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A number of clinical and experimental studies have revealed a strong association between periodontitis
and accelerated cognitive decline in Alzheimer’s disease (AD); however, the mechanism of the association
is unknown. In the present study, we tested the hypothesis that cathepsin (Cat) B plays a critical role in
the initiation of neuroinflammation and neural dysfunction following chronic systemic exposure to
lipopolysaccharide from Porphyromonas gingivalis (PgLPS) in mice (1 mg/kg, daily, intraperitoneally).
Young (2 months old) and middle-aged (12 months old) wild-type (WT; C57BL/6N) or CatB-deficient
(CatB�/�) mice were exposed to PgLPS daily for 5 consecutive weeks. The learning and memory function
were assessed using the passive avoidance test, and the expression of amyloid precursor protein (APP),
CatB, TLR2 and IL-1b was analyzed in brain tissues by immunohistochemistry and Western blotting.
We found that chronic systemic exposure to PgLPS for five consecutive weeks induced learning and mem-
ory deficits with the intracellular accumulation of Ab in neurons in the middle-aged WT mice, but not in
young WT or middle-aged CatB�/� mice. PgLPS significantly increased the expression of CatB in both
microglia and neurons in middle-aged WT mice, while increased expression of mature IL-1b and TLR2
was restricted to microglia in the hippocampus of middle-aged WT mice, but not in that of the
middle-aged CatB�/� ones. In in vitro studies, PgLPS (1 mg/ml) stimulation upregulated the mean mRNA
expression of IL-1b, TLR2 and downregulated the protein levels of IjBa in the cultured MG6 microglia
as well as in the primary microglia from WT mice, which were significantly inhibited by the CatB-
specific inhibitor CA-074Me as well as by the primary microglia from CatB�/� mice. Furthermore, the
mean mRNA expression of APP and CatB were significantly increased in the primary cultured hippocam-
pal neurons after treatment with conditioned medium from PgLPS-treated WT primary microglia, but not
after treatment with conditioned medium neutralized with anti-IL-1beta, and not after treatment with
conditioned medium from PgLPS-treated CatB�/� primary microglia or with PgLPS directly. Taken
together, these findings indicate that chronic systemic exposure to PgLPS induces AD-like phenotypes,
including microglia-mediated neuroinflammation, intracellular Ab accumulation in neurons and impair-
ment of the learning and memory functions in the middle-aged mice in a CatB-dependent manner. We
propose that CatB may be a therapeutic target for preventing periodontitis-associated cognitive decline
in AD.

� 2017 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction et al., 2006). AD is characterized by three major histopathological
Alzheimer’s disease (AD), the most common cause of dementia,
is a major health problem in aging societies worldwide (Blennow
hallmarks: b-amyloid (Ab) plaques, neurofibrillary tangles and
microglia-mediated neuroinflammation. Growing evidence sug-
gests that microglia play a key role in the pathogenesis of AD
(Edison et al., 2008; McGeer and McGeer, 2010; Okello et al.,
2009; Wyss-Coray, 2006), by promoting neuroinflammation, Ab
deposition and neuronal dysfunction (Kahn et al., 2012; Streit
et al., 2004). Histological evidence confirms that Ab senile plaques
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are associated with activated microglia, which are immune-
positive for pro-inflammatory cytokines, including IL-1b (Shaftel
et al., 2008; Wu et al., 2013a). Neuroinflammation has been impli-
cated as a contributor to the pathogenesis of AD (Hickman et al.,
2008), and anti-inflammatory agents lower the risk of AD by damp-
ening neuroinflammation (Vlad and Donald, 2008).

Systemic inflammation exacerbates age-dependent microglia-
mediated neuroinflammation via the increased production of
pro-inflammatory cytokines (Perry, 2004; Perry et al., 2003; Wu
et al., 2008, 2013). In addition, repeat injections of high-dose
lipopolysaccharide from Escherichia coli have been reported to
induce amyloid deposition, hyper-phosphorylation of tau and
memory deficits in wild-type (WT) mice, and we have found that
chronic systemic inflammation induces deficits in the hippocampal
LTP in middle-aged rats through microglia-mediated neuroinflam-
mation (Liu et al., 2012). These observations imply that microglia-
mediated neuroinflammation following chronic systemic inflam-
mation drives the onset and progression of the pathological hall-
marks and clinical symptoms of AD.

Periodontitis, the most common oral chronic multi-bacterial
infection, induces and amplifies low-grade systemic inflammation
resulting from the relevant bacteria and their components entering
the body through the systemic circulation. (Pischon et al., 2007).
Periodontitis has been identified as a risk factor for progression
of AD (Ide et al., 2016; Kamer et al., 2008; Noble et al., 2009). How-
ever, the mechanism underlying this association is unknown. The
major periodontal bacteria is Porphyromonas gingivalis (Pg), and
its lipopolysaccharide (PgLPS) has been detected in the brains of
AD patients (Poole et al., 2013). We recently found that PgLPS
induces the activation of leptomeninges/choroid plexus, which is
formed at the blood-cerebrospinal fluid barrier (BCSFB), resulting
in the induction of microglia-mediated neuroinflammation (Liu
et al., 2013; Wu and Nakanishi, 2015).

Cathepsin B (CatB; EC 3.4.22.1), a cysteine lysosomal protease,
has been suggested to promote the processing and secretion of
mature-IL-1b by activated microglia (Halle et al., 2008; Terada
et al., 2010; Sun et al., 2012; Wu et al., 2013). CatB also has beta
secretase activity, which is involved in the processing of APP for
Ab formation (Hook et al., 2008, 2009).

