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thrombin kringle-2 (pKr-2), which can be generated by active thrombin, in hippocam-

Lo . Experimental Approach: To assess the role of pKr-2 in association with the neuro-
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Key Results: Our results demonstrated that pKr-2 was up-regulated in the hippo-
campi of patients with AD and 5XFAD mice, but was not associated with amyloid-f
aggregation in 5XFAD mice. The up-regulation of pKr-2 expression was inhibited by
preservation of the blood-brain barrier (BBB) via addition of caffeine to their water
supply or by treatment with rivaroxaban, an inhibitor of factor Xa that is associated
with thrombin production. Moreover, the prevention of up-regulation of pKr-2
expression reduced neurotoxic symptoms, such as hippocampal neurodegeneration
and object recognition decline due to neurotoxic inflammatory responses in
5XFAD mice.

Conclusion and Implications: We identified a novel pathological mechanism of AD
mediated by abnormal accumulation of pKr-2, which functions as an important patho-
genic factor in the adult brain via blood brain barrier (BBB) breakdown. Thus, pKr-2

represents a novel target for AD therapeutic strategies and those for related

conditions.

KEYWORDS

1 | INTRODUCTION

Alzheimer's disease (AD) is the most prevalent neurodegenerative dis-
ease causing dementia characterized by cognitive impairment and
memory loss associated with hippocampal neurodegeneration
(Cummings, 2004; Kawas, 2003; Querfurth & LaFerla, 2010). Although
the aetiology of AD is not yet defined and therefore remains unclear,
an accumulation of evidence suggests that neuroinflammatory pro-
cesses, particularly those mediated by activated microglia, are impor-
tant in the initiation and progression of the disease (Choi et al., 2005;
Merlini et al., 2019; Morales et al., 2014). There were reports that the
hippocampal up-regulation of blood proteins, such as thrombin and
fibrinogen, could contribute to microglial activation, which resulted in
neurodegeneration in the hippocampus in adult mice (Choi
et al., 2005; Merlini et al., 2019). In addition, cerebrovascular alter-
ation, which is a pathological hallmark in the hippocampi of patients
with early AD (Giannoni et al., 2016; Sweeney et al., 2018; van de
Haar et al., 2016), leads to blood-brain barrier (BBB) disruption
resulting in the infiltration of circulating substances into the brain
(Merlini et al., 2019; Sweeney et al., 2018; van de Haar et al., 2016).
Hence, the investigation of endogenous molecules in the adult brain,
up-regulated by BBB disruption, which can cause neurotoxic inflam-
mation is essential for the developement useful treatment strategies
for AD.

Prothrombin kringle-2 (pKr-2) is a domain of prothrombin gener-
ated by active thrombin, which itself originates by cleavage of
prothrombin by factor Xa, the active form of the coagulation factor X
(Leem et al., 2016; Mann, 1976; Shin et al., 2015; Taneda et al., 1994).
We previously reported that pKr-2 administration could activate
microglia, resulting in neuronal death in the substantia nigra in vivo,
and the induction of toll-like receptor 4 (TLR4) contributed to the

Alzheimer's disease, blood-brain barrier, hippocampus, microglia, prothrombin kringle-2

What is already known

e pKr-2 up-regulation can induce microglia-mediated neu-

rotoxic inflammation in the adult murine brain.

What does this study add

o We identified the major source and cause for pKr-2 up-
regulation in the adult brain.
o We identified a novel pathological mechanism in AD

mediated by hippocampal up-regulation of pKr-2.

What is the clinical significance

e pKr-2 represents a novel target for AD therapeutic strat-
egies and those for related conditions.

pKr-2-induced microglial activation (Leem et al., 2016; Kim
et al., 2010; Shin et al., 2015). In addition, the increased levels of pro-
thrombin and thrombin have been reported in the post-mortem brains
of patients with neurodegenerative diseases, including AD and
Parkinson's disease (PD) (Arai et al., 2006; Ishida et al., 2006; Leem
et al.,, 2016; Sokolova & Reiser, 2008). These previous results suggest
that pKr-2 levels may also be up-regulated in the brains of patients
with neurodegenerative diseases. Further, pKr-2-induced microglial
activation and neuroinflammatory responses may be closely associ-

ated with the diverse pathogeneses of neurodegenerative diseases,
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including AD. However, to our knowledge the role of pKr-2 in associa-
tion with hippocampal neurodegeneration and its mechanisms in AD,
including possible pKr-2 up-regulation and its cause in the adult brain,
has yet to be reported.

In the present study, we determined the pKr-2 protein levels in
post-mortem hippocampal tissues from patients with AD and com-
pared them with levels from age-matched controls. We also investi-
gated whether pKr-2 up-regulation is derived from disruption of the
BBB in five familial AD (5XFAD) mice (Eimer & Vassar, 2013; Giannoni
et al., 2016; Oakley et al., 2006) and whether inhibition of this up-
regulation diminishes pathogenic processes, including hippocampal
neurodegeneration by microglial activation and object cognitive
impairments, in 5XFAD mice.

2 | METHODS

21 | Animals

Male C57BL/6 mice (aged 8 weeks) for experiments related to
amyloid-f aggregation, oligomerization and object cognitive impair-
ments following pKr-2 administration in wild-type (WT) mice
(Figures 6c and S8) were obtained from Daehan Biolink (Eumseong,
RRID:IMSR_JAX:000664, Korea). Littermate WT mice and 5XFAD
mice (both male and female) with a C57BL/6 background as an AD
model, provided by the Korea Brain Research Institute, were used for
other experiments except Figure 6c. Experiments using a sample size
of n =5 included male and female mice at a ratio of 3:2, and experi-

ments using a sample size of n = 6 had a male:female ratio of 3:3.

2.2 | Human brain tissues

Frozen brain tissues were obtained from the Victorian Brain Bank
Network (VBBN), supported by The Florey Institute of Neuroscience
and Mental Health and The Alfred and the Victorian Forensic Institute
of Medicine and funded by Australia's National Health and Medical
Research Council. Details of the human post-mortem hippocampal tis-

sues are shown in Figure 1a.

2.3 | Ethics approval

All animal experimental procedures were conducted according to the
Guidelines for Animal Care and Use of Kyungpook National University
approved by the Animal Care and Use Committee of Kyungpook
National University (Nos. KNU 2016-0042 and 2019-0002). Animal
studies are reported in compliance with the ARRIVE guidelines (Percie
du Sert et al., 2020) and with the recommendations made by the
British Journal of Pharmacology (Lilley et al., 2020). The animals used in
the present study were acquired and cared for according to the guide-
lines published in the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. All animals were group housed with

an inverse 12-h light-dark cycle in a temperature-controlled room and
were provided with free access to food and water. Three to four mice
were kept in a individually ventilated cage containing dried wood
chips as bedding. The animals were randomly divided into treatment
groups. Human tissue experiments were approved by the Bioethics
Committee, Institutional Review Board, Kyungpook National Univer-
sity Industry Foundation (IRB Nos. 2016-0011 and 2018-0207-1).

2.4 | Intrahippocampal injection of pKr-2

The animals were anaesthetized with intraperitoneal injections of
(115 mg-kg™t;  Yuhan,
(23 mg-kgfl; Bayer Korea Ltd., Seoul, Korea) and then placed in a ste-

ketamine Seoul, Korea) and xylazine
reotaxic frame (David Kopf Instruments, Tujunga, CA). During anes-
thesia, the mice were spontaneously breathing and the body
temperature of mice was maintained close to 37°C throughout the
procedure by using a heating pad. Using a 10-pl Hamilton syringe (30
S needle), WT and 5XFAD mice were administered with a unilateral
injection of pKr-2 (24 ug in 2 ul of PBS) (Kim et al, 2010; Leem
et al.,, 2016; Shin et al., 2015) or PBS (as a vehicle control) into the
right hippocampal cornu ammonis 1 (CA1) region (anterior-posterior
[AP]: —2.0 mm; medial-lateral [ML]: —1.2 mm; and dorsal-ventral
[DV]: —1.5 mm; all relative to the bregma) according to the mouse
brain atlas (Paxinos & Franklin, 2004). To investigate whether pKr-2
injection induces object cognitive impairment, WT mice were adminis-
tered with bilateral injections of pKr-2 or PBS into the hippocampal
CA1 region (AP: —2.0 mm, ML: +1.2 mm and DV: —1.5 mm, relative
to the bregma). Using an automated syringe pump, 2.0 pl of pKr-2 or
PBS injection was infused at a rate of 0.5 pl-min~! over 4 min, and the
injection needle was left in place for an additional 5 min before being
slowly retracted. The skull and skin were wetted with PBS and the
incision was sutured with a medical surgical suture needle. During
recovery, the mice were placed on the heated surface and monitored

by investigator until mobility regained.

