBI. It has been found that SP mediates an increase in vascular permeability leading to the
formation of edema [167]. Furthermore, SP itself may have a direct role in learning and
memory, as it has been shown that blocking SP receptor expression in the hippocampus in
the neostriatum impairs learning and memory in tested rats [168].

7. Some Other Inflammatory Agents Commonly Associated with BBB Disruption

Several other inflammatory mediators have been involved in modulation of BBB
permeability. These are bradykinin, which increases BBB permeability by acting on B,
receptors, serotonin, which affects BBB permeability in some but not all studies, and
histamine, one of the few CNS neurotransmitters consistently associated with BBB impair-
ment [169]. Increased BBB permeability leads to the neurodegeneration and reduction in
memory seen during diseases such as AD [144] and TBI [7,8,61,75].

8. Conclusions

In conclusion, we would like to emphasize that most of the systemic effects that are
conveyed to neurons originate in the circulation. These effects exclude genetic, epigenetic,
and some sensory effects that could directly affect neuronal function, which are not con-
sidered in the present review. Systemic alterations undeniably affect the composition of
blood and properties of blood cells, plasma proteins, vascular cells, and/or vessels affecting
blood flow. All these changes can positively influence the BBB integrity. As a result, any
pathological alteration of the BBB property results in abnormal effects in glial and neuronal
functions, eventually leading to possible neuroinflammation and neurodegeneration with
high incidence of memory reduction. All these emphasize an imperative importance to
study mechanisms of cerebrovascular permeability during various neurodegenerative
diseases. Studying the link between BBB dysfunction and dementia might be key in find-
ing the right window for intervention. To help accelerate the development of new and
existing biomarkers for VCID, the MarkVCID consortium was formed under cooperative
agreements with the NINDS and the National Institute on Aging in 2016 [170], involving
multicenter studies whose mission is to identify and validate biomarkers for VCID. The
overall goal of the consortium is to deliver high-quality biomarkers ready for use in clinical
trials aimed at generating scientific breakthroughs in deeper understanding and treatment
of VCID. New discoveries will not only open the possibility of restoring and/or main-
taining properties of the intact BBB, but also will exploit ways for safe delivery of drugs
through the BBB during various pathologies. Currently diagnosis for VCID is limited to
clinical signs of dementia and/or magnetic resonance imaging, which may take place later
in the course of the disease as a part of intervention or prevention. Therefore, developing
biomarkers, preferably noninvasive markers, for early detection and prevention of VCID is
an imperative goal for the future.
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Abstract: Dementia currently has no cure and, due to the increased prevalence and associated eco-
nomic and personal burden of this condition, current research efforts for the development of potential
therapies have intensified. Recently, targeting integrins as a strategy to ameliorate dementia and other
forms of cognitive impairment has begun to gain traction. Integrins are major bidirectional signaling
receptors in mammalian cells, mediating various physiological processes such as cell-cell interaction
and cell adhesion, and are also known to bind to the extracellular matrix. In particular, integrins play
a critical role in the synaptic transmission of signals, hence their potential contribution to memory
formation and significance in cognitive impairment. In this review, we describe the physiological
roles that integrins play in the blood-brain barrier (BBB) and in the formation of memories. We
also provide a clear overview of how integrins are implicated in BBB disruption following cerebral
pathology. Given that vascular contributions to cognitive impairment and dementia and Alzheimer’s’
disease are prominent forms of dementia that involve BBB disruption, as well as chronic inflammation,
we present current approaches shown to improve dementia-like conditions with integrins as a central
focus. We conclude that integrins are vital in memory formation and that their disruption could lead
to various forms of cognitive impairment. While further research to understand the relationships
between integrins and memory is needed, we propose that the translational relevance of research
efforts in this area could be improved through the use of appropriately aged, comorbid, male and
female animals.

Keywords: integrins; extracellular matrix; dementia; and blood-brain barrier

1. Introduction and Integrin Signaling Mechanics

Integrins are major receptors in mammalian cells, mediating various physiological
processes such as cell—cell interaction and cell adhesion, and are also known to bind to the
extracellular matrix (ECM). Recently, the interaction between integrins and the ECM has
been ascribed to information processing and memory functions via its mechanosensory
functions and maintenance of dendritic integrity at the synapse [1]. Whilst the role of inte-
grins in cognitive impairment has been understudied, the main role of integrin interactions
with the ECM allows them to function as signal transducers in synergy with other classes
of receptors in the activation of intracellular processes to promote cell proliferation, cell
differentiation, cell survival, and cell growth [2]. Understanding the mechanics of integrin
functions is vital to determining molecular targets for potential therapeutic applications. To
facilitate this, here we briefly describe the role and interactions of the ECM with integrins.
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Further, we describe integrins’ role in blood-brain barrier (BBB) integrity and memory
formation, as well as their potential therapeutic applications in ameliorating dementia.

Most cells are anchored in the ECM, a complex of various proteins such as collagen IV,
laminin, and perlecan, which allows for sufficient tensile and adhesive strength to support
and maintain the structure and orientation of cells. The ECM conveys many benefits to
the surrounding cells, such as allowing for mechanical, biochemical, and electrical forces
to impose changes on the cells in different and highly specific ways [3]. Cell adhesion
to the ECM, vital for functional multicellularity, is accomplished by integrins, which are
bidirectional transmembrane receptors that allow for both mechanical and biochemical
signaling between cells and the ECM [3,4]. Connecting within cells to the intracellular actin
cytoskeleton, integrins allow for the mechano-transduction of signals to induce functional
and conformational changes in both the ECM proteins and cellular components. Some
of these signaling events that modulate cells are proliferation, shape, polarity, motility,
gene expression, and differentiation [5]. Additionally, the protective effects of integrins are
directly related to essential physiological processes such as cell survival and proliferation:
to block apoptosis, via phosphatidylinositol 3-kinase and protein kinase B (also known
as Akt; i.e., PI3BK-Akt) signaling, and to stimulate cell cycle progression, via extracellular-
signal-regulated kinase (ERK) and cyclin D1 signaling [4,5].

All these cellular conformational and functional changes hinge upon integrin binding
and signaling. The integrin family is composed of 18 alpha and 8 beta subunits, which
form 24 distinct integrin heterodimers. Integrins mediate two different kinds of signal-
ing pathways: “inside-out” and “outside-in”. The “inside-out” pathway occurs when an
intracellular signal promotes the binding of specific proteins, which may induce confor-
mational changes on the integrin and increase the affinity for ECM ligands. However,
the “outside-in” pathway recruits protein complexes that regulate cell function such as
proliferation and differentiation [4]. These “inside-out” and “outside-in” signaling roles
of integrins are accomplished via mechano-transduction between the ECM and intracel-
lular actin cytoskeleton [4]. Mechanical loads on tissue are perceived by cells as stimuli
via the surrounding ECM through integrin signaling. The perception of these stimuli by
cells is critical for the cell-matrix interactions that regulate the mechanical homeostasis
of tissues [3,6]. Integrins also have some association with memory formation due to their
abundant expression at the synapses as well as their unique facilitation of mechanical
homeostasis.

Integrins and the Blood—Brain Barrier

In the absence of a constant mechanical stimuli, integrins can induce structural apopto-
sis in the surrounding parenchyma, which may increase vascular permeability and thereby
weaken the integrity of the BBB [6,7]. Hence, integrins reserve an integral physiological
function in the maintenance of the BBB and cerebral homeostasis. Integrins can potentially
be a therapeutic target to maintain BBB integrity in the event of cerebral pathology.

Integrin signaling is also involved in the promotion and maintenance of the selective
permeability of the BBB [8,9]. Many integrin knock-out (KO) mouse models are lethal
or develop brain defects. For example, 31 KO mice have decreased BBB integrity [8,10].
Similarly, a5 KO mice show increased BBB leakage [9]. Understanding the specific role
of each of the outlined integrin, not only with regard to their role in inflammation but
specifically for their unique contribution to the BBB, is germane to maintaining a healthy
brain as well as developing potential therapies.

A common insult to BBB integrity is cerebral ischemia and /or vascular-dysfunction-
induced oligemia. Cerebral ischemia/oligemia occurs when blood flow to downstream
microvasculature or brain parenchyma is impaired, generating a core of dead brain cells
with a salvageable peri-infarct region, called the penumbra. The integrity of the BBB in the
penumbral region is subject to pro-apoptotic factors in a physiological and compensatory
effort by the brain towards angiogenesis. Although various other neurovascular factors
play a significant role in the maintenance of the BBB integrity, we [11] and others [12]
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demonstrated a reduced level of tight junction protein expressions for up to 14 days in
the ischemic core. Similarly, in the peri-infarct region, it was reported that tight junction
protein expression is also lowered immediately and in the first 4 days following cerebral
ischemia induction; a slow restoration of normal tight junction protein expressions ensues
thereafter [12]. These findings are in tandem with angiogenesis following ischemic stroke
and were associated with increased endothelial x5p31 integrin expression [12]. The dis-
ruption of the BBB may have a direct effect on cognitive deficit and long-term functional
recovery following brain ischemia.

Integrins, such as o531 and «2(31 receptors, contribute highly to angiogenesis and
vascular remodeling and are under intense research focus as therapeutic targets. The o531
integrin is largely expressed in the endothelial cells of the cerebral vasculature. This is of
importance since the c-terminal ligand of the perlecan domain V (DV, an ECM protein,
which is cleaved by proteases and richly expressed in the brain following cerebral ischemia)
binds with the 531 integrin receptor resulting in a pro-angiogenic effect through VEGF
upregulation and the ERK signaling pathway [13]. DV is an 85kDa c-terminal domain
of perlecan consisting of three laminin-like globular domains (LG1-LG3) and LG3 is the
c-terminal domain mostly released by proteolytic cleavage [14]. It is well documented
that the increased expression of «531 integrin is associated with a similar increased brain
expression of angiopoietin-1 (Ang1) following ischemic stroke [12,15]. Angl is a vascular
ligand for Tie2. Tie2 expression induces endothelial progenitor/cell migration and protects
from apoptosis via the upregulation of focal adhesion kinase and Akt signaling, resulting
in vascular protection, cell migration, and tube formation only when «5@31 integrin is
upregulated [9,16]. However, Angl signaling and angiogenesis interferes with the 31
conformation of the ECM components, which impairs BBB integrity and results in increased
BBB permeability [17]. Indeed, 31 integrins promote coagulation and phagocytosis, which
are essential steps in angiogenesis, and this is likely responsible for the BBB permeability
following brain ischemia [18].

While we have shown that selectively inhibiting the o531 integrin receptor with the
small peptide ATN-161 in acute ischemic stroke ameliorates BBB disruption [11], we reason
that the tandem increase in Angl and «5 integrin expression beyond the acute phase
of cerebral ischemia may help stabilize the BBB and improve local blood flow through
promoted angiogenesis as shown by other groups [12,15]. Consequently, inhibiting o531
integrin during the acute phase of ischemic stroke, but potentially not in the long term,
could help stabilize the BBB and ameliorate neuroinflammatory processes, which holds the
key to post-stroke outcomes.