We hypothesize that CatB is activated following systemic expo-
sure to periodontal bacteria (or their components) and initiates the
pathogenesis of AD. To test our hypothesis, we examined the effect
of genetic CatB deficiency (CatB�/�) and the administration of a
specific CatB inhibitor on the learning and memory behavior, Ab
accumulation and microglia-mediated neuroinflammation using
young adult and middle-aged mice after chronic systemic exposure
to PgLPS.
2. Materials and methods

2.1. Animals

Heterozygous CatB (NM_007798.3)-deficient mice on a C57BL/6
background were maintained under specific-pathogen-free condi-
tions at Kyushu University Faculty of Dental Sciences. Homozygous
CatB-deficient (CatB�/�) mice were generated by crossing
heterozygous mice, and the lack of gene expression was confirmed
by examining genomic DNA isolated from tail biopsies using a
CatB-exon 4-specific polymerase chain reaction (PCR) with
MCB11 primers (50-GGTTGCGTTCGGTGAGG-30) and MCBGT (50-
AACAAGAGC CGC AGG AGC-30) (Sun et al., 2012; Terada et al.,
2010; Wu et al., 2013).

Heterozygous mice were used as control animals in the present
study and showed no pathological phenotypes when examined by
histological, immunocytochemical or biochemical methods. All
animals were treated in accordance with the protocols approved
by the animal care and use committee of Kyushu University.

Wild-type adult mice (2 months old), middle-aged mice
(12 months old) and age-matched CatB�/� mice (n = 6 in each
group) were subjected to systemic exposure to PgLPS (1 mg/ml in
deionized distilled water, DDW) daily (1 mg/kg/day, intraperi-
toneally; InvivoGen, CA, USA) for 5 weeks to mimic the chronic
systemic inflammation induced by periodontits. Systemic exposure
to DDW daily was performed in control mice as the negative con-
trol model.

2.2. Step-through passive avoidance test

The step-through avoidance test was performed in identical
compartments consisting of illuminated and dark compartments
with a grid floor and a guillotine door separating the compart-
ments. In the acquisition trail, each mouse was placed in the light
compartment and allowed to explore it for 30 s. The door of the
dark compartment was then opened, and after the mouse stepped
through the door, the door was closed and 2 electric shocks
(0.6 mA, 16 s) were delivered through the grid. This training con-
tinued until the mouse stayed in the light compartment for
300 s. The retention trial was carried out every week until 5 weeks
after training, and the latency was recorded for up to 300 s. The
weight of the mouse was also evaluated every week until 5 weeks
after training.

The non-stressed mice were allowed to step through the door
without receiving an electric shock. Mice in each group were uti-
lized in separated experiments (n = 6).

2.3. Locomotor activity

The spontaneous locomotor activity was measured in a clean,
novel cage similar to the home cage, devoid of bedding or litter
between 1:00 and 3:00 p.m. The cage was divide into four virtual
quadrants, and the locomotor motor activity was measured by
counting the number of line crossings and rearing incidents over
a 5-min period.

2.4. Real-time quantitative PCR (RT-PCR) analysis

The mRNA was isolated from the MG6 microglia cell line after
stimulation with PgLPS or pre-treatment with CA-074Me (Peptide
Institute. Inc., Osaka, Japan), Bay (Sigma-Aldrich, St. Louis, MO,
USA) or anti-TLR2 antibody (eBioscience, San Diego, CA, USA).
The mRNA was also isolated from the hippocampal neurons after
culture with microglial conditioned medium (MCM). Total mRNA
was extracted with the RNAiso Plus (Takara, Hoto-ku, Osaka, Japan)
in accordance with the manufacturer’s instructions. A total of
800 ng of extracted mRNA was reverse transcribed to cDNA using
the QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Ger-
many). After an initial denaturation step at 95 �C for 5 min, tem-
perature cycling was initiated. Each cycle consisted of
denaturation at 95 �C for 5 s, annealing at 60 �C for 10 s, and elon-
gation for 30 s. In total, 40 cycles were performed. The cDNA was
amplified in duplicate using a Rotor-Gene SYBR Green RT-PCR Kit
(Qiagen) with a Corbett Rotor-Gene RG-3000A Real-Time PCR Sys-
tem. The data were evaluated using the RG-3000A software pro-
gram (version Rotor-Gene 6.1.93, Corbett, Sydney, Australia). The
sequences of primer pairs were as follows: CatB, 50-GCAGC
CAACTCTTGGAACCTT-30 and 50-GGATTCCAGCCACAATTTC TG-30;
IL-1b, 50-CAACCAACAAGTGATATTCTCCATG-30 and 50-GATCCA
CACTCTCCAGCTGCA-30; APP, 50-CGGAAGAGATCTCGGAAGTG-30

and 50-TGTTCGAACCCACATCTTCA-30; TLR2, 50-CCATCGAAAAGAGC
CACA-30 and 50-CAGCAAAACAAGGATGGC-30; BACE1, 50-GATGGTG
GACAACCTGAG-30 and 50-CTGGTAGTAGCGATGCAG-30.
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For data normalization, the mRNA expression of actin was mea-
sured, and the relative units were calculated by a comparative Ct
method. All of the real-time RT-PCR experiments were repeated
three times, and the results are presented as the means of the
ratios ± standard error of the mean (SEM).

2.5. Immunoblotting analyses

The hippocampus was isolated from the young and middle-
aged groups with and without PgLPS exposure. The tissues were
quickly frozen and stored until use at �80 �C. The immunoblotting
analysis was conducted as described previously (Sun et al., 2012).
In brief, each tissue sample was homogenized and separated using
15%, 12% or 7.5% SDS-polyacrylamide gels. The proteins on the SDS
gels were then transferred to nitrocellulose membranes. Following
blocking the membranes were incubated at 4 �C overnight under
gentle agitation with each primary antibody: goat anti-CatB (S-
12; 1:1000; Santa Cruz, CA, USA), mouse anti-IL1b (Fxo2; 1:1000;
Santa Cruz), mouse anti-TLR2 (T2.5; 1:500; eBioscience), TLR4
(1:500; eBioscience) rabbit anti-APP (ab15272; 1:3000; abcam,
Cambridge, UK), rabbit anti-IjBa (SC-847; 1:1000; Santa Cruz)
and mouse anti-actin (ab8226; 1:5000; abcam). After washing,
the membranes were incubated with horseradish peroxidase
anti-mouse (1:2000; R&D Systems, Minneapolis, USA) or anti-
rabbit (1:2000; GE Healthcare, Buckinghamshire, UK) for 2 h at
room temperature. Subsequently, the membrane-bound, HRP-
labeled antibodies were detected using an enhanced chemilumi-
nescence detection system (ECK lit; GE Healthcare) with an image
analyzer (LAS-1000; Fuji Photo, Film Minato-ku Tokyo, Japan).