2.5 | Caffeine supply

Caffeine was supplied as previously described by Chen et al. (2008,
2010) but with some modifications. Briefly, caffeine was dissolved in
their drinking water (0.06 or 0.6 mg-ml~1). Given that mice drink, on
average, 2.5 ml-day~%, we administered a daily dose of 0.15- or
1.5-mg caffeine to each mouse. The caffeinated water was changed
every 2 days to ensure that caffeine remained completely dissolved.
We designed two experimental conditions. In the first, we aimed to
collect data on the anti-neurodegeneration and anti-inflammatory
effects of inhibiting pKr-2 up-regulation in the hippocampi of 5XFAD
mice. WT and 5XFAD mice were provided with caffeinated water
daily from the age of 2 months for a period of 7 months and data
were analysed from mice aged 9 months. In the second, we aimed to
investigate preservation of BBB integrity in 5XFAD mice so we pro-

vided them caffeinated water daily from the age of 2 months for a
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FIGURE 1 Up-regulation of
prothrombin kringle-2 (pKr-2) and
neuroinflammatory molecules in the
hippocampi of patients with
Alzheimer's disease (AD) and five
familial Alzheimer's disease (5XFAD)
mice. (a) Details of human post-
mortem hippocampal tissues
presented from Victorian Brain
Bank Network. PMI, post-mortem
interval. (b) Western blotting for the
expression levels of pKr-2, Ibal and
neuronal nuclei (NeuN) in the
human hippocampi of age-matched
controls (CON) and patients with
AD. *P < 0.05 vs. CON (Unpaired
Student's t-test; n = 5 for each
group). (c) Western blotting for the
protein levels of TLR4, TNF-a, IL-1f
and iNOS in the human hippocampi
of age-matched controls (CON) and
patients with AD. *P < 0.05, versus
CON (Unpaired Student's t-test;

n = 5 for each group). (d) Western
blotting for the protein levels of
pKr-2, Ibal and NeuN in the
hippocampal tissues obtained from
3-, 6- and 9-month-old 5XFAD and
9-month-old WT mice. *P < 0.05
versus 9-month-old WT mice (one-
way ANOVA with Tukey's post hoc
analysis; n = 5 for each group). (e)
Western blotting for the protein
levels of TLR4, TNF-a, IL-1p and
iNOS in the hippocampal tissues
obtained from 5XFAD and WT
mice. *P < 0.05 and versus 9-
month-old WT mice (one-way
ANOVA with Tukey's post hoc
analysis; n = 5 for each group). All
quantitative values are presented as
the mean * SEM. (f) Location of
pKr-2 expression in the hippocampi
of 5XFAD mice. The red fluorescent
signals represent Ibal, GFAP, NeuN
and CD31, and the green
fluorescent signal represents pKr-2,
respectively, in the respective
hippocampal section of 9-month-old
WT and 5XFAD mice. The white
arrowheads indicate pKr-2
expression. Scale bar, 50 pm
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period of 4 months and for control this was also carried out in
WT mice.

2.6 | Blood-brain barrier (BBB) permeability

analysis

For BBB assessment, 5XFAD mice were given caffeine dissolved in
their drinking water (0.06 or 0.6 mg:-ml~%) from the age of 2 months
for a period of 4 months. To measure the permeability of the BBB,
these mice were treated with 100 pg of 10-kDa fluorescein isothiocy-
anate (FITC)-dextran (Thermo Fisher Scientific, Cat#: D1820) via intra-
venous injection into the tail vein and then killed 10 min after the
injection. They were then perfused with ice-cold PBS and further per-
fused with 1% paraformaldehyde (PFA)/PBS. The brain from each
mouse was collected and further fixed with MeOH or 4% PFA/PBS
overnight at 4°C. The fixed brains were sectioned to a thickness of
50 pm using a vibratome. Each section was blocked with 10% goat
serum diluted in PBS. For the MeOH-fixed tissue, the sections were
incubated with rat anti-laminin (1:500) and AF488-conjugated rabbit
anti-claudin-5 (1:500, Thermo Fisher Scientific, Cat#: 352588, RRID:
AB_2532189) antibodies overnight at room temperature. For the
PFA-fixed tissue, the sections were incubated with anti-CD31 (1:500)
and AF568-conjugated anti-mouse-1gG (1:500, Cat#: A-21235, RRID:
AB_2535804) antibodies. These antibodies were diluted in 1%
BSA/0.2% Triton X/PBS. The sections were then washed with 0.2%
Triton X/PBS three times (each for 30 min), stained with
AF647-conjugated anti-rat, anti-rabbit or anti-goat secondary anti-
body (Thermo Fisher Scientific, Cat#: A-21447, RRID:AB_2535864)
diluted in 1% BSA/0.2% Triton X/PBS at 4°C overnight and washed
again with 0.2% Triton X/PBS three times (each for 30 min). Finally,
the sections were coverslipped with a mounting solution (Fluormount
G; Electron Microscopy Science, Hatfield, PA) and visualized under a
LECIA SP 8.0 confocal microscope (Leica Microsystems, Wetzlar,
Germany).

To analyse IgG penetration into the brain, mouse brains were first
homogenized and centrifuged at 14,000x g and 4°C for 15 min. The
resulting supernatant was transferred to a fresh tube, and the protein
concentration was determined using a Bicinchoninic Acid Assay Kit
(Bio-Rad Laboratories, Cat#: 5000116). In total, 50 ug of protein was
electrophoresed on a sodium dodecyl sulfate/polyacrylamide gel (Bio-
Rad Laboratories) and transferred to PVDF membranes (Millipore)
using an electrophoretic transfer system (Bio-Rad Laboratories). The
membranes were incubated with HRP-conjugated mouse secondary
antibody (1:2000) at room temperature for 1 h. They were then
washed, after which they were developed using enhanced chemilumi-
nescence western blot detection reagents (GE Healthcare Life Sci-
ences, Little Chalfont, UK). The resultant signal was analysed using a
LAS-500 image analyzer (GE Healthcare Life Sciences). The density of
bands was measured using Multi Gauge Version 3.0 (Fuijifilm, RRID:
SCR_014299, Tokyo, Japan), and the density of target proteins was

normalized to the p-actin band for each sample.

2.7 | Immunostaining procedures

Brain tissues were prepared for immunostaining analysis using previ-
ously described methods (Jeon et al., 2020; Shin et al., 2015). As
above, mice were initially transcardially perfused and fixed with 4%
PFA in PBS. Fixed brains were frozen before being cut into 30-um
coronal sections using a cryostat microtome (Thermo Fisher Scien-
tific). Immunostaining was performed in a free-floating manner in
12-well plates. Brain sections were washed with cold PBS and blocked
using a blocking solution (0.5% BSA in PBS). They were then incu-
bated at 4°C for 48 h with the primary antibodies rabbit anti-amyloid-
B (1:500) and rabbit anti-CD31 (1:500). After this incubation, the sec-
tions were incubated with biotinylated secondary antibodies, includ-
ing anti-rabbit 1gG (1:400), for 1h at room temperature.
Subsequently, they were processed using an avidin-biotin reagent
(Vectastain ABC Kit) for 1 h at room temperature. The signal was then
detected by incubating the sections in a peroxidase substrate solution
(0.5 mg-ml~? of 3,3'-diaminobenzidine [DAB; Sigma, Cat#: D5637] in
0.1-M PB containing 0.015% H,0,). The stained sections were
mounted on positively charged slides (Paul Marienfeld, Baden-
Wiirttemberg, Germany), covered using a cover slip (Paul Marienfeld)
and then analysed under a bright-field microscope (Axio Imager, Carl
Zeiss, Jena, Germany). The Immuno-related procedures used comply
with the recommendations made by the British Journal of Pharmacol-
ogy (Alexander et al., 2018).

For immunofluorescence staining, sections were first incubated at
4°C for 48 h with the following primary antibodies: rabbit anti-
neuronal nuclei (1:500), rabbit anti-lbal (1:2000), rabbit anti-GFAP
(1:2000), rabbit anti-CD31 (1:500) and mouse anti-prothrombin
(1:500). The sections were then rinsed and incubated with
fluorescence-conjugated secondary antibodies, which included Texas
anti-rabbit IgG  (1:400) and
isothiocyanate-conjugated anti-mouse IgG (1:400) antibodies, for 1 h

Red-conjugated fluorescein
at room temperature, after which the sections were washed and
mounted with VECTASHIELD mounting medium (Vector Laborato-
ries). The stained sections were imaged using a fluorescence micro-
scope (Carl Zeiss).