Since the modulation of integrins results in changes in the brain, there is sufficient
reason to believe that integrins play a role in memory pathology, such as dementia, where
BBB disruption is a commonality. Below we describe a more direct involvement of integrins
in memory formation.

2. Integrins and Memory

The role of integrins in memory function and the formation of new memories lies at
the synaptic connection. Memory is stored and processed from the pattern of molecular
changes involved at the presynaptic and post-synaptic terminals during the transmis-
sion of neuronal signals. The unique biochemical conformation and interaction of the
ECM, cytoskeletal structures, and integrins allow neurotransmitter release and trafficking,
which, along with other biochemical processes, enable signal transduction and processing.
Ultimately, synaptic signal transmission is facilitated by the adhesive and signaling func-
tions of integrins. Long-term potentiation (LTP), which describes the extended increased
synaptic transmission of signals between two or more neurons based on prior persistent
patterns of biochemical processes at the synapse, has been attenuated in Drosophila by in-
tegrin inhibitors or other pharmacological compounds [19-22]. Similarly, disruption of the
integrin-associated protein (IAP, also known as CD47), causes memory impairment in mice
due to its relationship with one of the genes related to memory formation. Moreover, the
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inhibition of IAP in the dentate gyrus of rat hippocampus impairs both synaptic plasticity
and behavioral plasticity resulting in reduced memory retention and LTP [23-25]. Since
learning and memory are a result of the constant alterations at the synaptic connections,
the interplay between integrins and the ECM may be directly linked to memory formation.
Hence, pathological or abnormal changes in the conformation of integrins may result in
lapses in memory formation and retention (Figure 1). The first direct evidence for the role
of integrins in memory function emanated from the study of Chan et al. [26]. They found
that the concurrent attenuated expression of a3, 5, and «8 integrin subunits resulted in
spatial memory deficit during Morris water maze (MWM) tests. This early finding showed
that integrin receptors, which are known to play a role in cell adhesion, may also mediate
behavioral plasticity. Further, the same study and other reports demonstrated that the spe-
cific deletion of 3 or 31 integrins in the forebrain and excitatory neurons impairs working
memory in the hippocampal-dependent test of T-maze [26-28]. Additionally, «8 and 38
integrins are abundant at the dendritic spines of pyramidal neurons and associated with
post-synaptic density [29,30]. o5 integrins are also richly localized in the apical dendrites
of the pyramidal cells of the cortex and hippocampus [31]. This suggests that integrins are
actively involved in the processing of memory function.

t‘
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Figure 1. The potential role of integrins in memory formation and maintenance. Various integrins
play vital roles in maintaining the number and size of the dendritic spine at the synapse as well as in
functional hippocampal memory formation and retention. In addition, 1 integrins are responsible
for the re-assembly of the cytoskeleton following synaptic transmission of signals. Other integrins are
activated and associated with plaque deposition in human brain samples obtained from individuals
with dementia-like symptoms. The inhibition/deletion of these integrins revealed functional loss of
memory formation/retention; hence, targeting these integrins will be critical in illuminating their
potential therapeutic values.

Using rodent hippocampal slices, several studies demonstrated the direct dependence
of LTP on integrins. LTP was attenuated when o3 and «5 integrins were inhibited with
antibodies from snake venoms [22,31]. Moreover, both LTP and the biochemical restoration
of actin assembly were eliminated when {31-integrin inhibition was induced immediately
after stimulation [32]. Despite the mounting body of evidence linking integrins to memory
functions, it is not known whether integrins directly regulate aspects of memory formation
and recall while performing their intracellular signaling or cell adhesion roles. This level of
understanding will provide essential evidence to further integrin targeting to potentially
improve memory functions.

The (-1 integrin subunit is the most commonly occurring subunit; this includes
a4p1, abB1, x6pB1, VPB1, xVPR3 21, and x11B1. The downstream signaling functions
of 31 integrins occurs via interactions with non-receptor tyrosine kinase Arg to modulate
dendritic and synaptic plasticity in the hippocampal neurons [33]. Arg binds to and
phosphorylates the intracellular tail of the 31 integrin at the dendritic spines where Arg
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is richly expressed [34-36]. Consequently, when the 31 integrin is conditionally knocked
out in mice, hippocampal-dependent memory deficits were observed due to a significant
reduction in the size and quantity of the dendritic spines and synapses [33]. A similar
observation was noted in mice with homozygous deletion of Arg [36,37]. Moreover,
the direct inhibition of the 31 integrin attenuated the quantity of synapses in the apical
dendrites of CA1 pyramidal neurons [38]. These suggest that 31 is crucial not only for
the early formation of synapses but also for the maintenance of hippocampal memory
functions. Similarly, the deletion of the «5 integrin in the hippocampal neurons results in a
reduction in synapses as well as dendritic spines [39].

Early studies reported the association of integrins with age-associated memory deficits.
Aged human hippocampal and cortical neurons were immunoreactive for the o4 integrin
subunit, which was not observed in samples from young adults [40]. Moreover, tau-positive
plaques in samples from patients who had Alzheimer’s disease (AD) reacted to antibodies
for the o4 integrin subunit [40]. Relatedly, the senile plaques and neurofibrillary tangles
in human brain samples from AD patients was highly reactive to antibodies for the 33
integrin [41]. This suggests that the increased deposition of plaques activated a4 and
(3 integrins. The integrins’ specific role(s) in AD or other diseases that impact memory
functions is not well understood and calls for further investigations.

However, it has been shown that increased integrin expression at the site of tau-
positive plaque formation could be the brain’s attempt to rid itself of the plaques. Activated
microglial cells in the region of amyloid plaques from the brain samples of dementia pa-
tients have a higher expression of 431 and xL{32 integrins [42]. Experimental findings
from rats demonstrate the colocalization of 131 and «5(31 integrins with 3-amyloid pre-
cursor proteins in hippocampal neurons and cortical astrocytes [43,44]. Integrins are clearly
implicated in the inflammatory response to abnormal brain processes that impair memory
function. Hence, understanding the specific roles integrins play in cognitive dysfunction
may be the first step towards the development of therapeutic strategies for dementia.

Given the importance and involvement of integrins in proper brain health and develop-
ment, integrins could be a potential therapeutic target for dementia. In fact, coinciding with
the growing aging population, incidences of dementia are also expected to increase and
become an even greater healthcare burden [45,46]. In 2010, healthcare for dementia-related
cases in the United States cost over 100 billion USD, and costs are predicted to double
to over 250 billion USD by the year 2040 [47]. Population studies estimate that around
50 million people worldwide have been diagnosed with dementia and that dementia cases
are only going to increase, with some estimates saying cases will triple, i.e., 150 million,
by 2050 [48]. Therefore, increased efforts towards understanding the potential therapeutic
roles of integrins may help reduce the economic impact of dementia. Below, we describe
the two forms of dementia, vascular contributions to cognitive impairment and dementia
(VCID) and AD, which may be well suited for increased integrin research endeavors.

2.1. Vascular Contributions to Cognitive Impairment and Dementia (VCID)

VCID is a term used to describe any degree of cognitive impairment caused by
cerebrovascular dysfunction. VCID encompasses patients suffering from vascular cognitive
impairment to the more severe diagnosis of vascular dementia. VCID represents a growing
major health concern worldwide. VCID alone is the second leading cause of dementia and
accounts for 20% of all dementia cases in Europe and North America and 30% in Asia [49].
While aging is one of the main risk factors, smoking, inflammation, hypertension, and
stroke have all been shown to increase the risk of developing VCID [45,50].

VCID is a complex disease that can be caused by many different factors. In general, an
event causing blood flow dysregulation or hypoperfusion in the brain leads to a decrease in
glucose metabolism, vascular permeability, and ultimately to neuronal death. The processes
that follow cerebral blood flow insufficiency are neuroinflammation, vascular remodeling,
and BBB disruption. Chronic hypoperfusion has been shown to have a strong relationship in
VCID pathogenesis likely leading to pathology such as infarcts, hemorrhages, and memory
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impairment in rodents [45]. In addition, cerebral small vessel disease, which results from
chronic hypertension and cerebrovascular remodeling, leads to cognitive impairment [51].
Consequently, an excellent animal model is the spontaneously hypertensive rat (SHR),
which develops cerebral small vessel disease early in life, developing white matter damage
and a dysfunction of the BBB in later life [51].

Since BBB integrity is highly implicated in the pathogenesis of VCID, it is imperative
to increase research efforts in understanding how integrins can be targeted to maintain
BBB integrity and potentially ameliorate memory function. Only one study from our group
has explored the expressions of the &5 integrin following 14 days of bilateral carotid artery
stenosis in mice, a valid model of VCID [52]. We found an increase in the cortical and
striatal expressions of the &5 integrin, a decrease in tight junction proteins, and a substantial
BBB permeability 14 days after bilateral carotid artery stenosis in young adult males. This is
suggestive of active angiogenesis, the brain’s compensatory attempt to increase the number
of blood vessels, which ultimately disrupts optimal BBB function and may potentially lead
to cognitive impairments.

2.2. Alzheimer’s Disease (AD)

In patients with AD, several integrins and integrin-binding factors are upregulated [18].
Chronic low-grade inflammation is known to play a critical role in the pathogenesis and
progression of AD. Increased BBB permeability contributes to elevated leukocyte infiltra-
tion, particularly neutrophils, and thereby mediates vascular inflammation in the brain.
Leukocytes attach to cerebral endothelial cells and migrate to the brain parenchyma, partic-
ularly in the hippocampus and other limbic structures [53,54]. Leukocyte infiltration is a
multistep process that is mediated by adhesion molecules such as selectins, integrins, and
the immunoglobulin superfamily [55]. The «4f31 integrin, also known as CD49d /CD29
or very late antigen-4 (VLA-4), is the most predominant 31 integrin expressed on leuko-
cytes [56] and also plays an essential role in T cell trafficking during various inflammatory
responses [57], as well as in CNS pathologies such as multiple sclerosis and experimental
autoimmune encephalomyelitis [55,58]. Pietronigro et al. demonstrated that the 431
integrin is a pivotal mediator of leukocyte adhesion on activated endothelial cells and
blocking the a4 chain with specific antibody inhibits rolling interactions in cortical venules
in 3xtg-AD mice, indicating that VLA-4 promotes the leukocyte-vascular interactions in
AD mice [56]. They found an age-dependent increase in the proportion of x4-integrin-
expressing CD4+ cells in 3xTg-AD mice and an inhibition of «4p1 integrin improved
cognitive function as evidenced by improved performance in a Y maze, contextual fear
conditioning, and MWM tests [56]. Taken together, the study shows that the therapeutic
potential of x4p1 integrin inhibition interferes with disease progression and cognitive
impairment. Further, x4 integrins blockage attenuated leukocyte-endothelial interactions
and thereby significantly inhibited neuropathological hallmarks such as A3 deposition and
tau hyperphosphorylation.