2.6. Immunofluorescent staining

The middle-aged wild-type and CatB�/� mice were anesthetized
and killed by intracardiac perfusion with PBS. After perfusion, the
brain was removed and further fixed by immersion in 4%
paraformaldehyde overnight at 4 �C and then cryoprotected for
2 days in 30% sucrose in PBS and embedded in optimal cutting
temperature compound (Sakura Finetechnical). Serial coronal fro-
zen sections (14 lm thick) were prepared as previously reported
(Wu et al., 2008). The sections were washed with PBS plus 0.1%
TritonX-100 for 10 min at 24 �C and then incubated with the pri-
mary antibodies as follows: goat anti-CatB (1:1000; Santa Cruz),
rabbit anti-Iba1 (1:10,000; Wako, Osaka, Japan), rabbit anti-GFAP
(1:5000; Sigma-Aldrich, St. Louis, MO, USA) or NeuroTrace Fluores-
cent Nissl Stains (1:200; Molecular Probes Waltham, Mas-
sachusetts, USA), rat anti-lysosome-associated membrane protein
2 (GL2A7; LAMP2; 1:500 abcam), rabbit anti-Iba1 or mouse anti-
Ab1–42 (1:500; QED BIOSCIENCE, San Diego, CA, USA); goat anti-
cleaved IL-1b (m118, 1:100; Santa Cruz) and anti-TLR2 (1:500;
eBioscience) at 4 �C overnight. After washing with PBS, the sections
were incubated with donkey anti-goat Alexa 488 (1:500; Jackson
ImmunoResearch, West Grove, PA, USA), donkey anti-rabbit Cy3
(1:500; Jackson ImmunoResearch), donkey anti-mouse Cy3
(1:500; Jackson ImmunoResearch), donkey anti-rabbit Cy3
(1:500; Jackson ImmunoResearch), donkey anti-goat Alexa 488
(1:500; Jackson ImmunoResearch) and donkey anti-mouse Alexa
488 (1:500; Jackson ImmunoResearch) at 4 �C for 2 h. The sections
were then incubated with Hoechst (1:200; Sigma-Aldrich) and
mounted in Vectashield anti-fading medium (Vector Laboratories,
CA, USA). Fluorescence images were taken using a CLSM (C2si;
Nikon, Japan).

The cultured hippocampal neurons were fixed with 4%
paraformaldehyde for 48 h after incubation with MCM and incu-
bated with rabbit anti-Ab, mouse anti-microtubule-associated pro-
tein 2 (MAP2, 1:1000; Millipore, California, USA) or rat anti-LAMP2
overnight at 4 �C. After washing with PBS, the sections were incu-
bated with donkey anti-rabbit Alexa 488, donkey anti-rabbit Cy3
or donkey anti-rat Cy3 at 4 �C for 2 h, and then incubated with
Hoechst and mounted in Vectashield anti-fading medium. Fluores-
cence images were taken using a CLSM (C2si; Nikon).

2.7. ELISA assay for Ab1–42 and p65

The hippocampal neurons were cultured with MCM for 48 h
and the level of Ab measured using an enzyme-linked immunosor-
bent assay (ELISA) kit (MYBioSource, San Diego, CA, USA), NFjB-
p65 was measured using an ELISA kit (IMGENEX, San Diego, CA
USA) in accordance with the manufacturer’s protocol. The absor-
bency at 450 nm was measured using a microplate reader.

2.8. Cell culture

The c-myc-immortalized mouse microglial cell line MG6 cells
(Riken Cell Bank, Ibaraki, Japan) was maintained in DMEM contain-
ing 10% fetal bovine serum (Gibco, Grand Island, NY, USA) supple-
mented with 100 lM b-mercaptoethanol, 10 lg/ml insulin, 1%
penicillin-streptomycin (Gibco) and 450 mg/ml glucose (Gibco) in
accordance with the previously described methods (Sun et al.,
2012; Wu et al., 2013). The primary microglia were isolated from
the mixed primary cell culture obtained from the cerebral cortex
of P1 wild-type and CatB�/� mice in accordance with the previously
described methods (Ni et al., 2015). The cultured cells were stimu-
lated with PgLPS (1 lg/ml; InvivoGen) or pre-treatment with CA-
074Me (Peptide Institute Inc., Osaka, Japan), Bay (11-7082;
Sigma-Aldrich) or TLR2 antibody (T2.5; 1:500; eBioscience). The
conditioned medium was harvested 48 h after stimulation. Hip-
pocampal neurons were isolated from P1 wild-type mice, the hip-
pocampus dissected, digested by papain (Worthington, IN, USA)
and filtered using a 50-lm sterile nylon filter. The cells were main-
tained in Minimum Essential Medium (MEM; Gibco) containing
10% horse serum, 450 mg/ml glucose, 1% penicillin-streptomycin
and 100 mM sodium pyruvate (Gibco) at 37 �C under 10% CO2.
After one day, the medium was changed to EAGLE’S MEM (Nissui
Pharmaceutical Co., LTD, Minato-ku, Tokyo, Japan) with 2% B27
supplement (Gibco), 450 mg/ml Glucose, 1% penicillin-
streptomycin (Gibco) and 200 mM L-glutamine (Gibco) for
2 weeks.