For Nissl staining, the sections were mounted on positively
charged slides (Paul Marienfeld), stained with 0.5% cresyl violet
(Sigma, Cat#: 10510-54-0) and then analysed under a bright-field
microscope (Carl Zeiss).

2.8 | Thioflavin S staining

Brain sections were mounted on positively charged slides (Paul
Marienfeld) and dried before staining. The sections were washed with
80% ethanol, incubated first with thioflavin S solution (1% in 80% eth-
anol) for 15 min and then with 70% ethanol for 5 min, and finally
washed with distilled water. The stained sections were coverslipped
(Paul Marienfeld) and imaged using a fluorescence microscope
(Carl Zeiss).


info:x-wiley/rrid/RRID:AB_2532189
info:x-wiley/rrid/RRID:AB_2532189
info:x-wiley/rrid/RRID:AB_2535804
info:x-wiley/rrid/RRID:AB_2535804
info:x-wiley/rrid/RRID:AB_2535864
info:x-wiley/rrid/RRID:SCR_014299
info:x-wiley/rrid/RRID:SCR_014299

KIM ET AL.

29 | Counting of hippocampal CA1 neurons

The number of hippocampal CA1 neurons was quantified as
described previously, with some modifications (Jeon et al., 2015,
2020; Kim et al., 2017). Alternate sections were prepared from the
coronal brain slices of each animal at 1.7, 1.8, 2.0 and 2.1 mm pos-
terior to the bregma. To ensure consistency in tissue sampling, a
rectangular box (1.5 x 0.5 mm) was centred over the CA1 cell layer,
beginning at 0.5 mm contralateral and ipsilateral to the midline.
Neurons with visible nuclei in the CA1 cell layer were counted
exclusively under a light microscope (Carl Zeiss) at a magnification
of 200x.

210 | Western blot analysis

Western blotting was performed using previously described
methods (Jeon et al., 2020; Shin et al., 2015). Briefly, mouse or
human hippocampal tissues were homogenized and centrifuged at
14,000x g and 4°C for 15 min. The supernatant was transferred to
a fresh tube, and the protein concentration was determined using a
Bicinchoninic Acid Assay Kit (Bio-Rad Laboratories). Protein (50 pg)
was then electrophoresed on a sodium dodecyl sulfate/
polyacrylamide gel (Bio-Rad Laboratories) and transferred to PVDF
membranes (Millipore) using an electrophoretic transfer system (Bio-
Rad Laboratories). The membranes were incubated at 4°C for 48 h
with the following primary antibodies: sheep anti-prothrombin frag-
ment 2 (1:500), rabbit anti-prothrombin (1:1000), rabbit anti-
thrombin (1:1000), mouse anti-neuronal nuclei (1:1000), rabbit anti-
Ibal (1:1000), rabbit anti-TLR4 (1:1000), rabbit anti-IL-1p (1:500),
mouse anti-TNF-a (1:500), rabbit anti-iINOS (1:1000), rabbit anti-
Z0O-1 (1:1000), rabbit anti-CD31 (1:1000), rabbit anti-amyloid-p
(1:1000) and mouse anti-p-actin (1:1000). The membranes were sub-
sequently washed and incubated with HRP-conjugated secondary
antibodies, including anti-mouse IgG (1:4000), anti-rabbit 1gG
(1:4000) and anti-sheep IgG (1:2000), at room temperature for 1 h,
after which they were developed using enhanced chemilumines-
cence western blot detection reagents (GE Healthcare Life Sci-
ences). The resultant signal was analysed using a LAS-500 image
analyser (GE Healthcare Life Sciences), and band density was mea-
sured using Multi Gauge Version 3.0 (Fujifilm) with the target pro-
tein density normalized to the p-actin band for each sample. For the
analysis of human protein expression levels, western blotting was
performed once using all human control and AD lysate samples
(n =5 per group) on a single gel. For analysis of protein expression
changes among mouse experimental groups, western blotting was
usually conducted once on each of five samples (from five animals)
per group (n = 5). In some experiments, however, western blotting
was performed using a single sample per experimental group or two
different samples per experimental group. Thus, the reported results
include at least one expression measurement for all samples and all

experimental groups.
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211 | Novel objects and object location
recognition tests

Novel object recognition and object location recognition tests were
conducted using previously described methods (Bevins &
Besheer, 2006; Chao et al., 2016) but with some modifications. The
experiments were performed according to the schematic presented in
Figure 3a,b. Briefly, mice were preadapted to the open-field testing
arena (40 x 40 x 40 cm: a white, opaque, acrylic open field) for
10 min-day~? for 3 days before the behavioural tests began. To mini-
mize stress levels, the tests were performed under a low-illumination
light. The arena was wiped clean between trials with 70% ethyl alco-
hol. In the object recognition training, the mice were allowed to
explore two identical objects for 10 min, after which they were ret-
urned to their home cages for 1 or 24 h depending on their group. In
the object recognition test, the mice were exposed for 5 min to one
familiar object and one novel object (a different shape and colour), or
one familiar object and one novel placed object (moved from the origi-
nal location). Object exploration time was recorded using a video cam-
era beginning when the mouse directly or indirectly touched the
object with its nose, mouth or forepaws. The mouse was evaluated as
‘interacting’ with the object when its nose was in contact with the
object or directed at the object within a minimally defined distance
(<2 cm being most commonly used). In addition, to measure whether
there is a difference of the total exploration time between WT and
5XFAD mice, we compared the total time to recognize two objects in
the training stage for 10 min and the test stage for 5 min obtained
from each mouse. Results of the object recognition tests were
analysed using SMART 3.0 video tracking software (Panlab, Barcelona,
Spain). To avoid observer biases, the behavioural experiments were
scored with the help of a blinded experimenter, who was completely
unaware of the identity or the treatment group of their subjects while

conducting the research.

2.12 | Rivaroxaban treatment

Treatment with rivaroxaban, an inhibitor of factor Xa (Perzborn
et al., 2010; Verma & Brighton, 2009), was conducted in vivo using
previously described methods (Ghorpade et al., 2018; Ichikawa
et al.,, 2019) with some modifications. WT and 5XFAD mice received
daily oral administration of rivaroxaban (2 mg~kg’1) or 1% ethanol
(vehicle control) for 3 months starting at 6 months of age. Mice were
then examined on the object recognition test and killed for western

blotting experiments.

2.13 | Primary microglial cell cultures and
quantitative RT-PCR

Primary microglial cell cultures were prepared from 1- to 2-day-old

postnatal mice from a C57BL/6 strain according to the method
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described by Saura et al. (2003). As above, Mice were were
anaesthetized with CO2 and killed by dislocation of the neck.
Whole brains were homogenized in a 70-pm strainer. Cells were
then seeded into 100-mm culture dishes and cultured at 37°C in a
humidified atmosphere with 5% CO,. The culture media were
changed initially after 5 days and then every 2 days, and cells were
used after being cultured for 14-21 days. Secondary pure microglial
cell cultures were incubated in a prewarmed mild-trypsinization
solution (0.2-mM EDTA, 0.5-mM CaCl, and 0.05% trypsin-EDTA)
for 30-60 min at 37°C, after which the astrocyte layer was dis-
carded. Attached microglial cells were dissociated using trypsin-
EDTA (Life Technologies, Carlsbad, CA) and then centrifuged at
783 x g for 30 min. The obtained microglial cells were seeded onto
plates containing DMEM (Life Technologies) supplemented with
10% heat-inactivated FBS (Thermo Fisher Scientific) and penicillin-
streptomycin (Thermo Fisher Scientific).