From the foregoing, integrins may be a worthwhile research focus as a therapeutic
target in cognitive impairment and dementia.

3. Improving the Translational Perspective for Modulating Integrin Signaling in the
Context of Cognitive Impairment

A number of potential therapeutic integrin targets are currently under investigation
or have been shown previously to ameliorate the impact of cognitive impairment in the
context of the two leading types of dementia. We will outline some of the findings (Table 1)
and briefly indicate potential areas of growth in this area. C16 (KAFDITYVRLKF), a
selective peptide inhibitor for av(33, was shown to interfere with the transmigration of
leukocytes and inflammation [59]. Moreover, C16 has shown a beneficial effect on the
ALS/Parkinsonism dementia complex (PDC), representing symptoms analogous to AD’s
such as dementia and Parkinsonism, when administrated along with angiopoietin 1, a nerve
growth factor. A combination treatment of C16 with angiopoietin 1 improved oxidative
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stress, neuroinflammation, and cognitive function in a rat model of PDC induced by Beta-
N-methylamino-L-alanine (L-BMAA) [60]. In addition to leukocytes, platelets also play a
critical role in the development and progression of VCID and AD as they harbor amyloid
precursor protein (APP) and secretases required to cleave the APP [61], and aberrant platelet
activation has been reported in AD patients [62]. Lee et al. demonstrated that A31-40
stimulated aberrant reactive oxygen species (ROS) production in human platelets and the
activation of integrin alIbp33 through a PKC-6-dependent mechanism [63]. Treatment with
Rosmarinic acid, a phyto-polyphenolic compound, attenuated platelet adhesion through
the modulation of ROS production and inhibition of «IIb{33 signaling.

Recently, Ortiz-Sanz et al. demonstrated the therapeutic potential of the N-terminal
signal peptide of 31 integrin localized at the first 20 amino acids, towards AD. The 31
integrin binds to A oligomers and attenuated ROS generation in primary astrocyte cultures
treated with A oligomers [64]. Further, intrahippocampal administration of recombinant
integrin 31 signal peptide prevented both astrogliosis and microgliosis and endoplasmic
reticulum stress mediated by Af3 oligomers in vivo.

We have previously reported that the domain V (DV) 85-kDa protein fragment of the
extracellular matrix proteogylcan perlecan is generated by proteolysis and could modulate
231 signaling induced by A in vitro [65]. Perlecan DV is an a2 integrin ligand shown
to inhibit A3-induced neurotoxicity in human cortical neurons in vitro through the o231
integrin receptor and a p-c-jun-dependent mechanism [66]. Af is a ligand for both «2(31
and avf1 confirming their role in AD pathology [67]. Further, DV (and its 25-kDa subfrag-
ment, LG3) administration has blocked A toxicity in mouse fetal hippocampal neurons
through the inhibition of c-Jun and caspase-3 [64] demonstrating the therapeutic potential
of perlecan subunits.

Although the above stated studies have heralded the current thinking that integrins
have a strategic role towards improving brain health and ameliorating dementia-like effects,
the majority of preclinical studies continue to pursue translational relevance whilst not
considering important factors associated with dementia [68-71]. For example, given that
VCID and AD are diseases of advance age and affect both males and females, more work
lies ahead in the use of appropriately aged models as well as the careful consideration of sex
as a biological factor. Moreover, while we recognize that there exists no perfect model for
translational studies, VCID more often results from hypertension and other comorbidities
such as metabolic syndrome and diabetes mellitus [72-74]. Hence, the above translationally
relevant factors ought to be considered for future studies seeking to develop therapeutic
strategies for dementia whilst focusing on the roles of integrins in memory impairments.

Table 1. Summary of studies on modulation of integrin signaling in AD/dementia.

Disease Model Inhibitor/Modulator Inference Reference

3xTg-AD mice

Attenuated neuropathological hallmarks of
AD, such as microgliosis, Ap load, and tau

500 pg of the hyperphosphorylation. The a4 integrin Pietronigro et al.,

ad-integrin-specific antibody ~ blocking attenuated leukocyte trafficking and
improved cognitive impairment and AD
neuropathology

2019 [56]

Inhibited AB-induced ROS generation in

C57BL6/] mice with . . . .
Intrahippocampal Ap recombinant integrin 31 primary astrocytes
. AT N-terminal signal peptide Inhibited astrogliosis and ER stress in mouse
oligomers injection of AD
Rat model of ALS/PDC C16 peptide KAFDITYVRLKF  Attenuated oxidative stress and
model along with angiopetin 1 inflammatory response

(induced by L-BMAA)
Human and mouse
cortical neurons treated
with AR

(Angl)

Domain V and LG3 of
perlecan

Improved cognitive and motor function

Inhibited A-induced neurotoxicity in an «2
integrin and c-Jun dependent manner

Ortiz-Sanz et al.,
2022 [64]

Cai et al., 2018 [60]

Wright et al., 2010
[67]
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Table 1. Cont.

Disease Model Inhibitor/Modulator Inference Reference
Mouse hippocampal DV and 1L.G3 DV and LG3 inhibited the «2f31 integrin Parham et al.,
neurons treated with A4 receptor and prevented A3 from binding 2016 [65]

AB1-40-induced platelet adhesion is
Human platelets treated Rosmarinic acid ameliorated by RA through the inhibition of
with Ap1-40 NADPH oxidase/ROS/PKC-5/integrin
allb33 signaling pathways

Lee et al., 2021 [63]

4. Conclusions

From the foregoing, the role of integrins in memory function and retention stems from
their involvement in the formation and function of the dendritic spine. Several studies have
shown that the targeted integrin inhibition of «3, &5, or 31 leads to a decrease in dendritic
size and quantity, as well as LTP. Findings from multiple behavioral tests have also shown
that the inhibition of these same integrins results in mice with impaired memory. Hence,
1, 5, and &3 integrins functioning at the synapse are crucial for proper memory function.
However, it is still unclear if the observed deleterious effects on memory are a direct cause
of integrin attenuation or due to the loss of communication between cells. Increasing
research in this area could uncover if different integrins play different roles in memory
formation and retention, as well as determine if there are distinct pathways for the creation
of new memories and their recall.

Integrins and BBB disruption have both been linked with age-associated memory
deficits. The disruption of &5 integrins mediating angiogenesis during the acute phase of
vascular supply interruptions to the brain disrupts the integrity of the BBB and may be
implicated in cognitive dysfunction. There is, currently, a lack of direct evidence on the
specific roles of integrins in models of VCID and more studies are warranted to consider
this direction given the global prevalence of VCID. Although reports have linked «V {33,
a4p1, and xLB32 integrins to the pathology of AD, little is known of the role of these
integrins in models with age-related comorbidities or in female models.

To better translate experimental findings, especially in the area of potential therapy that
aims to target integrins, efforts must be intensified in modeling human disease conditions
as well as in the inclusion of sex as a biological factor. Since experimental models are
insufficient and to expand the true translational potential of bed-bench collaboration,
more efforts should be directed towards integrin analyses of post-mortem brain tissues
from individuals who were diagnosed with VCID and AD. One major step towards this
endeavor will be to establish a subregional hippocampus tissue biobank and registry, which
will preserve historical patient records as well as hippocampal brain specimens. Clearly,
integrins are associated with memory function in VCID and AD pathobiology/models and
an increased understanding of their specific roles and therapeutic potentials in ameliorating
cognitive deficits is urgently warranted.
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Abstract: Alzheimer disease (AD) models are based on the notion that abnormal protein aggregation
is the primary event in AD, which begins a decade or longer prior to symptom onset, and culminates
in neurodegeneration; however, emerging evidence from animal and clinical studies suggests that
reduced blood flow due to capillary loss and endothelial dysfunction are early and primary events in
AD pathogenesis, which may precede amyloid and tau aggregation, and contribute to neuronal and
synaptic injury via direct and indirect mechanisms. Recent data from clinical studies suggests that
endothelial dysfunction is closely associated with cognitive outcomes in AD and that therapeutic
strategies which promote endothelial repair in early AD may offer a potential opportunity to prevent
or slow disease progression. This review examines evidence from clinical, imaging, neuropathological,
and animal studies supporting vascular contributions to the onset and progression of AD pathology.
Together, these observations support the notion that the onset of AD may be primarily influenced
by vascular, rather than neurodegenerative, mechanisms and emphasize the importance of further
investigations into the vascular hypothesis of AD.
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1. Introduction

Alzheimer disease (AD) is the most common cause of dementia, accounting for over
70% of dementia cases in individuals above the age of 65 years [1]. The two main patholog-
ical hallmarks of AD are extracellular deposits of the amyloid- (A) protein in the form of
amyloid plaques and intracellular aggregates of hyperphosphorylated tau protein in the
form of neurofibrillary tangles [2]. Current disease models are based on the notion that
abnormal protein aggregation is the primary event in AD, which begins a decade or longer
prior to symptom onset, and ultimately leads to synaptic injury and neurodegeneration [3].

Vascular disease, including arteriolosclerosis, atherosclerosis, microinfarcts, and cere-
bral amyloid angiopathy (CAA), is a common co-pathology which is observed in 20-80%
of AD brains at autopsy [4-7]. Furthermore, almost all AD brains display evidence of
endothelial and capillary degeneration even in the absence of other forms of macrovascu-
lar pathology [8-12]. Significant and bidirectional interactions between AD and various
forms of vascular pathology have been well documented [13]; amyloid and tau toxicity
disrupts the blood-brain barrier (BBB) and alters vascular permeability, and structural or
functional damage to cerebral vasculature impairs amyloid clearance and promotes tau
aggregation. Previous neuropathological studies examining vascular pathology in AD have
focused primarily on pathology within the small- and medium-sized arteries and arteri-
oles; however, there is growing evidence to suggest that “micro”-vascular disease (i.e., at
the capillary level) and alterations to specific vascular constituents, such as endothelium
and pericytes, play an important role in AD pathogenesis [8,9,14-18]. From a functional
standpoint, cross-sectional and longitudinal clinical studies and animal models that utilize
advanced vascular imaging methods suggest that impaired cerebral blood flow (CBF) is a
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common and early predictor of AD pathology, which possibly precedes abnormal protein
aggregation and directly contributes to neuronal and synaptic loss in even the earliest
pre-symptomatic stages of the disease [8,19].