2.9. Statistical analyses

The data are represented as the means ± SEM. The statistical
analyses were performed by a one- or two-way ANOVA with a post
hoc Tukey’s test using the GraphPad Prism software package
(GraphPad Software, California, USA). A value of p < 0.05 was con-
sidered to indicate statistical significance.
3. Results

3.1. Chronic systemic exposure to PgLPS induces CatB-dependent
learning and memory deficits in middle-aged mice

The learning and memory function was examined using the
step-through passive avoidance test. Compared with the non-
stressed mice and those subjected to systemic exposure to DDW,
mice subjected to systemic exposure to PgLPS for one week did
not show reduced latency in young adult or middle-aged WT mice
or in age-matched CatB�/� mice (Fig. 1A, B). Similarly, chronic
exposure to PgLPS for five weeks also did not reduce the latency
in young adult mice (Fig. 1A). However, systemic exposure to
PgLPS for 5 weeks significantly reduced the latency in middle-
aged WT mice, but not in middle-aged CatB�/� mice (Fig. 1B), indi-



Fig. 1. Chronic systemic exposure to PgLPS induces CatB-dependent learning and memory deficits in middle-aged mice. (A) Exposure to PgLPS for five weeks did not induced
learning or memory deficits in young adult mice. (B) Exposure to PgLPS for five weeks induced learning and memory deficits in middle-aged WTmice, which was significantly
inhibited by CatB deficiency (CatB�/�). (C) Exposure to PgLPS for five weeks did not change the body weight in young adult mice. (D) Exposure to PgLPS for five weeks did not
change the body weight in middle-aged mice. (E) Exposure to PgLPS for five weeks did not change the local motor activity in young adult mice. (F) Exposure to PgLPS for five
weeks did not change the local motor activity in middle aged mice. Each column and bar represents the means ± SEM (n = 6, each). Asterisks indicate a statistically significant
difference from the value for exposure to DDW (**p < 0.01, one-way ANOVA test).
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cating that chronic systemic exposure to PgLPS is associated with
learning and memory deficits only in middle age, which are pre-
vented by CatB deficiency. Chronic systemic exposure to PgLPS
did not reduce the body weight (Fig. 1C, D) or other sickness-
related symptoms, such as local motor activity (Fig. 1E, F), in any
of the PgLPS-exposed mice, suggesting that the PgLPS-induced
learning and memory deficits in middle-aged mice are not associ-
ated with sickness behaviors. No mortality or other signs of mor-
bidity were detected at the dose of PgLPS used in our study
(1 mg/kg/d).

3.2. Chronic systemic exposure to PgLPS increases CatB production in
both microglia and neuron in the middle-aged mice

Since CatB deficiency prevented the PgLPS-induced learning and
memory deficits in mice, we next explored the CatB expression in
the hippocampus of WT mice after chronic systemic exposure to
PgLPS. Exposure to PgLPS significantly increased the expression
of mature CatB in the hippocampus of middle-aged mice compared
to middle-aged mice exposed to DDW (Fig. 2A, B). However, the
expression of mature CatB wasn’t detected in CatB�/� mice
(Fig. 2A, B). Immunofluorescent images showed the cellular source
of CatB to be the hippocampal CA1 subfield after systemic expo-
sure to PgLPS. The expression of CatB was significantly increased
in Iba1-positive microglia (6-fold increase) and Nissl-positive neu-
rons (2-fold increase), but not in GFAP-positive astrocytes in the
CA1 subfield of the hippocampus (Fig. 2C, D). These results indicate
that chronic systemic exposure to PgLPS increased the expression
of CatB in both microglia and neurons in the hippocampus of
middle-aged mice.

3.3. Chronic systemic exposure to PgLPS increases CatB-dependent
mIL-1b production in microglia in middle-aged mice

Next, the effects of systemic exposure to PgLPS on mature IL-1b
production were examined, as CatB plays a key role in IL-1b prote-
olytic processing (Sun et al., 2012; Terada et al., 2010; Wu et al.,
2013). The mIL-1b production was significantly increased in hip-
pocampus of the middle-aged WT mice but not in the middle-
aged CatB�/� mice or young adult WT and CatB�/� mice
(Fig. 3A, B). Immunofluorescent images confirmed that mIL-1b
was significantly increased in Iba1-positive microglia (8-fold
increase) but not in Nissl-positive neurons or GFAP-positive astro-
cytes in the CA1 subfield of hippocampus (Fig. 3C, D). These results
indicate that chronic systemic exposure to PgLPS increases the
mIL-1b production in microglia of middle-aged mice and is CatB-
dependent.

3.4. Chronic systemic exposure to PgLPS increases CatB-dependent
TLR2 and TLR4 expression in microglia in the middle-aged mice

We next assessed the effects of systemic exposure to PgLPS on
the expression of TLR2 and TLR4, which have been shown to bind
to PgLPS (Liu et al., 2013). TLR2 and TLR4 expression was signifi-



Fig. 2. Chronic systemic exposure to PgLPS increased CatB production in both microglia and neuron in the middle-aged mice. (A) Exposure to PgLPS for five weeks induced
increases in mature CatB expression in the hippocampus of middle-aged mice, but not in that of young mice. No expression of mature CatB was detected in the CatB�/� mice.
(B) The quantitative analyses of the immunoblot in (A). Each column and bar represents the means ± SEM (n = 6, each). Asterisks indicate a statistically significant difference
from the value for young mice (***p < 0.001, two-way ANOVA test). (C) Immunofluorescent CLMS images show the localization of CatB (green) in microglia (Iba1, red), neurons
(Nissl, red) and astrocytes (GFAP, red) in the hippocampus CA1 region per section prepared frommiddle-aged mice after chronic systemic exposure to PgLPS. Scale bar, 25 lm.
(D) The mean percentage of CatB-positive microglia (Iba1), neurons (Nissl) and astrocytes (GFAP) in (C). Each column and bar represents the means ± SEM (n = 6, each).
Asterisks indicate a statistically significant difference from the value for DDW (***p < 0.01, two-way ANOVA test). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 3. Chronic systemic exposure to PgLPS induces CatB-dependent mIL-1b production in microglia in middle-aged mice. (A) Exposure to PgLPS for five weeks induces mIL-
1b production in the brain of middle-aged WT mice, but not in that of young mice or middle-aged CatB�/� mice. (B) The quantitative analyses of the mIL-1b immunoblot in
(A). Each column and bar represents the means ± SEM (n = 6, each). Asterisks indicate a statistically significant difference from the value for young or middle-aged CatB�/�

mice (***p < 0.001, two-way ANOVA). (C) Immunofluorescent CLMS images show the localization of mIL-1b (green) in microglia (Iba1, red), neurons (Nissl, red) and astrocytes
(GFAP, red) in the hippocampus CA1 region per section prepared frommiddle-aged mice after chronic systemic exposure to PgLPS. Scale bar, 25 lm. (D) The mean percentage
of mIL-1b-positive microglia (Iba1), neurons (Nissl) and astrocytes (GFAP) in (C). Each column and bar represents the means ± SEM (n = 6, each). Asterisks indicate a
statistically significant difference from the value for DDW (***p < 0.01, two-way ANOVA test). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Chronic systemic exposure to PgLPS induces CatB-dependent TLR2 expression in microglia in middle-aged mice. (A) Exposure to PgLPS for five weeks induces TLR2
expression in the brain of middle-aged mice, but not in that of young mice or middle-aged CatB�/� mice. (B, C) The quantitative analyses of the immunoblot of TLR2 (B) and
TLR4 (C) in (A). Each column and bar represents the means ± SEM (n = 3, each). Asterisks indicate a statistically significant difference from the value for young or middle-aged
CatB�/� mice (***p < 0.001, two-way ANOVA test). (D) Immunofluorescent CLMS images show the localization of TLR2 (red) in microglia (Iba1, green), neurons (Nissl, green)
and astrocytes (GFAP, green) in the hippocampus CA1 region per section prepared from middle-aged mice after chronic systemic exposure to PgLPS. Scale bar, 25 lm. (E) The
mean percentage of TLR2-positive microglia (Iba1), neurons (Nissl) and astrocytes (GFAP) in (D). Each column and bar represents the means ± SEM (n = 6, each). Asterisks
indicate a statistically significant difference from the value for DDW (***p < 0.01, two-way ANOVA test). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Chronic systemic exposure to PgLPS induces CatB-dependent Ab accumulation in neuron in middle-aged mice. (A) Exposure to PgLPS for five weeks induces APP
production in the brain of middle-aged WT mice, but not in that of young mice or middle-aged CatB�/� mice. (B) The quantitative analyses of the APP immunoblot in (A). Each
column and bar represents the means ± SEM (n = 6, each). Asterisks indicate a statistically significant difference from the value for middle-aged CatB�/� mice (***p < 0.001,
one-way ANOVA). (C) Immunofluorescent CLMS images show the Ab accumulation (green) in the hippocampus CA1 region per section prepared from middle-aged WT mice
after chronic systemic exposure to PgLPS. Scale bar, 50 lm. (D) The mean fluorescence density of Ab (C). Each column and bar represents the means ± SEM (n = 6, each).
Asterisks indicate a statistically significant difference from the value for DDW or middle-aged CatB�/� mice (***p < 0.01, one-way ANOVA test). (E) Immunofluorescent CLMS
images shows that both Ab (green) and CatB (green) are localized in the lysosomes (LAMP-2, red). Scale bar, 15 lm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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cantly increased in the hippocampus of the middle-aged WT mice
but not in middle-aged CatB�/� mice or young adult WT and CatB�/-
�mice (Fig. 4A, B). Immunofluorescent images confirmed that TLR2
was increased in Iba1-positive microglia (2-fold increase), while
Nissl-positive neurons and GFAP positive astrocytes failed to show
expression of TLR2 after 5 weeks of systemic exposure to PgLPS
(Fig. 4C, D). TLR4 was detected in Iba1-positive microglia, Nissl-
positive neurons and GFAP-positive astrocytes after 5 weeks of
systemic exposure to PgLPS (data not shown). These results indi-
cate that chronic systemic exposure to PgLPS increases the CatB-
dependent microglia TLR2 expression in middle-aged mice.
3.5. Chronic systemic exposure to PgLPS induces CatB-dependent Ab
accumulation in neurons in middle-aged mice

We next examined the effects of systemic exposure to PgLPS on
Ab accumulation in the hippocampus of mice. The expression of
amyloid precursor protein (APP) did not markedly differ between
WT middle-aged and young mice, and the APP expression was sig-
nificantly lower at baseline in the middle-aged CatB�/� mice than
in the middle-aged WT mice (Fig. 5A, B). Immunofluorescent
images show that the Ab expression was significantly increased
in the CA1 regions of the hippocampus in the middle-aged WT
mice but not in the middle-aged CatB�/�mice after 5 weeks of sys-
temic exposure to PgLPS (Fig. 5C, D). Ab and CatB were co-localized
in the LAMP-2-positive phagolysosomes in neurons of middle-aged
mice (Fig. 5E). These results indicate that chronic exposure to
PgLPS increases the CatB-dependent intracellular Ab accumulation
in middle-aged WT mice.
Fig. 6. PgLPS induces CatB-dependent activation of the cultured microglia. (A, B) The m
treatment with PgLPS. CA-074 Me (50 lM) or Bay 11-7082 (Bay, 20 lM) was used for pre
microglia (D) at 24 h after incubation with PgLPS or pre-treatment with neutralizing antib
The relative nuclear translocation of p65 1 h after treatment with PgLPS. Neutralizing
treatment for 1 h. (F) The time course of IjBa protein expression in MG6 microglia after t
shown in (F). Each column and bar represents mean ± SEM (n = 3), ***P < 0.001 versus no
3.6. PgLPS induces CatB-dependent activation of cultured microglia