For quantitative RT-PCR, primary microglial cells (50 x 10%
cells ml~1) were grown in six-well plates and treated for 30 min with
1-uM caffeine, which is higher than the expected concentration in the
brain based on the pharmacokinetic properties of the titre supplied by
caffeinated water in vivo (Madeira et al., 2017; McLellan et al., 2016;
White et al., 2016). Subsequently, the cells were treated with
SO-pg‘mI’1 pKr-2 for 8 h, which dose neurotoxicity was not observed
(Kim et al., 2010). RNA was then extracted from the primary microglial
cells using TRIzol reagent (Life Technologies) before it was purified
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. Using 100 ng of RNA, cDNA was synthe-
sized at 37°C for 120 min with a High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, Foster, CA). Finally, quantitative RT-
PCR was performed using the one-step SYBR® PrimeScript™ RT-PCR
Kit (Perfect Real Time; Takara Bio Inc., Kusatsu, Japan) according to
the manufacturer's instructions and an Applied Biosystems 7500
Real-Time PCR system for detection. RT-PCR was performed using
the following primers (5’ to 3'): IL-1B (F): TTG ACG GAC CCC AAA
AGA TG, (R): TGG ACA GCC CAG GTC AAA G; TNF-a (F): TCC AGG
CGG TGC CTA TGT, (R): GCC CCT GCC ACA AGC A; iNOS (F): GGA
TCT TCC CAG GCA ACC A, (R): TCC ACA ACT CGC TCC AAG ATT;
CXCL10 (F): GAT GAC GGG CCA GTG AGA A, (R): GCT CGC AGG
GAT GAT TTC AA; LCN2 (F): TGA TCC CTG CCC CAT CTC T, (R):
AAC TGA TCG CTC CGG AAG TCT; IL-23 (F): CCT TCT CCG TTC
CAA GAT CCT, (R): GGG CAG CTA TGG CCA AAA; IL-12 (F): ACG
CAG CAC TTC AGA ATC ACA, (R): CAC CAG CAT GCC CTT GTC TA;
and IL-6 (F): CCA CGG CCT TCC CTACTT C, (R): TTG GGA GTG GTA
TCC TCT GTG A. 18S rRNA and p-actin served as the internal con-
trols. The 2724t method was used to calculate relative changes in
gene expression, as determined by real-time PCR experiments (Livak
& Schmittgen, 2001).

2.14 | |Invitro cytotoxicity assay

Primary microglial cells (10 x 10* cells mI~%) were cultured in 96-well

plates and treated with pKr-2 protein for 24 h. Cells cultured in an

equal volume of PBS were used as controls. To measure cytotoxicity,
a Cell Counting Kit-8 (CCK-8; Enzo Life Sciences, Cat#: ALX-
850-039-0100) was used according to the manufacturer's instruc-
tions. Briefly, 10 pl of the CCK-8 reagent was added to each well, and
the plate was incubated at 37°C for 2 h. Subsequently, the absor-
bance at 450 nm was measured using a microplate reader (Tecan,
Mainnedorf, Switzerland). Cell viability was expressed as a percentage
of control (PBS-treated) cell viability. All experiments were performed

in triplicate.

2.15 | Statistical analysis

All values are expressed as either the mean + SD or mean + SEM. The
experimental results were evaluated a priori using the Shapiro-Wilk
normality test for Gaussian distribution. Differences between groups
were assessed using unpaired Student's t-test, one-way ANOVA or
two-way ANOVA followed by Tukey's post hoc analysis. The Kruskal-
Wallis and Friedman tests were used for non-parametric analyses.
Statistical values for all figures are summarized in Table S1. The level
of statistical significance chosen throughout was P < 0.05. All statisti-
cal analyses were conducted using the IBM SPSS software (Version
27.0.1.0; International Business Machines Corporation, RRID:
SCR_019096, Armonk, NY) and GraphPad Prism (Version 8.30; Gra-
phPad Software, RRID:SCR_002798, San Diego, CA). The data and
statistical analysis comply with the recommendations of the British
Journal of Pharmacology on experimental design and analysis in phar-

macology (Curtis et al., 2018).

216 | Materials

The following materials were used in this study (suppliers are shown
in parentheses): pKr-2 (Haematologic Technologies, Inc., Cat#:
HCP2-0010, Essex Junction, VT), rivaroxaban (Selleckchem, Cat#:
366789-02-8, Houston, TX), caffeine (Sigma, Cat#: 58-08-2, St. Louis,
MO), sheep anti-prothrombin fragment 2 (Fitzgerald, Cat#: 70R-
10587, RRID:AB_1120040, Acton, MA), mouse anti-prothrombin
(which recognizes an epitope in the pKr-2 domain of prothrombin;
Haematologic Technologies, Inc.,, Cat#: AMP-9013), rabbit anti-
prothrombin (Thermo Fisher Scientific, Cat#: PA5-77976, RRID:
AB_2736466, Rockford, IL), rabbit anti-thrombin (Abcam, Cat#:
ab92621, RRID:AB_10711179, Cambridge, UK), mouse anti-neuronal
nuclei (NeuN; Millipore, Cat#: MAB377, RRID:AB_2298772, Billerica,
MA\), rabbit anti-neuronal nuclei (Cell Signaling, Cat#: 24307, RRID:
AB_2651140, Beverly, MA), rabbit anti-ionized calcium-binding
adapter molecule 1 (lbal; Wako Pure Chemical Industries, Cat#:
019-19741, RRID:AB_839504, Osaka, Japan), rabbit anti-glial fibrillary
acidic protein (GFAP; Millipore, Cat#: AB5804, RRID:AB_2109645),
rabbit anti-TLR4 (Santa Cruz Biotechnology, Cat#: sc-10741, RRID:
AB_2240715, Santa Cruz, CA), rabbit anti-IL-1p (Santa Cruz Biotech-
nology, Cat#: sc-7884, RRID:AB_2124476), mouse anti-TNF-a (Santa
Cruz Biotechnology, Cat#: sc-52746, RRID:AB_630341), rabbit anti-
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inducible NOS (iNOS; Abcam, Cat#: ab3523, RRID:AB_303872), rab-
bit anti-zonula occludens-1 (ZO-1; Thermo Fisher Scientific, Cat#:
61-7300, RRID:AB_2533938), rabbit anti-cluster of differentiation
31 (CD31; Thermo Fisher Scientific, Cat#: PA5-16301, RRID:
AB_10981955), rat anti-laminin (Abcam, Cat#: ab2466, RRID:
AB_303085), rabbit anti-claudin-5 (Thermo Fisher Scientific, Cat#:
352588, RRID:AB_2532189), goat Alexa Fluor (AF) 568-conjugated
anti-mouse IgG (Thermo Fisher Scientific, Cat#: A-21235, RRID:
AB_2535804), rabbit anti-p-amyloid (Ap; Cell Signaling, Cat#: 2454,
RRID:AB_2056585, Beverly, MA), mouse anti-p-actin (Santa Cruz Bio-
technology, Cat#: sc-47778, RRID:AB_626632), thioflavin S (Sigma,
Cat#: 1326-12-1), biotinylated anti-rabbit 1gG (Vector Laboratories,
Cat#: BA-1000, RRID:AB_2313606, Burlingame, CA),
AF647-conjugated anti-rat 1gG (Thermo Fisher Scientific, Cat#: A-
21247, RRID:AB_141778), AF647-conjugated anti-rabbit IgG (Thermo
Fisher Scientific, Cat#: ab150075, RRID:AB_2752244), HRP-
conjugated anti-rabbit 1gG (Enzo Life Sciences, Cat#: ADI-SAB-300,
RRID:AB_10998727, Farmingdale, NY), HRP-conjugated anti-mouse
1gG (Thermo Fisher Scientific, Cat#: 61-6520, RRID:AB_2533933) and
HRP-conjugated anti-sheep 1gG (GenWay Biotech Inc., Cat#: GWB-
3E18C4, RRID:AB_10517147, San Diego, CA). Sterile PBS was used

as a vehicle to dissolve pKr-2

217 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2021/2022
(Alexander et al., 2021).

3 | RESULTS

3.1 | Up-regulation of pKr-2 and
neuroinflammatory molecules in the hippocampi of
patients with AD and 5XFAD mice

To investigate the pKr-2 protein levels and neurotoxic inflammatory
molecules in the hippocampi of patients with AD compared with
those in the hippocampi of age-matched controls. Western blotting
was performed using the post-mortem hippocampal tissues presented
from the Victorian Brain Bank Network (Figure 1a). Similar to that
observed in the substantia nigra of patients with Parkinson's disease
(Leem et al., 2016; Shin et al., 2015), the pKr-2 protein levels were sig-
nificantly increased in the hippocampi of patients with AD compared
with those in the hippocampi of age-matched controls (Figure 1b).
The results presented in Figure 1b revealed an increase in the levels
of Ibal as evidence of microglial activation. Furthermore, the results
presented in Figure 1b also indicated a decrease in the level of neuro-
nal nuclei, which is a neuronal marker, in the case of patients with AD

compared with their age-matched controls.