This review will examine evidence from clinical, imaging, neuropathological, and
animal studies supporting vascular contributions to the onset and progression of AD
pathology, including amyloid and tau aggregation, as well as direct vascular contribu-
tions to synaptic injury, impaired axonal repair, and neurodegeneration. Importantly, the
present review discusses evidence supporting the role of specific vascular constituents
(e.g., pericytes, endothelium, astrocytes, and basement membrane proteins) and vascular
abnormalities at the capillary level (i.e., “microvascular” disease) in mediating AD onset
and progression. Together, these observations support the notion that the onset of AD
may be primarily influenced by vascular, rather than neurodegenerative, mechanisms and
emphasize the importance of further investigations into the vascular hypothesis of AD.

2. Evidence to Support Vascular Contributions to AD Pathogenesis

Several lines of evidence support the presence of vascular contributions to AD patho-
genesis including associations of vascular pathology (e.g., arteriolosclerosis, microinfarcts,
and CAA) with mechanisms involved in AD pathogenesis, including amyloid and tau ag-
gregation, oxidative stress, mitochondrial dysfunction, and vascular inflammation, which
cumulatively contribute to synaptic loss and neurodegeneration [8,9,13-15,19,20]. Impor-
tantly, there is recent evidence to suggest associations of specific vascular constituents
(e.g., endothelium or pericytes) with molecular mechanisms or pathways directly involved
in synaptic plasticity, axonal growth, neuronal repair, and memory or learning functions
(e.g., long-term potentiation) [21,22].

The vascular hypothesis of AD, which was first proposed over 30 years ago, is based on
the notion that the first inciting event in AD pathogenesis is vascular dysregulation, which
then initiates a cascade of molecular and neuropathological changes leading to neuronal
dysfunction and the onset of AD pathologies, such as amyloid and tau aggregation [23-26].
A revised version of the vascular hypothesis suggests a “two-hit” process, in which amyloid-
independent microvascular damage (hit one) occurs due to several mechanisms (described
below), resulting in impaired amyloid clearance and then subsequent amyloid toxicity (hit
two) exacerbates microvascular injury via a positive feedback loop [20]. In various versions
of the vascular hypothesis, the inciting event in AD onset is vascular dysregulation and
reduced CBF, which precedes, causes, and then further exacerbates protein aggregation
and neuronal or synaptic injury, the latter driving the cognitive and behavioral decline
observed in the symptomatic stages [8].

This review summarizes the literature supporting this hypothesis and presents new
data suggesting additional direct links between specific vascular components and cognition.
Importantly, this current review expands the vascular hypothesis beyond associations
of macrovascular pathology with AD to highlight the importance of “micro”-vascular
constituents at the cellular and molecular level in AD onset and progression.

3. Vascular Risk Factors Increase the Risk for AD

The association of vascular risk factors, including hypertension, hyperlipidemia, dia-
betes mellitus (DM), obesity, and metabolic syndrome, with AD has been well documented
in several clinical and epidemiological studies [8,27-33]. Low insulin levels [34] and
DM [35] have been linked to AD risk in several other large studies, with hazard ratios of
1.31 and 1.62, respectively. A systematic review of 15 epidemiological studies reported
a pooled adjusted hazard ratio risk of 1.57 with DM [36,37]. Increased AD risk in indi-
viduals with DM was found to be almost comparable to, and synergistic with, that of the
Apolipoprotein E4 (APOE4) genotype, the most significant genetic risk factor for AD [35,38].
Apolipoprotein E, a major cholesterol transporter in the brain, has three isoforms: E2, E3,
and E4. The presence of 1 or 2 APOE4 alleles increases AD risk by 2-3-fold and 10-15-fold,
respectively, due to increased amyloid and tau aggregation, dysregulated cholesterol
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metabolism, and impaired synaptic plasticity [39—41]. Carriers of the APOE4 allele have
a higher risk for both late-onset AD and cardiovascular disease, further supporting an
important link between vascular disease and AD pathogenesis [42].

Other studies have shown associations of AD with midlife hypertension, while as-
sociations of AD with late-life hypertension have been inconsistent. In the longitudinal
Honolulu-Asia Aging Study, midlife hypertension was associated with a higher risk for AD
in middle-aged Japanese American men followed over 25 years, who demonstrated neu-
ropathological evidence of increased hippocampal tau pathology and brain atrophy over
follow-up, compared to normotensive controls [43]. Interestingly, midlife hypertension
increased the risk of mild cognitive impairment (MCI) to a similar degree as APOE4 [44-46].
AD risk increases with higher levels of low-density-lipoprotein (LDL) cholesterol and lower
levels of high-density-lipoprotein (HDL) cholesterol [47,48]. Further, early onset AD has
been linked to coding variants in APOB, which codes for apolipoprotein B, an important
component of LDL [49]. High LDL has been linked to AD pathogenesis by increasing
the risk for cerebrovascular disease, vascular inflammation, increased A3 synthesis, Af3-
mediated synaptic toxicity, and tau aggregation [50-52].

The Rotterdam study, which examined over 7000 older adults, reported a higher risk
for AD in association with vascular risk factors, such as DM, thrombotic episodes, high
fibrinogen or homocysteine levels, atrial fibrillation, smoking, alcoholism, and atheroscle-
rosis [8,53]. Participants with severe atherosclerosis had a three-times higher risk of de-
veloping AD or vascular dementia [53]. In the large longitudinal Atherosclerosis Risk in
Communities (ARIC) study, which followed a multiracial cohort of middle-aged adults
for 25 years, vascular risk factors, such as midlife smoking, diabetes, prehypertension,
and hypertension, were associated with a higher risk for dementia including AD [38].
Elevated homocysteine levels, which are independent risk factors for vascular disease,
are also associated with a higher risk for AD, brain atrophy, and tau pathology [54,55].
High homocysteine has been linked to impaired post-synaptic GABA (y-aminobutyric acid)
signaling, matrix metalloproteinase-9 (MMP-9) activation, and increased oxidative injury,
which disrupts the BBB and contributes to AD pathogenesis [56].

Furthermore, vascular risk factors appear to have additive or synergistic effects on
AD risk, with a higher risk being reported in the presence of multiple vascular risk
factors [57,58]. One study found that diabetes and current smoking were the strongest
risk factors in isolation or in clusters, while hypertension and heart disease were related to
a higher risk of AD when clustered together or with either diabetes or smoking [59].

4. Concomitant Macrovascular Disease Is Present in Most, and Microvascular Disease
in Almost All, AD Brains

Vascular disease, including subcortical white matter lesions or lacunes, is a common
co-pathology in AD, being reported in 18-84% of AD brains [5,7]; however, the degree
to which these forms of vascular disease contribute to neurodegeneration is yet to be
determined. Despite their co-occurrence, AD and vascular pathology often do not localize
in the same brain regions [5]. Furthermore, it remains unclear whether the severity of
vascular disease correlates with the severity of neuronal or synaptic loss in AD brains [5].
While several studies from various cohorts have shown that white matter hyperintensities
(WMH), which are used as an imaging surrogate of small vessel disease, are closely asso-
ciated with cognitive outcomes, other studies suggest that mild degrees of small vessel
disease (e.g., subcortical lacunes and white matter lesions) are not strongly associated with
cognition; however, their presence may be associated with a lower threshold for cognitive
impairment due to AD pathology [5], and hence, a higher risk for AD dementia [5,13].
Further, studies suggest that WMH are common in AD, and when present in parietal brain
regions, are frequently associated with AD pathology rather than arteriolosclerosis risk [60].
Consistent with these findings, a recent study from the Harvard Aging Brain cohort showed
that vascular risk and amyloid pathology interacted to predict more severe longitudinal
atrophy in certain brain regions in AD; however, this interaction was not related to WMH.
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In individuals with a high amyloid burden, gray matter atrophy mediated the associations
of vascular risk with cognitive outcomes [61].

Together, these findings suggest that vascular risk and A likely have independent,
yet overlapping [62], effects on brain atrophy and cognition [63] and that these effects
are not strongly influenced by imaging estimates of small vessel disease [61]. Conversely,
microvascular pathology in the form of capillary, endothelial, and pericyte abnormalities
is ubiquitous in AD brains and may occur independently of vascular pathology in larger
vessels [10,11]. There is growing evidence to support an important direct association of
microvascular alterations with cognitive impairment and the onset or progression of AD
pathology [8].

4.1. Brain Capillary Degeneration

Structural distortions to brain capillaries, including increased tortuosity, looping
or kinking, basement membrane thickening, and luminal buckling or narrowing, are
consistently observed in AD brains [10,16-18] and may have been reported in AD brains
by Tuke decades prior to the first description of amyloid plaques and tau tangles [8,64].
It has been proposed that microvascular alterations in AD contribute to neuronal loss
via reduced cerebral blood flow and impaired tissue oxygenation [8]. Microvascular
alterations in AD display regional and laminar patterns that parallel those of neuronal
loss [65], are preferentially localized in the vicinity of dystrophic neurites [66,67], and
occur with a high prevalence in the hippocampus [65,68]. Animal studies have shown that
significant alterations to brain microvasculature are evident in young AD transgenic mice
and precede vascular or brain parenchymal amyloid pathology [15,69,70]. Furthermore,
capillary abnormalities in AD do not correlate with the severity of AD pathological changes
(i.e., Braak staging) [71,72], which suggests that microvascular alterations in AD are not
solely a consequence of other AD pathologies.

4.2. Endothelium

Endothelial dysfunction is observed in almost all AD brains at autopsy [12], including
the majority of AD brains that display no pathological evidence of macrovascular disease
(i.e., arteriolosclerosis or atherosclerosis) [10,11]. Endothelial dysfunction refers to charac-
teristic structural or functional alterations that occur at the intracellular or cell membrane
level and interfere with endothelial cell integrity or function [9-11,16,65-67,73,74]. Struc-
tural changes consistent with endothelial dysfunction, such as increased pinocytic vesicles,
laminin deposition in the basement membrane, collagen accumulation, and focal necrotic
changes, are common in AD [9,11,16,73,74]. Endothelial cell loss in AD is demonstrated by
reduced staining for endothelial markers, such as CD31 and CD34 [10], and higher plasma
levels of endothelial markers, such as vascular cell adhesion molecule (VCAM-1), reflective
of endothelial injury [75]. A recent study in a large well-characterized cohort of cognitively
normal individuals with biomarker evidence of AD (i.e., “preclinical” or “pre-symptomatic”
AD) has shown that cerebrospinal fluid (CSF) levels of the endothelial protein, vascular
endothelial-cadherin (VE-Cadherin), are increased in even the earliest pre-symptomatic
stages of AD compared to healthy controls; correlate with markers of amyloid, tau, and
neurodegeneration; and are associated with cognitive outcomes independently of imaging
measures of small vessel disease [21]. Furthermore, findings from this study suggest that
endothelial injury partially mediates effects of amyloid and tau on cognitive outcomes [21].