To clarify the biological mechanisms by which PgLPS promotes
neuroinflammation, we next assessed the effects of PgLPS on
microglia in vitro. As shown in Fig. 6A and B, the mean TLR2 mRNA
expression of MG6 microglia (Fig. 6A) and primary microglia
(Fig. 6B) were significantly increased at 24h after treatment with
PgLPS (1 lg/ml). The PgLPS-induced increase in the mean TLR2
mRNA expression was significantly decreased after pre-
incubation with Bay 11-7082 (specific NF-jB inhibitor, 20 lM) or
CA-074Me (specific CatB inhibitor, 50 lM). As shown in
Fig. 6C and D, the mean IL-1b mRNA expression in the cultured
MG6 microglia (Fig. 6C) and primary microglia (Fig. 6D) was signif-
icantly increased at 24 h after treatment with PgLPS (1 lg/ml) and
significantly decreased at 24h after pre-incubation with the neu-
tralizing antibodies against TLR2 (10 lg/ml) (but not by anti-
TLR4 as reported by Liu et al., 2013), Bay 11-7082 (20 lM) or CA-
074Me (50 lM). Nuclear translocation of p65 was significantly
increased at 2 h after PgLPS treatment (Fig. 6E), which was sup-
pressed by pre-incubation with neutralizing antibodies against
TLR2 (Fig. 6E). Pre-incubation with CA-074Me had no effect on
the early acute activation of NF-jB at 2 h after PgLPS treatment
(Fig. 6E). Chronic activation of NF-jB was further examined by
immunoblotting of IjBa after treatment with PgLPS. The mean
protein level of IjBa was significantly decreased in a time-
dependent manner after treatment with PgLPS (Fig. 6F, G). Taken
together, these findings indicate that inhibition of CatB suppressed
the PgLPS-enhanced expression of TLR2, IL-1b and NF-jB. These
results demonstrate that PgLPS directly induces microglia activa-
tion in a CatB-dependent manner.
ean mRNA of TLR2 of MG6 microglia (A) and primary microglia (B) at 24 h after
-treatment for 1 h. (C, D) The mean mRNA of IL-1b of MG6 microglia (C) and primary
odies against TLR2 (10 lg/ml), CA-074 Me (50 lM) or Bay 11-7082 (Bay, 20 lM). (E)
antibodies against TLR2 (10 lg/ml) and CA-074 Me (50 lM) were used for pre-

reatment with PgLPS. (G) The quantitative analyses of total IjBa in the immunoblot
n-treated cells (none). yyyP < 0.001 versus PgLPS alone (two-way ANOVA test).



Fig. 7. PgLPS-induced CatB-dependent microglia activation is required for intracellular Ab accumulation in the cultured primary hippocampal neurons. (A–C) The mean
mRNA levels of APP (A), CatB (B) and BACE1 (C) in the cultured primary hippocampus neurons 24 h after treatment with PgLPS and the PgLPS-treated conditioned medium of
microglia (MCM). (D) The secretion of Ab from the hippocampal neurons after treatment with PgLPS and MCM (ELISA). Each column and bar represents the mean ± SEM
(n = 3), **P < 0.01, ***P < 0.001 versus non-treated cells (con). (E) Immunofluorescent CLMS images of MAP2 (red) and Ab (green) in cultured primary hippocampus neurons
with Hoechst-stained nuclei (blue) 48 h after treatment with PgLPS and MCM with or without 1 h pre-incubation with CA-074 Me. Scale bar, 25 lm. (F) Immunofluorescent
CLMS images of LAMP2 (red) and Ab (green) in cultured primary hippocampus neurons with Hoechst-stained nuclei (blue) 48 h after treatment with the conditioned medium
of microglia. Scale bar, 25 lm. (G, H) The mean mRNA expression of APP (G) and CatB (H) in the cultured primary hippocampal neurons 24 h after treatment with PgLPS and
the PgLPS-treated conditioned medium of primary WT and CatB�/� microglia pre-incubated with or without IL-1b neutralization antibody. Each column and bar represents
the mean ± SEM (n = 3), **P < 0.01, ***P < 0.001 versus non-treated cells (none). yyyP < 0.001 versus MCM group alone (two-way ANOVA test). (I) Immunofluorescent CLMS
images of LAMP2 (red) and Ab (green) in cultured primary hippocampus neurons with Hoechst-stained nuclei (blue) 48 h after treatment with the conditioned medium of
primary microglia. Scale bar, 30 lm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.7. PgLPS induces the CatB-dependent microglia activation required
for intracellular Ab accumulation in primary cultured hippocampal
neurons

To clarify whether the effects of PgLPS on the Ab accumulation
in neurons are exerted directly or indirectly via microglial activa-
tion, we treated cultured primary cultured hippocampal neurons
with PgLPS or with microglial conditioned medium at 48 h after
treatment with PgLPS. The mean APP mRNA expression of the cul-
tured primary cultured hippocampal neurons was not changed
24 h after treatment with PgLPS (1 lg/ml). Surprisingly, a signifi-
cantly increased mean APP mRNA was observed following incuba-
tion with PgLPS-treated conditioned medium of microglia (MCM)
(Fig. 7A). Next, the mRNA expression of CatB and BACE1 was exam-
ined, as both have beta secretase activity and thus can cleave APP
into Ab1–42 (Hook et al., 2008, 2010). The mean mRNA expression
of CatB in the cultured primary hippocampus neurons was signifi-
cantly increased at 24 h after incubation with MCM, while the
expression of BACE1 was not markedly changed (Fig. 7C). The
secretion of Ab1–42 was examined by ELISA, and neither MCM nor
PgLPS induced secretion of Ab1–42 (Fig. 7D). Immunofluorescent
CLMS images showed that Ab was accumulated in LAMP-2-
positive phagolysosomes incubated with MCM (Fig. 7E) but was
not observed after direct PgLPS stimulation (Fig. 7F). The MCM-
induced increase in Ab accumulation was prevented by pre-
incubation with CA-074Me (Fig. 7F).

To further confirm that the effects of microglia on neuronal APP
and CatB expression were CatB- and IL-1b-dependent, MCM was
collected from the primary WT and CatB�/� microglia treated with
PgLPS or pre-treated with IL-1b neutralization antibody before
treatment with PgLPS. This MCM was then used for the incubation
of primary cultured hippocampal neurons. The mRNA expression
of CatB and APP in the hippocampal neurons was significantly
increased following incubation with PgLPS-treated MCM (Fig. 7G,
H). However, the expression of the hippocampal APP and CatB
were significantly decreased following incubation with PgLPS and
IL-1b neutralization antibody-treated MCM and PgLPS-treated con-
ditioned medium from CatB�/� microglia (Fig. 7G, H). Immunoflu-
orescent CLMS images showed that Ab was also accumulated in
hippocampal neurons that had been incubated with primary