TLR4, which recognizes various ligands such as LPS, envelope
proteins, heat shock proteins, fibrinogen and hyaluronan, is a key
receptor for activation of immune cells, resulting in the increases in
inflammatory cytokines (Leem et al., 2016; Shin et al., 2015; Walter
et al., 2007). In the brain, TLR4 is also well known as an important
receptor for microglia-mediated  neuroinflammation  (Leem
et al., 2016; Shin et al., 2015; Walter et al., 2007). In the hippocampi
of patients with AD, TLR4 expression levels were significantly
increased compared with those in the hippocampi of age-matched
controls (Figure 1c). In addition, increased levels of iNOS, IL-1p and
TNF-a associated with neuroinflammation were observed in the hip-
pocampi of patients with AD (Figure 1c), indicating microglial activa-
tion in the AD brain.

To measure pKr-2 protein levels in the hippocampi of 5XFAD
and WT mice, hippocampal tissues were obtained from 5XFAD mice
aged 3, 6 and 9 months and from WT mice aged 9 months. Western
blot analysis showed that pKr-2 protein levels were significantly
increased in the hippocampi of 5XFAD mice aged 6 and 9 months
compared with those in the hippocampi of WT mice (Figure 1d).
Increased levels of Ibal, indicating microglia, were also observed in
the hippocampi of 5XFAD mice, and these were increased in a
time-dependent manner with age (Figure 1d). In contrast, the
expression levels of neuronal nuclei was significantly decreased in
the hippocampi of 5XFAD mice aged 9 months compared with the
hippocampi of WT mice (Figure 1d). Moreover, TLR4 protein levels
and neuroinflammatory molecules, such as TNF-o, IL-18 and iNOS,
increased in the hippocampi of 5XFAD from the age of 3 months in
a time-dependent manner (Figure 1e). However, a non-significant
difference of the levels of pKr-2, Ibal, neuronal nuclei and inflam-
matory molecules was observed in the WT mice during aging
(Figure S1). These results suggest that pKr-2 up-regulation and
microglial activation occur earlier than the significant loss of neuro-
nal nuclei in the hippocampi of 5XFAD mice. Next, we performed
co-immunofluorescence staining using anti-pKr-2 together with anti-
bodies for Ibal (marker or microglial activation), GFAP (an astrocyte
marker; Jeon et al., 2020), neuronal nuclei and CD31 (an endothelial
cell marker for BBB; Giannoni et al., 2016; Song et al., 2017), to
assess the localization of pKr-2 in the hippocampi of WT and
5XFAD mice (Figure 1f). Our observations using 9 months aged
mice showed that the location of pKr-2 expression was clustered to
Ibal and CD31 expression, but not localized with GFAP and neuro-
nal nuclei expression (Figure 1f).

3.2 | BBB preservation by caffeine reduces pKr-2
up-regulation in the hippocampi of 5XFAD mice

We next analysed the degree of BBB disruption in the hippocampi of
5XFAD by the measurement of the expression levels of zonula
occludens-1 (tight junction protein-1, ZO-1) as a tight-junction pro-
tein marker (Kook et al., 2012; Song et al., 2017) and CD31 in the
hippocampi of 5XFAD mice (Eimer & Vassar, 2013; Giannoni
et al., 2016; Oakley et al., 2006) aged 3, 6 and 9 months (Figure 2a).


info:x-wiley/rrid/RRID:AB_303872
info:x-wiley/rrid/RRID:AB_2533938
info:x-wiley/rrid/RRID:AB_10981955
info:x-wiley/rrid/RRID:AB_10981955
info:x-wiley/rrid/RRID:AB_303085
info:x-wiley/rrid/RRID:AB_303085
info:x-wiley/rrid/RRID:AB_2532189
info:x-wiley/rrid/RRID:AB_2535804
info:x-wiley/rrid/RRID:AB_2535804
info:x-wiley/rrid/RRID:AB_2056585
info:x-wiley/rrid/RRID:AB_626632
info:x-wiley/rrid/RRID:AB_2313606
info:x-wiley/rrid/RRID:AB_141778
info:x-wiley/rrid/RRID:AB_2752244
info:x-wiley/rrid/RRID:AB_10998727
info:x-wiley/rrid/RRID:AB_2533933
info:x-wiley/rrid/RRID:AB_10517147
http://www.guidetopharmacology.org
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5019
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=784
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4954
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1250
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074

BRITISH
1006 PHARMACOLOGICAL
SOCIETY

(@)

WT 5XFAD
SM 3M 6M 9M Kga

KIM ET AL

o1l

CD31| o o o o o

&
H

(d)

Ca:caffeine (mgmi’) & $ S O

LLEE pa
- 5

Light chain[ S8 |"2°
poactin[ =] 0
WT 5XFAD
6M old

196

0 g

________ R
Caffeine(0.06mg-ml”,0.6mg-ml")
or noncaffeinated water supply

(9)

Ca.: caffeine (mg-ml”)

BWNM I AD 6M
5XFAD 3M

3
°

Caffeine
0.6 mg-ml-*

Z0-1 CcD31

IS

w
w

Fold change
(arbirary unts)
™
Fold change
(arbitrary units)
™

é@@t 4

|
D

Fold change
(arbitrary units)

ol

Prothrombin
Thrombin
pKr-2

Iba1

NeuN

B-Actin

(h) e

FRRNEN
Ca.: caffeine (mg-ml™) é?do 3

TNF-a --E = l-15
iNOS - e
B-Actin [ e —— |- 50

(i)

&
Ca.: caffeine (mgmi) &

its)

zo (I8 B

CD31 [ #

B-Actin [ e e |

Fold change

(arbitra

FIGURE 2 Inhibition of hippocampal pKr-2 up-
regulation, neuroinflammation and
neurodegeneration in five familial Alzheimer's
disease (5XFAD) mice by preservation of blood-
brain barrier (BBB) integrity using caffeine supply.
(a) Western blotting for the protein levels of ZO-1
and CD31, representing markers of tight-junction
and endothelial cells, respectively. *P < 0.05 versus
9-month-old WT mice (one-way ANOVA with
Tukey's post hoc analysis; n = 5 for each group).
(b-e) Comparison of BBB integrity in 5XFAD mice
by supply with noncaffeinated and caffeinated
water (0.06 and 0.6 mg-ml~?) for 4 months from
the age of 2 months. (b) BBB leakage shown as
fluorescein isothiocyanate-dextran permeability
(green; BBB permeability marker) and IgG staining
(blue) was observed in the hippocampal
parenchyma of 5XFAD mice; this leakage was
apparently inhibited by a 0.6-mg-ml~* caffeine
supply. Immunostaining for CD31 (red) was used as
a marker for blood vessels in the hippocampus of
5XFAD mice. Scale bar, 50 um. (c) Immunostaining
with anti-laminin (red; vascular matrix protein) and
anti-claudin-5 (green; tight-junction protein). Scale
bar, 50 um. (d) Western blotting for IgG expression
in the hippocampal parenchyma of WT and 5XFAD
mice. Statistical analysis of western blotting results
for 1gG. *P < 0.05 versus WT mice supplied with
noncaffeinated water; *P < 0.05 versus 5XFAD
mice supplied with noncaffeinated water (one-way
ANOVA with Tukey's post hoc analysis; h = 5 for
each group). (e) Western blotting for the protein
levels of CD31 and ZO-1. *P < 0.05, respectively,
versus WT mice supplied with noncaffeinated
water; #P < 0.05, respectively, versus 5XFAD mice
supplied with noncaffeinated water (two-way
ANOVA with Tukey's post hoc analysis; Friedman
test for CD31 analysis; n = 5 for each group). (f)
Experimental schematic demonstrating caffeine
supply. (g) Western blotting for the protein levels
of prothrombin, thrombin, pKr-2, Ibal and neuronal
nuclei (NeuN) in the hippocampi of WT and 5XFAD
mice aged 7 months after caffeine supply.