Endothelial alterations have previously been considered secondary to amyloid or tau
toxicity on cerebral vasculature; however, emerging evidence from animal studies suggests
that endothelial dysfunction is an early and primary process in AD that may precede
amyloid and tau pathologies and promotes abnormal protein aggregation and synaptic
loss [12,15,69]. RNA-sequencing (RNA-seq) analyses suggest that endothelial pathways are
among the most differentially expressed in human AD brains [76]. Consistent with these
reports, 30 out of 45 AD risk genes are expressed in vascular cell types, and several of these
have their highest expression levels in endothelial structures [77] (Table 1). Animal stud-
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ies, including those that have examined the three-dimensional (3D) arrangement of brain
vessels, suggest that significant morphological changes in cerebral vessels and endothelial
dysfunction precede amyloid deposition and cognitive deficits in AD transgenic [69] or
insulin-resistant mice [78]. While the mechanisms that underly these changes are yet to be
elucidated, studies suggest that tumor necrosis factor (TNF)-o-mediated inflammation, ox-
idative stress, and leukocyte recruitment cause endothelial injury and loss of BBB integrity
in insulin-resistant and diabetic mice [78,79]. It has been proposed that, in AD transgenic
mice, impaired endothelial clearance of neuronal A triggers the accumulation of A and
other proteins near endothelial membranes, which then form endothelial pores, further
exacerbating endothelial dysfunction. Early endothelial damage correlates with cognitive
deficits in these models and precedes the formation of larger vascular or parenchymal amy-
loid plaques [69]. Blocking endothelial interactions with leukocytes reduces A3 deposition
and tau hyperphosphorylation and improves memory in AD mouse models [80].

Table 1. AD Risk Genes Expressed in Brain Vascular Cell Types.

AD Risk Gene Vascular Cell Types

APOE Smooth muscle cells, Meningeal fibroblasts
PICALM * Brain endothelium (arterial, capillary, and venous)
CLU Meningeal fibroblasts, Ependymal cells

ABCA7 T cells

PTK2B T cells

PLCG2 * Brain endothelium (arterial)

HLA-DRBI1 * Brain endothelium (arterial)

CD2AP * Brain endothelium (arterial, capillary, and venous)
SLC24A4 Ependymal cells

RIN3 T cells

ADAMTS1 * Smooth muscle cells, Pericytes, Brain endothelium (arterial)
ADAMTS4 Smooth muscle cells, Pericytes

FERMT?2 Smooth muscle cells, Pericytes

SCIMP Ependymal cells

CLNK T cell

ECHDC3 Perivascular fibroblasts

TNIPT * Brain endothelium (capillary and venous), T cells
ABCAT * Brain endothelium (venous), Perivascular fibroblasts
USP6NL * Brain endothelium (capillary and venous)
INPP5D * Brain endothelium (capillary), T cells

ACE* Brain endothelium (arterial and capillary)

IQCK Ependymal cells

ABI3 T cells

HESX1 Meningeal fibroblasts

FHL2 Perivascular fibroblasts

CHRNE Perivascular fibroblasts, T cells

AGRN Pericytes
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Table 1. Cont.

AD Risk Gene Vascular Cell Types

1L34 Smooth muscle cells, Pericytes, Meningeal fibroblasts
NYAP1 Ependymal cells

CASS4* Brain endothelium (capillary and venous)

Of the 45 top AD risk genes, 30 genes (shown above) are expressed in vascular cell types (excluding perivascular
macrophages), including 11 that are expressed in the brain endothelium (marked with an asterisk). The remaining
15 genes include 6 genes that are solely expressed in perivascular macrophages (CR1, HAVCR2, CD33, TREM2,
MS4A6A, and SPI1). The other 9 top AD risk genes were BIN1, SORL1, ADAM10, CNTNAP2, WWOX, APH1B,
HS3ST1, KAT8, and CCDC6. Adapted from Yang et al. [77].

4.3. Pericytes

Pericytes are specialized cells located in the capillary basement membrane, which have
contractile properties, and are uniquely positioned to interact closely with other cellular
components of the neurovascular unit, such as endothelium, neurons, and astrocytes [81,82].
Pericytes play an important role in maintaining microvascular stability of the BBB and
regulating neurovascular coupling and CBF [81]. Pericytes also demonstrate important
phagocytic functions; under normal physiological conditions, these cells are involved in A3
clearance and degradation through their surface expression of the low-density-lipoprotein
receptor-related protein-1 (LRP-1) in an APOE-isoform-specific manner [83]; however, the
phagocytic capacity of pericytes is limited in the presence of toxic Af levels, eventually
leading to pericyte loss and further exacerbation of amyloid aggregation [82]. Pericyte loss
is observed in AD and CAA mouse models and correlates with A burden, white matter
degeneration, and BBB disruption in the cortex and hippocampus [84-87].

Pericyte dysfunction has been associated with APOE4-mediated disruption of the
neurovascular unit in clinical and animal studies. APOE4 expression results in upregulation
of the LRP-1-dependent proinflammatory cyclophilin A (CypA)-nuclear factor kB (NF-«B)-
MMP-9 pathway in pericytes and brain endothelium. Activated MMP-9 from pericytes
leads to endothelial toxicity, BBB breakdown, and neuronal injury [88]. An age-dependent
disruption of the BBB is observed in APOE4-carriers years prior to the onset of cognitive
decline and is associated with increased CSF levels of MMP-9 derived from pericytes [89].

Pericytes also appear to contribute to tau aggregation in AD; pericyte loss is associated
with neuronal accumulation of hyperphosphorylated tau, caspase-cleaved tau, and tau
aggregation in animal studies [90,91]. Interestingly, these changes are only observed in
animal models that also had evidence of excess Af [91]. In a study by Sagare et al. [91],
pericyte-deficient (PdgfrB*/~) mice were crossed with mice overexpressing the Swedish
mutation of the human amyloid precursor protein (APP; APP*/0 mice) [91]. While neither
PdgfrB*/~ nor APP*/0 mice demonstrated tau pathology, APP** /Pdgfrp*/~ mice had
evidence of tau pathology as early as 9 months. Neuronal loss and impaired hippocampal
functions were observed in pericyte-deficient mice, although these changes appeared to be
more severe when excess A3 was also present [90,91]. Other animal studies have shown
tau accumulation in endothelium and vascular smooth muscle cells in AD [92]. While
impaired caveolin-mediated endocytosis in degenerating pericytes and vascular smooth
muscle has been implicated in vascular tau accumulation in animal models of traumatic
brain injury (TBI), it remains unclear whether similar mechanisms also occur in AD [93].

4.4. Astrocytic End-Foot Processes

Astrocytes are specialized glia that interact with other components of the neurovas-
cular unit through long cellular processes (i.e., astrocytic end-feet) [94]. Several lines
of evidence from in vitro and in vivo animal studies implicate astrocytes early in AD
pathogenesis via several mechanisms [94], including increased A3 synthesis and release,
neuronal and astrocytic tau aggregation, neuroinflammation, increased oxidative stress,
glutamate excitotoxicity due to disrupted astrocyte-neuron signaling, and impaired energy
metabolism, which ultimately lead to neuronal and synaptic dysfunction.
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Reactive astrocytes in AD may contribute to amyloid pathology through both APOE4-
dependent and APOE4-independent pathways [95]. Under physiological conditions, astro-
cytes can internalize and degrade A through enzymatic cleavage by neprilysin, insulin-
degrading enzyme, and MMPs [95,96]. Astrocytes also contribute to Af3 clearance through
the glymphatic system [97]. Astrocytic end-foot processes are rich in aquaporin-4 (AQP4),
a transmembrane protein involved in regulating water transport and interstitial fluid /CSF
exchange, including AP clearance. Loss of astrocytic AQP4 in AD is associated with
impaired A clearance [98].

Conversely, inflammatory conditions with high TNF-o« and interferon-y (INF-y) levels
are associated with increased A3 synthesis and release by astrocytes [99,100]. Excess A3 is
toxic to astrocytes and activates several proinflammatory pathways, such as the receptor
for advanced glycation end-products (RAGE) and NF-kB, which result in the release of
inflammatory mediators into the neuronal milieu and promote A synthesis [94]. APOE4
expression by astrocytes also stimulates their transformation into the pro-inflammatory
phenotype, which further contributes to A3 aggregation [99].

Astrocytes have been linked to increased tau phosphorylation and tau-mediated
neurodegeneration in AD, including tau accumulation within astrocytes and the release of
tau oligomers through exosome-dependent pathways [101]. Astrocytic release of glypican-4
is implicated in APOE4-dependent tau hyperphosphorylation [102]. Several AD risk genes
are expressed in astrocytes (APOE4, WWOX, CLU, CDK2AP1, MEF2C, and IQCK) and are
linked to both amyloid and tau metabolism [95,103].

4.5. Other Vascular Constituents

Other vascular constituents, such as the extracellular matrix (ECM) and basement
membrane proteins, may have a role in AD pathogenesis [104]. It has recently been shown
that the ECM protein decorin is significantly increased in APP knock-in mice at an early
age and that CSF decorin levels correlate with A plaque load and decorin levels in the
choroid plexus [104]. Consistent with these reports, CSF decorin levels are increased in
preclinical AD and correlate with CSF Ap342 levels [104]. Elevated CSF decorin levels
appear to differentiate a subtype of AD characterized by activation of the innate immune
system and possibly choroid plexus dysfunction [104].

5. Impaired Cerebral Perfusion Is a Common and Early Event in AD Which Strongly
Predicts Future Cognitive Impairment in Clinical and Animal Studies

Impaired CBF, measured by arterial spin labeling magnetic resonance imaging (MRI),
is well documented early in AD, including preclinical stages, as well as in animal stud-
ies [105-109]. Furthermore, CBF abnormalities predict future cognitive impairment and
disease progression in symptomatic individuals [110]. CBF reductions of 10% to 25% are
observed early in AD [111]. Studies utilizing single photon emission computed tomogra-
phy (SPECT)-image reconstruction found that older adults with symptomatic AD have
significantly reduced hippocampal perfusion compared to age-matched controls [112]. In
one study, individuals with subjective memory loss who had significant hypoperfusion in
the hippocampus and amygdala on SPECT were more likely to be diagnosed with AD over
follow-up [113]. In another study of non-demented individuals, higher CBF was associated
with larger hippocampal and amygdala volumes and lower risk for progression to demen-
tia [114]. Consistent with these findings, lower volumetric flow rates in the internal and
middle cerebral arteries, measured using four-dimensional (4D) MRI, were associated with
more severe brain atrophy, and low flow rates in the internal carotid artery with amyloid
pathology [115]. Temporoparietal, hippocampal-parahippocampal, posterior cingulate,
and inferior parietal lobe hypoperfusion is more common in MCI or early symptomatic
AD compared to controls, and several of these regional hypoperfusion abnormalities are
associated with a higher risk for progression from MCI to AD dementia [112,116,117].
Importantly, recent data from large longitudinal AD cohorts enrolled in the Alzheimer’s
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Disease Neuroimaging Initiative (ADNI) suggests that vascular flow abnormalities occur
very early in AD and may precede biomarker indicators of amyloid and tau pathology [19].