Fig. 8. A schematic representation of the critical roles of CatB in initiating AD-like phenotypes during chronic systemic PgLPS exposure. In microglia, PgLPS-induced CatB is
involved in mIL-1b production and IjBa degradation for the chronically activation of TLR2/NFjB signaling, thus autocratically amplifying the microglia-mediated
neuroinflammation. In contrast, the effects of PgLPS on neurons are microglia-dependent. The mIL-1b, the production of which is mediated by microglia, increases IL-1/NFjB-
dependent CatB and APP production through IL-1R signaling. The increased CatB in neurons is involved in APP processing for Ab accumulation directly and NF-jB activation
for autocratic APP and CatB production.
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MCM (Fig. 7I). The MCM-increased Ab accumulation was prevented
by pre-incubation with IL-1b neutralization antibody or MCM from
CatB�/� microglia (Fig. 7I). These findings suggest that the CatB-
dependent microglia activation induced by chronic exposure to
PgLPS required for intracellular Ab accumulation in neurons is
CatB-dependent. The critical roles of CatB in the initiation of AD-
like phenotypes following chronic systemic exposure to PgLPS
are summarized in Fig. 8.

4. Discussion

The present study shows that chronic systemic exposure to
PgLPS initiates AD-like phenotypes, including learning and mem-
ory deficits, intracellular Ab accumulation in neurons and
microglia-mediated neuroinflammation in the hippocampus of
middle-aged mice. This is the first evidence supporting a causal
association between chronic exposure to the components of peri-
odontal bacteria and an AD-like phenotype in middle-aged mice.
The critical roles of CatB in the effects mediated by PgLPS provide
a novel mechanism for the correlation of chronic periodontitis with
the onset and/or progression of AD.

Systemic exposure to PgLPS in mice for five consecutive weeks
mimics chronic systemic exposure to bacterial components associ-
ated with periodontists in human for approximately 3.8 years, as
the average lifespan of C57BL/6N mice is 1/40 of that of humans
(Oeppen and Vaupel, 2002; Pyo et al., 2013). Sustained exposure
to PgLPS induced a memory deficit in middle-aged mice but not
in young adult mice, which is consistent with previous findings
of memory deficit induction in middle-aged rats with chronic
arthritis (Liu et al., 2012). Nerveless, periodontitis, as the most
common avenue of chronic oral multi-bacterial exposure, induces
and amplifies low-grade systemic inflammation, resulting in the
relevant bacteria and their components entering the body through
the systemic circulation (Pischon et al., 2007). Periodontitis is often
contracted in middle-aged individuals (Albandar and Rams, 2002)
and is associated with an exacerbation in the cognitive decline in
AD patients (Kamer et al., 2008; Noble et al., 2009; Martande
et al., 2014; Ide et al., 2016).

In the current study, we used the passive avoidance task to
examine learning and memory behavior, as the hippocampus plays
a key role in the passive avoidance learning and memory (Cahill
and McGaugh, 1998; Campbell and Macqueen, 2004; Nyberg,
2005), which is particularly associated with memory deficits in
AD (Antonenko et al., 2016; Douet et al., 2014; Metzler-Baddeley
et al., 2012). Furthermore, the passive avoidance task is used to
examine the effects of systemic infection on the memory function
in mice (Dehkordi et al., 2015; Wang et al., 2013). Sustained sys-
temic exposure to PgLPS did not reduce the body weight
(Fig. 1C, D) or induce lethargy (Fig. 1E, F) during the experimental
period, suggesting that the PgLPS-induced learning and memory
deficits observed are not associated with sickness behaviors. These
results conflict with previous findings that systemic exposure to
E. coli LPS induces sickness behavior (Kahn et al., 2012; Kranjac
et al., 2013; Sparkman et al., 2005). Our observations with PgLPS
are similar to those noted with TLR2 agonists (Pam3CSK4 or lipote-
ichoic acid), which have less potency in mammals than TLR4 ago-
nists such as E. coli LPS (Du et al., 2011; Eklind et al., 2004). The
PgLPS-induced memory deficit in WT middle-aged mice was pre-
vented in age-matched CatB�/� mice, and PgLPS exposure induced
significant increases in CatB in both the microglia and neurons,
suggesting that the memory deficit following systemic exposure
to PgLPS in middle-aged mice is CatB-dependent.

PgLPS has been detected in the brain of AD patients (Poole et al.,
2013), as well as fungal structures (Pisa et al., 2015). This has
prompted a new hypothesis that, ‘‘Alzheimer’s disease is caused
by microbe infection” (Itzhaki et al., 2016). Generally, systemic
administration of LPS does not access the brain directly due to
the barrier functions of the BCSFB as well as the blood-brain barrier
(BBB). We previously found that the permeability of BCSFB was
increased in the middle-aged rats due to reduction of the tight
junction proteins (occludin and ZO-1) during chronic systemic
inflammation (Wu et al., 2008). This highly sensitive permeability
of the BCSFB allows PgLPS to enter the brain, even in middle-aged
animals. On the other hand, a recent study reported that the per-
meability of the BBB in middle-aged mice increased in an experi-
mental model of autoimmune encephalomyelitis (Seo et al.,
2015) and we have found that long-lasting alterations to cerebral
vasculature has been in response to the systemic bacterial infec-
tion (Puntener et al., 2012). Further studies are needed to address
whether the increased permeability of the BBB also contributes to
the penetration of PgLPS in the middle-aged brain.

The purified PgLPS used in the present study has been show to
bind both TLR2 and TLR4 (InvivoGen). However, we previously
determined that TLR2 has high affinity binding to PgLPS in micro-
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glia (Liu et al., 2013). The TLR2 expression significantly increased in
the microglia of PgLPS-infected middle aged mice and the TLR2
expression was significantly reduced by in genetic and pharmaco-
logical inhibition of CatB. TLR2 transcription is tightly regulated by
NF-jB activation, as its promoter contains NF-jB binding sites
(Wang et al., 2001). There are at least two possibilities for CatB-
mediated in TLR2 expression. One possibility is that CatB may be
involved in the proteolytic degradation of IjBa and subsequent
nuclear translocation of NF-jB (Ni et al., 2015; Fig. 6). The other
possibility is that CatB may be involved in the distribution of
TLR2 in phagolysosomes, as exposure to PgLPS increased the CatB
expression in phagolysosomes (Fig. 5) and localization of TLR2 in
phagolysosomes depends on NF-jB activation (Brandt et al.,
2013; Fukui et al., 2001). Further studies are necessary to address
the second possibility.