*P < 0.05 versus WT mice supplied with
noncaffeinated water; #P < 0.05 versus 5XFAD
mice supplied with noncaffeinated water (two-way
ANOVA with Tukey's post hoc analysis; Friedman
test for NeuN analysis; n = 5 for each group). (h)
Western blotting for the protein levels of TLR4,
TNF-a, IL-1p and iNOS. *P < 0.05 versus WT mice
supplied with noncaffeinated water; #p < 0.05, #*
P < 0.01 and #P < 0.05 versus 5XFAD mice
supplied with noncaffeinated water (two-way
ANOVA with Tukey's post hoc analysis; n = 5 for
each group). (i) Western blotting for the protein
levels of ZO-1 and CD31. *P < 0.05 versus WT
mice supplied with noncaffeinated water;, #

P < 0.05 versus 5XFAD mice WT mice supplied
with noncaffeinated water (two-way ANOVA with
Tukey's post hoc analysis; n = 5 for each group). All
quantitative values are presented as the mean

+ SEM
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FIGURE 3 Enhancement of the blood-brain barrier (BBB) by caffeine supply attenuates cognitive impairments in five familial Alzheimer's

disease (5XFAD) mice. (a) Schematic of the experimental design for each object recognition test. (b) Schematic of the experimental design for
short-term and long-term object recognition tests. (c-f) Results of novel object and location-changed object recognition tests. The results of the
novel object and location-changed object recognition tests are represented as the time ratios associated with exploring the novel object (= novel
object exploration time /total object exploration time) and the location-changed object (= location-changed object exploration time/total object
exploration time), respectively, for short-term (c, e) and long-term (d, f) recognition memory. *P < 0.05 versus WT mice supplied with
noncaffeinated water; #P < 0.05 versus 5XFAD mice supplied with noncaffeinated water (two-way ANOVA with Tukey's post hoc analysis; n = 6
for each group). Quantitative values are presented as the mean + SEM

At 3 months, when there was no change in pKr-2 expression
(Figure 1d), there was no significant difference in the expression of
Z0-1 and CD31 in the hippocampi of 5XFAD mice and the

hippocampi of WT mice (Figures 2a and S2). However, ZO-1 and
CD31 protein levels were both decreased in the hippocampi of

5XFAD mice aged 6 and 9 months relative to WT mice (Figures 2a
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and S2). Furthermore, BBB disruption in the hippocampi of 5XFAD
mice aged 6 months was confirmed by treatment with fluorescein
isothiocyanate-dextran, a BBB permeability marker, and immuno-
staining to assess for IgG penetration (Michalak et al., 2012), laminin
(a vascular matrix protein) (Russo et al., 2018) and claudin-5 (a tight-
junction protein) (Kook et al., 2012; Song et al., 2017) (Figure 2b,c).
Moreover, the changes in BBB disruption markers in the hippocampi
of 5XFAD mice with non-caffeinated water were significantly
inhibited by a caffeine (0.6 mg-ml~%), which can block BBB disruption
in animal models of neurodegenerative disease (Chen et al., 2008;
Chen et al., 2010), in their drinking water for 4 months (Figure 2b-e).
The pKr-2 up-regulation and BBB disruption in the hippocampi of
5XFAD mice suggested the possibility that hippocampal up-
regulation of pKr-2 was induced by blood leakage following BBB dis-
ruption. We examined this possibility by supplying 2-month-old WT
and 5XFAD mice with non-caffeinated or caffeinated drinking water
(0.06 and 0.6 mg:ml~Y) for 7 months (Figure 2f), subjecting them to
behavioural tests for object recognition when aged 9 months and col-
lecting brain samples to measure the protein levels of prothrombin,
thrombin, pKr-2, lbal, neuronal nuclei and the neuroinflammatory
molecules, ZO-1 and CD31. WT mice treated with caffeinated drink-
ing water for 7 months showed no significant change in the levels of
these proteins when compared with level of these protein in WT
mice supplied with non-caffeinated drinking water (Figure 2g-i).
However, in the hippocampi of 9-month-old 5XFAD mice, which
exhibited neuronal loss as demonstrated by western blotting for neu-
ronal nuclei (Figures 1d and 2g) and counting of hippocampal CA1
neurons (Figure S3), prothrombin protein levels were significantly
increased, which in turn resulted in an increase in thrombin and
pKr-2 expression (Figure 2g). However, caffeine supply inhibited
these increased levels of prothrombin, resulting in the control of hip-
pocampal expression of thrombin and pKr-2. In addition, increased
levels of Ibal (Figure 2g) and neuroinflammatory molecules
(Figure 2h) in the hippocampi of 5XFAD mice were significantly
attenuated by caffeine supply. Moreover, the decrease in neuronal
nuclei levels observed in the hippocampi of 5XFAD mice aged
9 months was significantly inhibited by caffeine (Figure 2g), indicating
hippocampal neuroprotection in 5XFAD mice. The preservation of
BBB integrity by caffeine observed in the hippocampi of 5XFAD mice
aged 6 months (Figure 2b-e) was confirmed by western blotting for
Z0-1 and CD31 protein levels in 5XFAD mice aged 9 months
(Figure 2i).

3.3 | Effects of caffeine in the drinking water on
the decline of object recognition memory in 5XFAD
mice

To investigate whether the control of pKr-2 up-regulation leads to
preserve object cognitive impairments in 5XFAD mice, we conducted
two recognition behavioural tests, novel object recognition and object
location recognition (Figure 3a), and measured two types of memory,

short-term and long-term, depending on the delay time after

habituation (Figure 3b). In addition, to compare whether there is a dif-
ference of the total exploration time between WT and 5XFAD mice,
we measured the time to explore the objects spent by each group
(Figure S4). Our results showed that there was no significant differ-
ence of the total exploration time between WT and 5XFAD mice
(Figure S4). In the novel object recognition tests of short-term and
long-term memory, the results revealed that a 0.06-mg-ml~?! caffeine
supply provided for 7 months had no significant effect on the decline
of recognition memory in 9-month-old 5XFAD mice (Figures 3c,d and
S5). However, 0.6-mg-ml™* caffeine supply significantly preserved the
recognition memory of these 5XFAD mice when their performance
was compared with that of 5XFAD mice supplied noncaffeinated
water (Figures 3c,d and S5). Similar to the results of the novel object
recognition tests, the test for location-changed object recognition
demonstrated that the 0.6-mg-ml~! caffeine supply inhibited the
decline of object recognition memory in 9-month-old 5XFAD mice
(Figures 3e,f and S5).

3.4 | Reduction of hippocampal pKr-2 attenuates
neurotoxic symptoms in 5XFAD mice

To determine whether inhibition of pKr-2 generation reduces the neu-
rotoxic symptoms in 5XFAD mice, rivaroxaban (dissolved in 1% etha-
nol), an inhibitor of factor Xa (Perzborn et al., 2010; Verma &
Brighton, 2009), was orally administered (2 mg-kg~t-day™?) to WT
and 5XFAD mice for 3 months from the age of 6 months (Figure 4a).
We observed that rivaroxaban prevented the decline in object recog-
nition memory observed in 5XFAD mice (Figures 4b-e and S6). Con-
sistent with these results of object recognition tests, western blotting
results revealed that the increased levels of thrombin, pKr-2 and pro-
inflammatory microglial activation markers in the hippocampi of
5XFAD mice were significantly attenuated by rivaroxaban treatment
(Figure 4f-i). However, the increased levels of hippocampal prothrom-
bin shown in 5XFAD mice were not affected by rivaroxaban treat-
ment. The results indicate that oral gavage of rivaroxaban may inhibit
the cleavage of thrombin from prothrombin, consequently resulting in
the inhibition of pKr-2 production.

3.5 | Caffeine had no effect on the levels of pro-
inflammatory M1 genes in pKr-2-treated primary
microglial cell cultures and on the levels of amyloid-p
in the hippocampi of 5XFAD mice

To further investigate the potential effects of caffeine alone on the
anti-neuroinflammatory responses observed in 5XFAD mice in vivo,
caffeine and pKr-2 treatments were applied to primary microglial cell
cultures in vitro and the levels of pro-inflammatory M1 genes were
assessed. Preliminary quantitative RT-PCR results demonstrated that
50 pg-ml~2 of pKr-2, which did not exhibit neurotoxicity in vitro (Kim
et al., 2010), increasing the production of pro-inflammatory M1 genes

relative to their production in nontreated microglial cell cultures.



KIM ET AL.