Consistent with these findings, animal models of chronic brain hypoperfusion (e.g.,
bilateral carotid artery occlusion) demonstrate AD pathology, including amyloid and tau
aggregation and capillary changes in the CA1 region of the hippocampus that are almost
identical to those seen in human AD brains [72]. In these models, CBF reductions to
25-33% of baseline were associated with several metabolic changes leading to cognitive
and behavioral impairment and neuronal loss in the absence of strokes, hemorrhages, or
hypertension [118,119]. These changes included loss of microtubule-associated protein-2 in
CA1 [120], reduced hippocampal cytochrome oxidase [121], impaired monoamine neuro-
transmitter turnover [108], altered glucose utilization [122], reduced post-synaptic choliner-
gic activity [123], increased heme oxygenase [124] and matrix metalloproteinase (MMP)-2
expression [125], and reactive gliosis, leading to a state of impaired energy metabolism,
disturbed protein synthesis, and increased oxidative stress, which were detectable months
prior to the onset of hippocampal neuronal loss or cognitive impairment. Other animal
studies of chronic cerebral hypoperfusion show increased hippocampal and frontal A
pathology due to activation of 3- and y-secretases [126,127] (two enzymes in the amy-
loidogenic pathway of APP processing that sequentially cleave APP to produce the A(342
peptide), and impaired A clearance due to reduced LRP-1 and increased RAGE expression
in the brain endothelium [128].

While neuronal dysfunction and subsequent hypometabolism may contribute to re-
duced CBF in AD, several observations suggest that hypoperfusion in AD cannot be fully
attributed to hypometabolism [129]; CBF alterations are detected before neurodegenera-
tion [19] and the degree of hypoperfusion in AD exceeds what is expected based on the
degree of atrophy alone [130]. Importantly, structural and functional changes to brain cap-
illaries which are observed in AD, including capillary constrictions near amyloid deposits,
and contraction of pericytes and endothelium, have been shown to reduce blood vessel di-
ameter by up to 50% and thereby provide a mechanistic basis for reduced CBF in AD beyond
what can be explained by neuronal or blood vessel loss [131,132]. Other possible mech-
anisms for capillary constriction in AD include regional vasoconstriction and increased
vascular resistance in response to A [133], capillary blockage by neutrophils [134], fibrin
deposits [135], and focal constriction sites caused by pericyte soma [133]. Administration
of an antineutrophil antibody (anti-Ly6G), or treatment with the anticoagulant dabigatran,
are associated with increased CBF and improved memory functions in transgenic AD
models [134,135]. High levels of reactive oxygen species (ROS) produced by microglia and
pericytes, and endothelin-1 produced by the endothelium, are associated with capillary
constriction in vitro [133]. Endothelial dysfunction may contribute to reduced CBF due
to imbalance between vasodilators (e.g., nitric oxide (NO), bradykinin, and prostacyclin)
and vasoconstrictors (e.g., endothelin-1 and thromboxane A2) [14]. Oligomeric A further
exacerbates capillary constriction and reduced CBF via the activation of microglial and
astrocytic inflammasomes and the release of interleukin (IL)-1f3. Furthermore, low levels of
neuroglobin, a protein with ROS-scavenging and anti-apoptotic activities, may contribute
to increased sensitivity of the hippocampus to hypoxia and, subsequently, an increased
regional vulnerability to AD pathology due to impaired oxidative metabolism [136]. To-
gether, these various mechanisms lead to hypoxia and reduce CBF, which contributes to
neuronal dysfunction, synaptic loss, and hypometabolism [129,130].

Additional support for the importance of vascular contributions to AD pathogenesis
comes from studies of individuals with trisomy 21 (Down syndrome) who have an addi-
tional copy of the APP gene. Capillary degeneration [65] and reduced brain perfusion are
observed in the brains of individuals with Down syndrome years prior to any evidence of
amyloid plaques or neurofibrillary tangles [137,138]. Oxidative stress appears to precede
A deposition by many years in individuals with Down syndrome who die in their teens
and twenties [139], a finding that indicates that AD-like pathology is not likely the trigger
of neuronal metabolic disruption in these individuals.

126



Biomolecules 2023, 13, 830

6. A Forward-Feedback Loop between Hypoxia and Endothelial Dysfunction
Contributes to AD Pathogenesis

The brain endothelium is a highly active interface that regulates the neuronal mi-
lieu via diffusible mediators and, as a part of the neurovascular unit, controls blood
flow and neuronal metabolism [14,140]. Brain endothelial cells produce several extra-
cellular matrix proteins (e.g., proteoglycans, laminin, and fibronectin), growth factors
(e.g., endothelium-derived growth factor (EDGF), platelet-derived growth factor (PDGF),
and fibroblast growth factors (FGF)), proteases (e.g., thrombin and MMPs), vasoconstric-
tors (e.g., endothelin-1, leukotrienes, and thromboxane A2) and vasodilators (e.g., NO,
prostacyclin/prostaglandin E2, and endothelium-derived hyperpolarizing factor (EDHEF)),
antithrombotic (e.g., antithrombin III) and prothrombotic factors (e.g., thromboplastin and
platelet-activating factor), and various inflammatory mediators (e.g., IL-1, IL-6, IL-8, mono-
cyte chemoattractant proteins (MCP) 1-2, leukotrienes, and cell adhesion molecules) [14,140].

Several studies suggest that hypoxia causes structural and functional alterations in the
brain endothelium via different mechanisms, including rearrangement of the endothelial
cytoskeleton, altering intercellular adhesions of endothelial cells, and promoting endothe-
lial constriction, apoptosis, and degeneration [141]. Studies of intermittent hypoxia suggest
that endothelial cell resistance is reduced due to ROS-dependent activation of the extracellu-
lar signal-regulated kinase (ERK1/2) pathway and c-Jun N-terminal kinase (JNK)-mediated
re-arrangement of the endothelial cytoskeleton, including the redistribution of actin stress
fibers and VE-cadherin, leading to abnormal endothelial barrier function [142,143]. Hy-
poxia stimulates the release of inflammatory mediators (e.g., thrombin, histamine, and
bradykinin), which contribute to increased endothelial cell contractibility and permeabil-
ity [144]. In vitro studies suggest that hypoxia increases endothelial apoptosis and endothe-
lial cell degeneration by stimulating their transition into fibroblast-like cells [145]. Hypoxia
is also associated with activation of the pro-inflammatory Toll-like receptor-4 (TLR4)-NEF-
kB pathway [146] and interferes with the physiologic anti-inflammatory and anti-oxidant
properties of the endothelial membrane constituent, high-molecular-weight hyaluronic
acid [147]. Conversely, endothelial dysfunction further exacerbates CBF reductions and
cellular hypoxia through several mechanisms such as impaired angiogenesis, dysregu-
lated thrombosis, local immune dysregulation, vascular inflammation, and neurovascular
uncoupling [14]. Together, these findings suggest that hypoxia-ischemia and endothelial
dysfunction act in a forward-feedback loop to trigger and exacerbate AD pathology, includ-
ing abnormal protein aggregation, vascular inflammation, and neuronal/synaptic injury,
via several converging mechanisms that are described below (Figure 1).

6.1. Increased Amyloidogenic APP Processing

Data from animal and human studies suggests that capillary constriction in AD is
sufficient to reduce CBF by up to 50%, leading to upregulation of the 3-secretasel (BACEI)
enzyme involved in A synthesis [107]. BACE1 levels are increased in human AD brains,
including those in the preclinical or early symptomatic stages (i.e., MCI), and may correlate
with AP plaque burden and cognitive decline [148]. Mechanisms by which reduced CBF
increases BACE1 expression in AD include a hypoxia-inducible factor (HIF)-1x-mediated
increase in BACE1 mRNA expression and enzymatic activity [149]. The BACE1 gene pro-
moter contains a functional hypoxia-response element (HRE), and HIF-1« can effectively
bind to the BACE1 promoter [149]. Significant reductions in cortical and hippocampal
BACET1 levels are observed in HIF-1x knockout mice. BACET upregulation due to hypoxia
is also mediated by caspase-3, which cleaves GGA3 (Golgi-associated, gamma adaptin ear
containing, ARF binding protein-3) involved in BACET trafficking, thereby reducing BACE1
degradation [150-152]. As a y-secretase-activating protein, HIF-1« also interacts directly
with y-secretase and increases its activity [153]. The APP intracellular domain (AICD) pep-
tide, a product of APP cleavage by y-secretase, stimulates the transcription of the HIF-1 o
gene, potentially creating a positive forward loop between HIF-1x and y-secretase [154].
Hypoxia alters several proteins that interact with y-secretase, including voltage-dependent
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anion channel 1 (VDAC1), a y-secretase-activating protein whose expression is increased
in human AD brains and AD mouse models [155]. Reduced VDACI1 expression is as-
sociated with lower brain expression of APP, Presenilin-1 (PS1), Presenilin-2 (PS2), and
BACETI [156]. Other studies have shown that hypoxia inhibits x-secretase, an enzyme in
the non-amyloidogenic pathway of APP processing, which reduces the production of the
extracellular sAPP« fragment, and results in subsequent loss of its neuroprotective and
neurotrophic effects [149]. Studies in neuronal cultures suggest that hypoxia increases the
production of an alternative splice variant of PSEN2 (aka PS2) that lacks exon 5, referred to
as PSEN2V [157], via activation of the high mobility group A protein 1a (HMGA1a). The
PSEN2V variant is abundantly expressed in the hippocampus of AD brains, promotes Af3
synthesis, and increases the vulnerability of the endoplasmic reticulum (ER) to stress [157].
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Figure 1. Bidirectional interactions between hypoxia and endothelial dysfunction in Alzheimer
Disease. Capillary degeneration leads to reduced cerebral blood flow and hypoxia, which causes
endothelial injury, further exacerbating tissue hypoxia. A forward-feedback loop between hypoxia
and endothelial dysfunction initiates a cascade of events, including amyloid and tau aggregation,
vascular inflammation, oxidative stress, impaired neurogenesis, and neuronal and/or synaptic injury.
Created with Biorender.com.

6.2. Activation of Tau Kinases

Tau hyperphosphorylation is increased under hypoxic-ischemic conditions in an Af3-
independent manner [158,159]. Tau hyperphosphorylation is observed in hypertensive
rats that do not display A3 pathology [158] and can be triggered by unilateral carotid
artery occlusion even when Af3 levels are not elevated [159]. Proposed mechanisms include
activation of Cdk5 (cyclin-dependent kinase-5), calpain-mediated cleavage of the Cdk5
regulatory subunit p35 [160,161], and activation of glycogen synthase kinase (GSK)-3f3 via
reduced activity of the phosphatidylinositol 3-kinase/ Akt pathway [162].