PgLPS-induced production of IL-1b in microglia was signifi-
cantly suppressed by genetic and pharmacological inhibition of
CatB, indicating that CatB plays a critical role in PgLPS-induced
neuroinflammation. Furthermore, CA-074Me significantly inhib-
ited the degradation of IjBa from 24 to 72 h, but not the translo-
cation of p65 to the nucleus at 2 h in PgLPS-treated microglia,
suggesting that CatB may prevent the transition of IL-b and subse-
quent neuroinflammation via inhibiting chronic activation of NFjB
(Ni et al., 2015). Taken together, these findings suggest that CatB is
involved in the activation of TLR2/NF-jB signaling during chronic
systemic exposure to PgLPS.

Ab1–42 and CatB accumulated in the hippocampal neurons of
PgLPS-exposed middle-aged WT mice, but not in those of PgLPS-
exposed middle-aged CatB�/� mice (Figs. 2, 5). These observations
suggest that CatB is involved in the PgLPS-induced accumulation of
Ab1–42 in neurons. This is the first evidence that systemic exposure
to a competent of periodontal bacteria (TLR2 agonist) increased the
intracellular accumulation of Ab in neurons, which had previously
only been shown by TLR4 agonist in APPsweTg mice (Sheng et al.,
2003) and WT mice (Kahn et al., 2012; Lee et al., 2008). The accu-
mulation of Ab1–42 in the neurons of middle-aged mice is impor-
tant for initiating AD-like phenotypes in the brain, as the
intracellular accumulation of Ab, particularly Ab1–42, which pre-
cedes amyloid deposits in AD (Cataldo et al., 2004; Gouras et al.,
2000; Sheng et al., 2003), and the chronic burden of intracellular
Ab is toxic to degenerated neurons (Billings et al., 2005; Sheng
et al., 2003). PgLPS may be involved in the chronic deposition of
Ab in degenerated neurons, as PgLPS has been detected in the
brains of AD patients (Poole et al., 2013).

PgLPS-induced Ab was co-localized with CatB in the LAMP-2
positive phagolysosomes in neurons of middle-aged mice (Figs. 5,
7), implying that CatB mediates the PgLPS-induced Ab accumula-
tion in phagolysosomes. Such endosomal/lysosomal Ab production
is important for the onset and progression of AD, as the increased
expression and activation of CatB in lysosomes are the earliest neu-
ropathological signs of AD before the onset of dementia (Pasternak
et al., 2004), which precedes extracellular Ab deposition and pla-
que formation in AD (D’Andrea et al., 2001; Gouras et al., 2000;
Gyure et al., 2001; Pasternak et al., 2004). PgLPS induced Ab accu-
mulation in middle aged WT mice but not in the young adult mice,
and the protein levels of APP in the PgLPS-exposed middle-aged
CatB�/� mice were significantly lower than in the middle aged
WT mice, suggesting that the PgLPS-induced CatB-mediated Ab
accumulation was age-dependent. These observations agreed with
a previous finding of Ab accumulation in autophagy-endosomal-
lysosomal vesicles in aged mice (Yu et al., 2005). The age-related
Ab accumulation in endosomes/lysosomes may be related to an
altered intracellular APP metabolism (Nakanishi et al., 1997), as
approximately 30% of the total cellular APP resides in the lysosome
(Pasternak et al., 2004). Ab amyloidogenesis is favored in
phagolysosomes acidification (Inouye and Kirschner, 2000; Knops
et al., 1995; Schrader-Fischer and Paganetti, 1996), and the acidic
microenvironment of endosomes/lysosomes is favorable for the
toxic aggregation of Ab in mammalian neurons (Su and Chang,
2001).

Chronic systemic exposure to PgLPS may alter the proteolytic
environment for CatB-dependent Ab accumulation in phagolyso-
somes. The microglia-mediated neuroinflammation is responsible
for the PgLPS-induced CatB-mediated Ab accumulation in neurons.
First, MCM (conditioned medium from PgLPS-treated microglia
from WT mice) but not PgLPS itself significantly increased the
expression of APP in the cultured primary cultured hippocampal
neurons (Fig. 7), which was increased following inflammation as
an acute reaction protein (Sheng et al., 2003). Second, MCM of
WT microglia significantly increased the expression of CatB in cul-
tured primary hippocampal neurons, which was significantly
inhibited by MCM of CatB�/� microglia. Third, PgLPS induced
CatB/NF-jB-dependent IL-1b expression, which regulates the
expression and processing of APP (Buxbaum et al., 1992; Rogers
et al., 1999; Sheng et al., 2003). Fourth, the expression of APP
and CatB in the primary cultured hippocampal neurons signifi-
cantly decreased by MCM pre-treated with IL-1b neutralization
antibody from the WT mice in comparison to the non-treated
one. These observations further confirm the specific role of micro-
glia in the expression of APP and CatB in neurons, as we previously
reported a critical role of CatB in IL-1b production (Terada et al.,
2010, Sun et al., 2012; Wu et al., 2013). Intriguingly, MCM did
not affect the expression of aspartyl protease BACE1 expression,
a b-secretase of APP (Vassar et al., 1999), which was further evi-
denced by the lack of any release of Ab from MCM-treated primary
cultured hippocampal neurons (Fig. 7). These findings indicate that
PgLPS-increased CatB expression by microglia plays a critical role
in the intracellular Ab accumulation in neurons.

In conclusion, chronic systemic exposure to PgLPS, a component
of periodontal bacteria, induces AD-like phenotypes, including
learning and memory deficits, microglia-mediated neuroinflam-
mation and Ab accumulation, in middle-aged mice; in addition,
these effects are CatB-dependent (Fig. 8). These observations
strongly suggest that CatB plays a critical role in the link between
periodontitis and AD. Therefore, CatB may be a therapeutic target
for preventing periodontitis-associated cognitive decline in AD.
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