FIGURE 4 Inhibition of (a)
prothrombin kringle-2 (pKr-2) 5XFAD 6M

generation by rivaroxaban
treatment protects hippocampal
neurons and diminishes cognitive

Oral gavage, 2 mg-kg-'-day-1

BRITISH
PHARMACOLOGICAL 1009
SOCIETY

5XFAD 9M

v

Analysis

impairments in five familial (b) Novel object recognition test (short term) (c) Novel object recognition test (long term)

Alzheimer's disease (5XFAD) mice. 1007 [Jwr om [ 5XFAD oM 1009 [Jwr om [I 5XFAD om

(a) Experimental schematic = = NS

demonstrating rivaroxaban 2 ?’ 801 E %‘ 801

treatment, which is an inhibitor of ': _?_a‘ 60 # ‘: _?_>‘ 60 =

factor Xa associated with thrombin -.% S * . -% S 3

production. (b-e) Results of novel 5 404 540+

object and location-changed object -é 2 E‘ 2

recognition tests. *P < 0.05 versus ws 209 ws 201

nontreated WT mice; *P < 0.05 0 0

versus nontreated 5XFAD mice = 1% EtOH Riv. = 1% EtOH Riv.

(two-way ANOVA with Tukey's (d)Location-changed object recognition test (short term) (e Location-changed object recognition test (long term)

post hoc analysis; n = 5 for each ~1001 NS ~=1007

group). (f, g) Western blotting for % §

the protein levels of prothrombin, “E’_&’_,. 801 & g_%’_,‘ 807

thrombin, pKr-2, Ibal and neuronal ‘E'g 60 . ":'8 60 #

nuclei (NeuN) in the hippocampi of 28 * 28 . N

9-month-old WT and 5XFAD mice. g%_ 401 g%_ 404

*P < 0.05, versus nontreated WT E—E E.E

mice; *P < 0.05 versus nontreated wo 207 o 20+

5XFAD mice; NS, no significance 5 5 S 9

(two-way ANOVA with Tukey's = 1% EtOH Riv. = 1% EtOH Riv.

post hoc analysis; Friedman test for [OJwrt om [ 5XFAD oM [Jwt om [ 5XFAD oM

thrombin and pKr-2 analysis; n = 5 (f) (g) 4— 0-

for each group). (h, i) Western Ethanol: EtOH Q/\OQ“ Q/\o‘e‘ [ 1% EtoH

blotting for the protein levels of Riveroxsban:Riv oGS | 90 153 5 B Riv.

TLR4, TNF-o, IL-1p and iNOS. Prothrombin mE w0 e

*P < 0.05 versus nontreated WT Thrombin e s i

mice; #P < 0.05 versus nontreated pKr-2 = ]5 5 g 27

5XFAD mice (two-way ANOVA Iba1[—— —=wem—] 20 33

with Tukey's post hoc analysis; NeuN["" = == |50 =1

n = 5 for each group). All B-Actin [ s |50

guantitative values are presented W 0— Prothrombin Thrombin _ pKr-2 _ Ibal __ NeuN _

as the mean * SEM Note that WT 5XFAD WT 5XFAD WT 5XFAD WT 5XFAD WT 5XFAD

rivaroxaban treatment significantly (h) (i) s -

inhibited the production of & & . g ;?v EtOH

thrombin and pKr-2 in the DA \e\f"q;\* ka OF

hippocampi of 5XFAD mice TLR4 Bl 10 S S5

compared with the levels produced TNF-o - = camem | o 5 g

in nontreated 5XFAD mice; ILAB[E = WSS s 1_;% 2

however, there was no change in iNOS TBES| 140 w—

prothrombin expression in 5XFAD B-Actin -50 17

mice, suggesting effects of WT __ 5XFAD 0

rivaroxaban as an inhibitor of Miold TLR4 AL Lt "‘ 16 Nos
5XFAD 5XFAD 5XFAD 5XFAD

factor Xa

Moreover preliminary experiments with the treatment with 1-pM caf-
feine, did not show any toxicity to microglial cell viability (Figure 5b)
and presumed a higher titre than the expected concentration in the
brain based on the pharmacokinetic properties of caffeinated drinking
water supply in vivo (Madeira et al., 2017; McLellan et al., 2016; White
et al., 2016), had no effect on the up-regulation of pro-inflammatory
M1 genes after pKr-2 treatment (Figures 5a and S7). Although it is
unclear and not examined in the present preliminary study whether

the control of unknown factors, including other endogenous factors

such as thrombin and fibrinogen (Benek et al., 2020; Choi et al., 2005;
2016; Merlini et al., 2019; Montagne et al., 2015;
Sweeney et al., 2018; Vaiserman et al., 2020), following caffeine also

Giannoni et al,,

contributed to the observed anti-neuroinflammation in 5XFAD mice,
our results suggest that the anti-neuroinflammatory responses,
occurred in 5XFAD mice after maintenance of the BBB with a 0.06-
or 0.6-mg-ml™* caffeine in the drinking water may be mediated by the
control of hippocampal pKr-2 up-regulation not by caffeine itself. In

addition, we found that caffeine had no effect on the levels of
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FIGURE 5 Caffeine treatment had no effect on the levels of inflammatory molecules increased by prothrombin kringle-2 (pKr-2) treatment in
primary microglial cultures. (a) Primary microglial cells were pretreated with 1-uM caffeine, given its pharmacokinetic properties in vivo (Madeira
et al., 2017; McLellan et al., 2016; White et al., 2016) for 30 min and subsequently treated with 50 pg~m|f1 of pKr-2 for 8 h, after which RT-PCR
was performed. Preliminary data shows that the expression levels of pro-inflammatory M1 genes for proteins such as IL-1f, TNF-a, iNOS,
CXCL10, LCN2, IL-23, IL-12 and IL-6, were increased in pKr-2-treated microglial cells compared with | non-treated control cells. This was also
shown on mRNA transcript levels which are presented as mean * SD. (b) Preliminary data using a CCK-8 assay to evaluate the viability of
caffeine-treated primary microglial cells for 1 day indicated that treatment with caffeine alone had no effect on the viability of primary microglial
cells. Data are presented as mean * SD of three independent experiment. (c) Western blotting for the protein levels of amyloid-f (Ap) in the
hippocampi of 6-month-old five familial Alzheimer's disease (5XFAD) mice supplied with noncaffeinated or caffeinated water (0.06 or

0.6 mg-ml~2) for 4 months. *P < 0.05 versus noncaffeinated water-supplied WT mice (one-way ANOVA with Tukey's post hoc analysis; n = 5 for
each group; NS, no significance). Quantitative values are presented as the mean + SEM
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FIGURE 6 Effect of prothrombin kringle-2 (pKr-2) administration on amyloid-f (Ap) expression, neuronal nuclei (NeuN) expression and
neuroinflammatory molecules in the hippocampi of five familial Alzheimer's disease (5XFAD) mice. (a) Thioflavin S (protein aggregation marker)
and AB immunostaining in the hippocampi of WT and 5XFAD mice aged 6 months. Scale bar, 200 um. (b) Western blotting for the levels of Ap
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mice. (d) Experimental schematic for pKr-2 treatment in the hippocampi of 5XFAD mice. (e) Western blotting for the protein levels of Ap in the
hippocampi at 7 days and 3 months after pKr-2 administration. *P < 0.05 versus age-matched WT controls; NS, no significance (one-way ANOVA
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versus nontreated 5XFAD mice (one-way ANOVA with Tukey's post hoc analysis; n = 5 for each group). (h) Western blotting for the protein
levels of TLR4, TNF-q, IL-1p and iNOS in the hippocampi of mice at 7 days and 3 months after pKr-2 administration. *P < 0.05 versus nontreated
WT mice; #P < 0.05 versus nontreated 5XFAD mice (one-way ANOVA with Tukey's post hoc analysis; n = 5 for each group). Quantitative values
are expressed as the mean £+ SEM
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amyloid-f in the hippocampi of 5XFAD mice, as demonstrated by

western blotting (Figure 5c).

3.6 | pKr-2 up-regulation has no effect on
amyloid- oligomerization and accumulation

In addition to pKr-2 up-regulation and microglial activation in the hip-
pocampi of 5XFAD mice, we also examined whether pKr-2 up-
regulation exacerbates amyloid-f aggregation, which is one of the
characteristics of AD and involved in its pathology, in the hippocampi
of WT and 5XFAD mice. Apparent increases in amyloid-f} aggregation
and oligomerization were observed in the hippocampi of 5XFAD mice
aged 6 months, as demonstrated by thioflavin S and immunohisto-
chemical staining for amyloid-f and western blotting, respectively
(Figure 6a,b). To determine whether pKr-2 up-regulation contributed
to amyloid-f aggregation and oligomerization, we administered
intrahippocampal injections of pKr-2 to WT and 5XFAD mice aged
3 months. Administration of pKr-2 did not increase the levels of
amyloid-f expression and oligomerization in the hippocampi of WT
mice, as demonstrated by Western blotting (Figure 6c). Similarly,
amyloid-f oligomerization and expression in the hippocampal tissues
of 5XFAD mice, obtained 7 days or 3 months after pKr-2 administra-
tion, did not differ significantly from those in nontreated 5XFAD mice
(Figure 6d,e), and these results were confirmed by immunohistochem-
ical staining for amyloid-p (Figure 6f). However, although there was
no change of amyloid-p expression by pKr-2 administration in the hip-
pocampi of 5XFAD mice, its treatment significantly decreased neuro-
nal nuclei expression and increased neuroinflammatory molecules in
5XFAD mice compared with nontreated mice (Figure 6g,h). Moreover,
pKr-2 administration in the hippocampi of WT mice induced object
recognition impairments compared with untreated WT mice
(Figure S8). Taken together, our results suggest that the up-regulation
of pKr-2 following BBB disruption, which may have no effect on
amyloid-f oligomerization and accumulation, contributes to hippo-
campal neurodegeneration and object recognition decline through
neurotoxic inflammatory responses.