6.3. Endoplasmic Reticulum Stress

ER stress and impaired autophagy also occur due to hypoxia and are associated
with increased PSEN1 (aka PS1) expression and y-secretase activity, contributing to in-
creased amyloid pathology [149], and m-calpain activation which promotes tau phos-
phorylation [163]. Two major pathways which are involved in the ER-stress-induced
unfolded protein response (UPR), PERK—elF2x—~ATF4 and IRE1-X-box binding protein 1
(XBP1) [164], are activated in the setting of hypoxia-ischemia. ATF4 binds to the PSEN1
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gene promoter and induces its transcription [165], and PERK-elF2« signaling increases
BACET1 expression [166]. ER stress can also suppress autophagy through different mecha-
nisms (e.g., increased degradation of the autophagy inducer FOXO1 by XBP1), resulting in
increased A synthesis [149,167].

Endothelial dysfunction also contributes to increased amyloid and tau aggrega-
tion via different mechanisms, including ineffective A and tau clearance, dysregulated
lipid raft endocytosis, and reduced endothelial nitric oxide synthase (eNOS), which are
described below.

6.4. Impaired Endothelial AB Clearance

Two neuronal cell surface receptors involved in A clearance are impaired in AD: the
downregulation of LRP-1, which transports free parenchymal Af into the systemic circula-
tion, and the upregulation of RAGE, which transports A3 across the BBB into the brain [168].
Several reports from animal and neuropathological studies suggest that vascular LRP-1,
expressed by endothelium, pericytes, and vascular smooth muscle, is also downregulated
in AD and contributes to impaired A clearance [169]. Further, A toxicity is associated
with increased proteasomal degradation of LRP-1 in endothelium [170]. Inhibition or
knock-down of vascular LRP-1 in animal models is associated with increased parenchy-
mal and vascular Ap deposits [171]. AP accumulation in AD is further exacerbated by
reduced levels of the endothelial molecule, PICALM (phosphatidylinositol-binding clathrin
assembly protein), which is important for LRP-1-mediated A{-transport [172]. Conversely,
vascular RAGE expression is increased in AD, especially in areas with high Af pathology,
and contributes to increased brain amyloid load. RAGE inhibition reduces A pathology
and improves cognition in AD mouse models [173]. Brain endothelial cells also express
Ap-degrading enzymes, such as neprilysin and insulin-degrading enzyme whose expres-
sion or activity is altered in AD, further promoting A3 aggregation [174]. Proteoglycans on
the endothelial cell surface interact directly with A3 peptides via electrostatic interactions
promoting A fibrillization and plaque formation and promote the uptake of extracellular
APOE4-containing lipoproteins [175].

6.5. Dysregulated Endothelial Nitric Oxide Synthase (eNOS)

Endothelial NOS (eNOS) plays an essential role in tau homeostasis and regulating
tau phosphorylation by balancing the activity of tau kinases and phosphatases [176].
Crossing eNOS knockout (eNOS™/~) mice with a mouse model of amyloid pathology
(APP/PS1 mice) was associated with increased phosphorylated tau (p-tau), which was
attributed to an increase in Cdk5 activation by p25, while other kinases, such as GSK-
33, were unchanged [176,177]. Interestingly, neuronal p25 levels and Cdk5 activity were
increased in the eNOS™/~ and the APP/PS1/eNOS~/~ mice, supporting the notion that
the brain endothelium can influence neuronal mechanisms via soluble mediators [176,177].
Another important finding reported by these studies was that eNOS knockout alone was
not sufficient to induce tau pathology, as increased p-tau was only observed in eNOS
knockout mice that also had amyloid pathology (i.e., APP/PS1/eNOS~/~ mice) [176,177].
This is consistent with the current AD model, which suggests that Af3 pathology precedes
tau pathology [3] and is a prerequisite for AD pathogenesis [178]; however, tau-dependent
processes are needed for Af3-mediated synaptic toxicity [179]. These findings propose
additional mechanisms by which endothelial dysfunction may contribute to AD pathology
via increased tau phosphorylation and enhancing A{3-mediated toxicity.

6.6. Altered Lipid Raft Endocytosis

Altered lipid raft endocytosis has been implicated in abnormal protein aggregation in
AD and other neurodegenerative disorders and has been proposed as an additional mecha-
nism by which hypoxia or endothelial dysfunction contribute to AD pathogenesis [180,181].
Lipid rafts are specialized microdomains of cell membranes rich in cholesterol, sphin-
golipids, and saturated fatty acids and play an important role in regulating membrane
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trafficking, ligand binding, axonal growth, and synaptic maintenance [182]. Profound
changes in neuronal lipid raft composition and dynamics are detectable in even the earliest
preclinical stages of AD [180]. Lipid raft endocytosis facilitates A3 synthesis by - and
y-secretases [183,184] and promotes amyloid aggregation [185]. Several lines of evidence
implicate altered lipid raft endocytosis in abnormal Af accumulation in AD, including
increased f3- and y-secretase APP processing within the lipid rafts [183,184], and increased
translocation of active PS1 and NOTCHS3 into lipid drafts due to oxidative stress [186]. A3
in lipid rafts is associated with increased recruitment of APOE4 and p-tau to the membrane
in an age-dependent manner [187]. Interestingly, while tau is considered a neuronal protein,
most of tau is secreted in a vesicle-free form which can interact with the cell membrane via
LRP-1, heparan sulfate proteoglycans, and direct binding to membrane lipids [188], and
p-tau filaments have also been shown to accumulate within lipid rafts [188].

Lipid raft clusters are also present in endothelial cells and contribute to vascular
inflammation [189]. Further, vascular endothelial growth factor receptor-2 (VEGFR2), an
angiogenic receptor that is expressed on endothelial cells, colocalizes with endothelial
lipid rafts to regulate its activation [181]. Lipid rafts are important in modulating the
stability of non-activated VEGFR?2, thereby stabilizing vascular endothelial growth factor
(VEGF)-mediated activation of the ERK pathway, which is important for angiogenesis [181].
Oxidative stress activates apoptotic pathways and increases lipid raft clustering in en-
dothelial cells which stimulates NAD(P)H-oxidase-generated ROS and leads to endothelial
dysfunction [190].

6.7. Impaired Angiogenesis

Angiogenesis and vascular remodeling are impaired in AD as evidenced by altered
expression profiles of several angiogenic factors, such as VEGF, vascular-restricted mes-
enchyme homeobox-2 (MEOX2), MMP-9, angiopoietin-2, integrins (av3 and avf35),
and the transferrin receptor, leading to vascular regression and abnormal vessel sprout-
ing [191,192]. Several inflammatory mediators (e.g., IL-13) stimulate angiogenesis through
pathways that overlap with hypoxia signaling, suggesting important links between hypoxia,
inflammation, and angiogenesis in AD [14].

Although several angiogenic factors are upregulated in AD, A toxicity and low
MEOX-2 levels in the brain endothelium, which impair angiogenesis, are also present.
Hypoxia suppresses MEOX-2 expression in brain endothelium, and MEOX-2-deficient
mice demonstrate vascular regression [193]. Therefore, new vessel formation in AD is
ineffective and dysregulated, causing aberrant vessel formation, premature vessel pruning,
and reduced microvascular density [194,195]. Hypoxia may promote aberrant angiogenesis
by upregulation of HIF-1o expression, and impaired angiogenesis further exacerbates
reduced CBF and its subsequent effects on amyloid and tau aggregation. Endothelial
dysfunction is implicated in dysregulated angiogenesis due to loss of regulatory feedback
signals, leading to a state of chronic endothelial activation, which further contributes to
hypoxia and neuronal damage [14].

VEGF is an important pro-angiogenic factor that is present in the vessel wall, reactive
astrocytes, and perivascular amyloid deposits [196]. While a few animal studies suggest
that VEGF is downregulated in AD transgenic mice [197], most animal and clinical studies
demonstrate that VEGF brain expression levels are increased in AD and are associated
with cognitive decline [198]. Elevated intrathecal VEGEF levels correlate with amyloid
pathology and worse cognitive outcomes [199]. Several polymorphisms in the VEGF gene
promoter have been associated with a higher AD risk [200]. Despite increased VEGF
expression, studies suggest that it is ineffective in promoting angiogenesis in AD [201],
as Ap toxicity interferes with VEGF binding to its receptor, VEGFR-2, on endothelial
cells, thereby interfering with its pro-angiogenic role. Paradoxically, increased VEGF
expression in AD appears to exacerbate CBF reductions by causing capillary stalls and
reductions in the tight junction protein occludin, leading to increased vascular permeability,
the subsequent activation of endothelial inflammatory pathways, and the recruitment of
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leukocytes towards injured endothelium, which exacerbates capillary blockage and the
stalling of blood flow [202].

6.8. Dysregulated Thrombosis

Thrombin is an endothelium-derived factor with important roles in angiogenesis and
inflammation and contributes to tau pathology and neurodegeneration in AD. High levels
of thrombin and the thrombin receptor, protease-activated receptor-1 (PAR-1) [203,204],
and low levels of the thrombin inhibitor protease nexin-1 [205], are observed in AD brains.
High thrombin levels in AD are associated with the upregulation of several endothelial
proteins including VEGF receptors, angiopoietin-2, av (33, MMPs, IL-13, and IL-8 [206-208].
Thrombin is directly toxic to neurons in vivo and in vitro [209,210]. Intracerebral injection
of thrombin or overexpression of the thrombin receptor PAR-1 are associated with neuro-
toxicity and cognitive deficits in animal studies [211] via several mechanisms, including
increased tau aggregation, apoptosis, oxidative stress, and microglial or astrocytic activa-
tion [212-215]. Thrombin activates pro-inflammatory pathways in microglia and astrocytes;
these include the JAK2-STAT3 pathways, which increase the production of TNF-a and
inducible NOS in microglia, and regulation of ERK1/2 leading to increased expression of
MMP-9 in astrocytes [215-217].