4 | DISCUSSION

Accumulation  of  neurotoxic forms of amyloid-f and
hyperphosphorylated tau proteins is a well-known pathophysiological
hallmark of AD. However, clinical trials conducted with drugs
targeting amyloid-p and tau, including drugs approved by the US Food
and Drug Administration for the treatment of AD aiming at neuro-
transmission, have failed to demonstrate efficacy, provided only mod-
est and temporary relief from symptoms and could not cure the
disease; thus, there is a need to explore alternative therapeutic targets
(Benek et al., 2020; Vaiserman et al., 2020). A recent accumulation of
evidence suggests that systemic inflammation and related vascular
dysfunction play important aetiological roles in AD and precede its

clinical manifestation (Benek et al., 2020; Choi et al., 2005; Giannoni

et al, 2016; Merlini et al., 2019; Montagne et al., 2015; Sweeney
et al., 2018; Vaiserman et al., 2020).

Cerebrovascular alteration, which leads to BBB disruption, is a
pathological hallmark in the hippocampi of patients with early AD
(Giannoni et al., 2016; Sweeney et al., 2018; van de Haar et al., 2016).
BBB leakage following disruption results in the infiltration of circulat-
ing substances into the brain parenchyma (Merlini et al., 2019;
Sweeney et al., 2018; van de Haar et al., 2016). Although the specific
endogenous molecules associated with microglial activation, which
causes neurotoxic inflammation in the adult brain, require further
investigation, for example, major endogenous activators for microglial
activation have not yet been elucidated, some studies have shown
that hippocampal up-regulation of blood proteins, such as thrombin
and fibrinogen, could contribute to neuroinflammation mediated by
microglial cell activation, which results in the induction of neurotoxic-
ity in the hippocampus of the adult murine brain (Choi et al., 2005;
Merlini et al., 2019). Taken together, these findings suggest that
efforts to develop therapeutic and preventive agents for neurodegen-
erative diseases, such as AD and Parkinson's disease, must be aimed
at the inhibition of microglial cell-derived neuroinflammation, which
would lead to the suppression of microglial activation and its patho-
genic mechanisms. Hence, it is essential to examine the endogenous
molecules and mechanisms that cause neurotoxic events in the adult
brain to develop effective strategies for treating AD.

pKr-2 is a domain of prothrombin, which can be generated by
active thrombin (Kim et al., 2010; Leem et al., 2016; Mann, 1976; Shin
et al., 2015; Taneda et al., 1994). Although pKr-2 levels could be up-
regulated in neurodegenerative diseases, it was largely unknown
about the major source and cause for its up-regulation in the adult
brain. In the present study, to determine the source and cause of
pKr-2 up-regulation in the hippocampus of AD brain, we compared
the protein levels of hippocampal pKr-2 between AD patients and
age-matched controls and examined whether pKr-2 up-regulation
could be observed in the hippocampi of 5XFAD mice. In addition, we
examined whether the up-regulation of hippocampal pKr-2 expression
could be inhibited by BBB preservations after treatment with caffeine
or with rivaroxaban, which is an inhibitor of factor Xa associated with
thrombin production (Perzborn et al., 2010; Verma & Brighton, 2009).
To investigate the potential role of pKr-2 as an important pathogenic
factor causing neurotoxic inflammation in AD, we examined whether
pKr-2 up-regulation contributed to neurodegeneration and object
cognitive impairments via neuroinflammatory responses in the hippo-
campi of 5XFAD mice (Eimer & Vassar, 2013; Giannoni et al., 2016;
QOakley et al., 2006). Moreover, we determined whether the inhibition
of pKr-2 expression could diminish the pathogenic processes in
5XFAD mice in the present study. In addition to the up-regulation of
pKr-2 in the hippocampi of patients with AD and 5XFAD mice, our
experimental results indicate that the hippocampal pKr-2, which had
no effect on amyloid-p oligomerization and accumulation in the hippo-
campi of both WT and 5XFAD mice, can be up-regulated by BBB dis-
ruption, resulting in neurodegeneration and object cognitive
impairments through neuroinflammatory responses as shown in

5XFAD mice aged 9 months. Furthermore, we observed that pKr-2
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Schematic of neurodegeneration caused by prothrombin kringle-2 (pKr-2) up-regulation in the hippocampus of the adult brain. As

demonstrated in the experimental animal model of Alzheimer's Disease (AD) the hippocampal penetration of prothrombin and thrombin after
blood-brain barrier (BBB) disruption may induce the increase in pKr-2 expression, which consequently leads to microglial activation and
hippocampal neurodegeneration. Although the hippocampal penetration of unknown factors, including other endogenous factors such as
thrombin and fibrinogen, cannot be ruled out from contributing to microglial activation, our results show that pKr-2 up-regulation is one of the
major neuroinflammatory mechanisms associated with the microglial activation that causes neurotoxic events

administration induced the loss of neuronal nuclei expression in
5XFAD mice aged 3 and 6 months and showed no loss of neuronal
nuclei expression in nontreated mice at the same age. Consistent with
these findings, the increases in the protein levels of neuro-
inflammatory molecules by pKr-2 administration were observed in
5XFAD mice.

Previous reports have shown that caffeine treatment can reduce
amyloid-f accumulation and neuroinflammation in neurodegenerative
conditions (Cao et al., 2009; Madeira et al., 2017). To examine the role
played by caffeine itself on the beneficial effects observed in 5XFAD
mice, we assessed whether a 0.06- or 0.6-mg-ml~! caffeine supply,
representing much lower titres in the present study compared with
titres used in previous research (Cao et al., 2009), affected amyloid-p
protein levels in the hippocampi of 5XFAD mice and whether treat-
ment with 1-pM caffeine, presumed as a higher titre than the concen-
tration in the brain according to the pharmacokinetic properties of
caffeinated water supply in vivo (Madeira et al, 2017; McLellan
et al., 2016; White et al., 2016), could have anti-inflammatory effects
in pKr-2-treated primary microglial cell cultures in vitro. A 0.6-mg-ml~!
caffeine supply, which inhibited hippocampal pKr-2 expression and
exerted anti-neuroinflammatory effects, did not affect amyloid-f
levels in the hippocampi of 5XFAD mice. Moreover, a 1-uM caffeine
treatment, which showed no toxicity to microglial cell viability, had no
effect on the increases in pro-inflammatory M1 genes after pKr-2
treatment in microglial cell cultures.

In conclusion, we observed that the hippocampal penetration of
prothrombin and pKr-2 up-regulation following BBB disruption could
induce hippocampal neurodegeneration and object recognition
decline through neurotoxic inflammatory responses in 5XFAD mice as

depicted in the schema of our results (Figure 7). Furthermore, pKr-2

up-regulation had no effect on amyloid-p oligomerization and accumu-
lation, and the inhibition of hippocampal pKr-2 expression through
BBB preservastions and the control of enzyme activity associated
with its production can diminish neurotoxic symptoms in 5XFAD
mice. Although it is not possible to rule out the effects of amyloid-p
accumulation (Heppner et al., 2015) and hippocampal penetration of
unknown factors, including other endogenous factors such as throm-
bin (Choi et al., 2005) and fibrinogen (Merlini et al., 2019), can also
contribute to neurotoxicity by activated microglia, our results demon-
strate that pKr-2 up-regulation is one of the major neuroinflammatory
mechanisms that cause neurotoxic events in the hippocampus of the
adult brain. Thus, inhibiting the generation of pKr-2 may be useful for
preventing and treating AD and related conditions.
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