6.9. Vascular Inflammation and Immune Dysrequlation

Recent studies have shown that endothelial cells and pericytes demonstrate im-
munoregulatory functions and influence the neuronal milieu through the release of in-
flammatory and immune mediators. The brain endothelium in AD expresses high levels
of inflammatory mediators such as MCP-1, intercellular adhesion molecule-1 ICAM-1;
CD54), and cationic antimicrobial protein 37 kDa (CAP37) [14,218,219]. Microvessels
from AD brains secrete significantly higher levels of IL-1f3, IL-6, IL-8, MMPs, thrombin,
TNF-«, and transforming growth factor (TGF)-3 compared to microvessels from healthy
brains [14,218,219]. Ap upregulates C-C chemokine receptor type 5 (CCR5) expression by
the brain endothelium via its interaction with RAGE receptors and the activation of JNK-,
ERK-, and PI3K-signaling pathways [220]. E-selectin (CD62) is an inducible endothelium-
specific protein that is exclusively expressed in response to endothelial cell activation by
cytokines [221,222]. Stimulation of endothelial Toll-like receptor 2 (TLR2) is associated with
the upregulation of E-selectin and the recruitment of immune cells [223]. A few studies
have shown that CSF E-selectin levels are elevated in dementia and correlate with AD
biomarkers [224]. Furthermore, inhibition of vascular inflammation by sunitinib has been
shown to reduce vascular AR pathology and improve cognitive deficits in AD animal
models [225]. Endothelial cells may also act as antigen-presenting cells and express major
histocompatibility complex (MHC) proteins I and II [226], and a subset of endothelial cells
has been shown to perform immune functions, such as phagocytosis and scavenging, when
stimulated by A, including surface expression of the scavenger receptor CD36 [227,228].

6.10. Neuronal and Synaptic Dysfunction

Endothelial dysfunction indirectly contributes to neuronal and synaptic loss via in-
creased protein aggregation, vascular inflammation, impaired angiogenesis, and dysregu-
lated thrombosis; however, it has become increasingly recognized that endothelial injury
can also cause neuronal and synaptic loss via other mechanisms, including loss of en-
dothelial GLUT-1 (glucose transporter protein type 1) which leads to impaired neuronal
glucose uptake and metabolism, impaired neurovascular coupling, and potential direct
endothelial interactions with pathways involved in synaptic plasticity and axonal growth
and repair [21,229].

There is growing evidence from animal and translational AD studies that endothelial
dysfunction exerts direct effects on synaptic and neuronal functions that are independent
of amyloid or tau [14]. For example, endothelial dysfunction is associated with reduced
expression of several presynaptic (e.g., synaptosomal-associated protein-25 (SNAP-25)
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and growth associated protein-43 (GAP-43)) and postsynaptic (e.g., PSD95) proteins in
human AD brains [230-232]. Proposed mechanisms by which endothelial dysfunction
predisposes to neuronal/synaptic loss include impaired release of neurotrophic growth
factors (e.g., VEGF and FGF), and reduced hippocampal expression of NO, an important
mediator of synaptic transmission and long-term potentiation [12,14].

Recent studies highlight several pathways by which endothelial dysfunction influences
axonal repair, neuronal integrity, and synaptic plasticity independently of amyloid and tau,
including interactions of endothelial proteins with semaphorin-3A involved in memory or
learning functions [21,22]. Endothelial proteins also interact with the neuropilin/plexin-
Al (NRP-1/PLXNA) complex and Nr-CAM (Figure 2), which are expressed on neuronal
surfaces and regulate axonal growth during development or in response to injury [233].
Interestingly, recent studies in animal stroke models suggest that endothelial cells regulate
astrocytic differentiation into neural progenitor cells and improve behavioral recovery
through the upregulation of the pro-neural factor Ascll by the endothelium [234].

While the mechanisms that underly neurovascular uncoupling in AD are complex,
there is ample evidence to suggest that brain endothelial dysfunction plays an important
role in this process [235,236]. NADPH oxidase and the generation of ROS impair endothelial
NO production and cause an imbalance between endothelial vasodilator and vasocon-
strictor responses [237]. Further, insulin-like growth factor (IGF-1) deficiency has been
shown to promote endothelial and astrocytic dysfunction in AD, including dysregulation of
metabotropic-glutamate-receptor expression in astrocytes and impaired CBF responses me-
diated by eicosanoids [238]. Neurovascular uncoupling due to IGF-1 deficiency in animal
studies is associated with deficits in hippocampal-dependent spatial memory, suggesting
an important association between neurovascular coupling and cognition [238].

SEMA3A

Figure 2. Endothelial proteins interact with molecular pathways involved in synaptic plasticity
and axonal repair. Functional pathway analyses of endothelial and neuronal proteins in AD using
STRING. These functional pathway analyses suggest significant interactions between endothelial
and neuronal proteins. Network nodes represent proteins; splice isoforms or post-translational
modifications are collapsed so that each node represents all the proteins produced by a single
protein-coding gene locus. Edges represent protein—protein associations that are meant to be spe-
cific and meaningful. Color coding for the interactions are as follows: known interactions from
curated databases (teal); known experimentally determined interactions (purple); predicted interac-
tions from gene neighborhood (green), gene fusions (red), or gene co-occurrence (blue); predicted
interactions from text-mining (yellow), co-expression (black), and protein homology (lavender).
APOE, apolipoprotein E; BACE, 3-secretase; CDH5, cadherin-5, also known as vascular endothelial-
cadherin (VE-cadherin); NRCAM, neuronal cell adhesion molecule; NRP-1, neuropilin-1; PECAMI,
platelet endothelial cell adhesion molecule-1, also known as CD31; PSEN1, presenilin-1 (aka PS1);
PSEN?2, presenilin-2 (aka PS2); PLXNA4, Plexin A4; SELE, E-Selectin; SEMA3A, semaphorin-3A;
SEMA4A, semaphorin-4A. Figure created with STRINGv11.5 for functional protein association net-
works (https:/ /string-db.org) [239-241].
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6.11. Impaired Neurogenesis

In addition to neurons, brain endothelial cells also produce brain-derived neurotrophic
factor (BDNF), which plays an important role in neurogenesis and neuroplasticity [242].
One mechanism by which endothelial dysfunction can contribute to neurodegeneration
is through impaired neurogenesis and loss of the neurotrophic and neuroprotective ef-
fects of endothelial BDNFE. Animal models of DM and hypertension demonstrate reduced
neuronal and endothelial BDNF expression, which is considered a marker of endothelial
dysfunction [242-244]. Loss of endothelial-derived BDNF decreases neuronal resistance to
conditions associated with oxidative stress such as hypoxia, glucose deprivation, and A3
toxicity [245,246].

Proposed mechanisms by which endothelial BDNF promotes neuroplasticity include
direct binding to neuronal tyrosine receptor kinase B (TrKB) receptors or sustained activa-
tion of endothelial TrKB receptors, which results in increased NO production and induces
long-term potentiation, an essential process for memory and learning [247,248]. The latter
suggests a direct link between endothelial dysfunction and cognitive impairment. Further,
some of the effects of endothelial BDNF on neurons may be mediated by astrocytes at
tripartite synapses. Astrocytes express the p75 neurotrophin receptor (p75NTR), which
binds with high affinity to the BDNF precursor, proBDNEF, leading to the internalization of
this complex into astrocytes and the maturation of proBDNF into mature BDNF, which is
then released into the neuronal milieu [249,250]. Therefore, endothelial BDNF can modu-
late synaptic plasticity through astrocyte-dependent or astrocyte-independent pathways

(Figure 3).
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Figure 3. Schematic diagram of the putative role of endothelial-derived BDNF in neurogenesis.
Endothelial cells produce BDNF, which binds to TrkB receptors on endothelium, neurons, and
astrocytes. Endothelial-derived BDNF can influence neuronal functions and differentiation through
astrocyte-dependent and -independent pathways. Endothelial cell activation by BDNF increases
nitric oxide (NO) production, which is important for long-term potentiation (LTP) and memory
functions. Endothelial-derived BDNF stimulates the differentiation of neural progenitor cells (NPCs)
into neurons. Astrocytes at tripartite synapses can also internalize the BDNF precursor pro-BDNEF,
through the p75 neurotrophin receptor (p75 NTR), and transform it into mature BDNF before releasing
it into the extracellular space. Created with Biorender.com.

Together, these findings support the role of dysfunctional endothelium in mediating
neurodegeneration in AD. Further support for this comes from studies that show that the
direct co-culture of neurons with microvessels from AD brains, or the exposure of cultured
neurons to conditioned mediums from AD microvessels but not microvessels from normal
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aging brains, is associated with neurotoxicity [251], and that brain endothelial mechanisms
(e.g., endothelial BDNF) are directly associated with neuroplasticity and cognition. Im-
portantly, data from animal and clinical studies suggests that endothelial and vascular
alterations, leading to reduced CBF and capillary loss, may be the inciting event in AD
pathogenesis, which then triggers the AD cascade (Figure 1). This posits the notion that AD
may primarily be an endotheliopathy; however, additional mechanistic studies in animal
models and cell cultures will be needed to support this hypothesis. Further, longitudinal
clinical studies that measure fluid and imaging biomarkers of various AD pathologies (in-
cluding endothelial injury) in well-characterized AD cohorts will provide important insight
into the significance of endothelial dysfunction and the temporal ordering of endothelial
dysfunction in relation to other AD pathologies and the onset of cognitive impairment.

Finally, improving brain endothelial health has the potential to support neuronal
regeneration and repair. Endothelial progenitor cells (EPCs), which express the surface
markers CD34, VEGFR2, and CD133, are bone-marrow derived cells that can differentiate
into mature endothelial cells and produce angiogenic growth factors to support endothelial
repair [252]. Reduced EPC counts and functionality (e.g., reduced mobility or adhesion
capacity) have both been reported in AD and correlate with the severity of cognitive
impairment [253,254]. EPCs are targeted by Af3 toxicity, further exacerbating endothelial
dysfunction by impairing endothelial repair [254]. Conversely, transplantation of EPCs
is associated with upregulation of tight-junction proteins, increased angiogenesis, higher
hippocampal neuronal survival due to anti-apoptotic effects, reduced hippocampal and
cortical A, and improved memory and learning functions [255]. Animal studies provide
exciting preliminary evidence to support the utility of EPC administration in restoring the
BBB and promoting angiogenesis in animal models of stroke and TBL

7. Conclusions and Future Directions

Although the current hypothesis of neurodegeneration in AD is centered around
abnormal amyloid and tau aggregation, emerging evidence suggests that endothelial dys-
function is an early and primary event in AD pathogenesis that may precede abnormal
protein aggregation and directly contribute to neurodegeneration and synaptic injury. To-
gether, studies examining endothelial contributions to neuronal and synaptic dysfunction
in AD suggest it may be a potential therapeutic target in AD. Brain endothelial health has
both direct and indirect effects on neuronal and axonal repair mechanisms and synaptic
plasticity via endothelial-neuronal interactions as well as diffusible endothelial mediators
that regulate neuronal functions. Therapeutic interventions, which improve endothe-
lial health and promote endothelial repair, have the potential to improve neurovascular
coupling, reduce vascular inflammation and thrombosis, and decrease amyloid and tau
aggregation, ultimately leading to restoring CBF and improving cognition. Specifically,
the implementation of EPCs may offer an exciting opportunity for endothelial repair and
mitigating the deleterious effects of endothelial dysfunction early in the disease process.
Further investigations into the mechanisms by which endothelial repair may improve
neuronal and synaptic plasticity, and the development of novel AD therapies targeting
endothelial injury in AD, are needed.
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