
Leptomeningeal Cells Induce Synaptic Failure via
Cathepsin B-mediated IL-1ß Production after
Porphyromonas Gingivalis Infection
Wanyi Huang 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Fan Zeng 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Yebo Gu 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Muzhou Jiang 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Xinwen Zhang 

China Medical University
Xu Yan 

China Medical University
Tomoko Kadowaki 

Nagasaki University
Shinsuke Mizutani 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Haruhiko Kashiwazaki 

Kyushu University Faculty of Dental Science Graduate School of Dental Science: Kyushu Daigaku
Shigaku Kenkyuin Shigakuka
Junjun Ni 

Beijing Institute of Technology
Zhou Wu  (  zhouw@dent.kyushu-u.ac.jp )

Kyushu University https://orcid.org/0000-0002-4910-9037

Research

https://doi.org/10.21203/rs.3.rs-104469/v2
mailto:zhouw@dent.kyushu-u.ac.jp
https://orcid.org/0000-0002-4910-9037


Keywords: Porphyromonas gingivalis, Leptomeningeal cells, Alzheimer’s disease, Cathepsin B, IL-1β,
BDNF

Posted Date: November 16th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-104469/v2

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-104469/v2
https://creativecommons.org/licenses/by/4.0/


1 

 

Leptomeningeal cells induce synaptic failure via Cathepsin B-mediated IL-1β 1 

production after Porphyromonas gingivalis infection   2 

 3 

Wanyi Huang1, Fan Zeng1, Yebo Gu2, Muzhou Jiang1, Xinwen Zhang3, Xu Yan4, Tomoko 4 

Kadowaki5, Shinsuke Mizutani6,7, Haruhiko Kashiwazaki6, Junjun Ni8*and Zhou Wu1,7*  5 

 6 

1Department of Aging Science and Pharmacology, Faculty of Dental Science, Kyushu 7 

University, Fukuoka 812-8582, Japan 8 

2Section of Orthodontics and Dentofacial Orthopedics, Division of Oral Health, Growth 9 

and Development, Faculty of Dental Science, Kyushu University, Fukuoka, Japan 10 

3Center of Implant Dentistry, School of Stomatology, China Medical University, 11 

Shenyang 110002, China  12 

4The VIP Department, School of Stomatology, China Medical University, Shenyang 13 

110002, China 14 

5Division of Frontier Life Science, Department of Medical and Dental Sciences, Graduate 15 

School of Biomedical Sciences, Nagasaki University, Nagasaki, 852-8588, Japan. 16 

6Section of Geriatric Dentistry and Perioperative Medicine in Dentistry, Division of 17 

Maxillofacial Diagnostic and Surgical Sciences, Faculty of Dental Science, Kyushu 18 

University, Fukuoka 812-8582, Japan 19 

7OBT Research Center, Faculty of Dental Sciences, Kyushu University, Fukuoka 812-20 

8582, Japan  21 

8Key Laboratory of Molecular Medicine and Biotherapy, Department of Biology, School 22 

of Life Science, Beijing Institute of Technology, Haidian District, Beijing 100081, China. 23 

 24 



2 

 

Authors’ Email addresses: 25 

Wanyi Huang: wanyi_missq@163.com      26 

Fan Zeng: zengfan@dent.kyushu-u.ac.jp 27 

Yebo Gu: abbyyebogu@gmail.com        28 

 Muzhou Jiang: jmz814825929@gmail.com 29 

Xinwen Zhang: zhangxinwen@cmu.edu.cn  30 

Xu Yan: xyan@cmu.edu.cn                               31 

Tomoko Kadowaki: tomokok@nagasaki-u.ac.jp                32 

Shinsuke Mizutani: mizutani@dent.kyushu-u.ac.jp                     33 

Haruhiko Kashiwazaki: kashi@dent.kyushu-u.ac.jp                34 

Junjun Ni: nijunjun@bit.edu.cn 35 

Zhou Wu: zhouw@dent.kyushu-u.ac.jp 36 

 37 

*Correspondence 38 

Zhou Wu, PhD. Department of Aging Science and Pharmacology, OBT Research Center, 39 

Faculty of Dental Science, Kyushu University, Fukuoka 812-8582, Japan. TEL/FAX: +81 40 

92 642 6414; Email: zhouw@dent.kyushu-u.ac.jp 41 

Junjun Ni, PhD. Key Laboratory of Molecular Medicine and Biotherapy, Department of 42 

Biology, School of Life Science, Beijing Institute of Technology, Haidian District, Beijing 43 

100081, China. TEL: +86 17600397519; Email: nijunjun@bit.edu.cn 44 

 45 

 46 

 47 

 48 

mailto:zhangxinwen@cmu.edu.cn


3 

 

Abstract  49 

Background: Synaptic failure is the earliest sign before Alzheimer’s disease (AD) onset 50 

and closely associated with cognitive decline. Clinical studies have shown that 51 

periodontitis is positively correlated with both the onset and progression of AD, and 52 

preclinical studies have shown that Porphyromonas gingivalis (P. gingivalis) and its 53 

virulence factors induced memory decline in mice. However, the mechanisms underlying 54 

the involvement of P. gingivalis in memory decline remain unclear. 55 

Methods: Fifteen-month-old female C57/BL6J mice were intraperitoneally injected with 56 

P. gingivalislearning and memory were evaluated by step through passive avoidance tests. 57 

Immunofluorescent staining was used to examine the expression of IL-1β and synaptic 58 

markers. Primary leptomeningeal cells and primary cortical neurons were used to evaluate 59 

the its effects on synaptic generation and plasticity. The expression of related molecules 60 

was examined by Q-PCR and Western blotting. Pharmacological and genetic approaches 61 

were used to explore the roles of leptomeningeal cells in synaptic changes after P. 62 

gingivalis infection.  63 

Results: P. gingivalis infection induced the increased expression of IL-1β in 64 

leptomeninges and decreased expression of synaptophysin (SYP) in the cortex proximity 65 

of the leptomeninges, which was accompanied by memory decline in middle-aged mice. 66 

NLRP3 inflammasome activation was involved in augmenting the IL-1β secretion by 67 

primary leptomeningeal cells after P. gingivalis infection. Cathepsin B (CatB) mediated 68 

the activation of both NLRP3 inflammasome and NF-κB in P. gingivalis-infected primary 69 

leptomeningeal cells. In contrast, P. gingivalis-infected leptomeningeal cells induced an 70 

IL-1β-dependent decrease in pre- and post-synaptic molecules in primary cortical neurons, 71 

as determined by the pharmacological blockage of the IL-1 receptor. P. gingivalis-infected 72 
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leptomeningeal cells also induced the IL-1β-dependent suppression of BDNF signaling 73 

in cultured N2a neurons. Furthermore, propolis produced by honeybees, suppressed the 74 

expression of IL-1β but increased that of BDNF in P. gingivalis-infected leptomeningeal 75 

cells.  76 

Conclusion: The CatB-mediated IL-1β production was augmented in leptomeningeal 77 

cells, resulting in synaptic failure and blockage of BDNF signaling in neurons during P. 78 

gingivalis infection. These findings highlight a new mechanism underlying the 79 

involvement of periodontitis in AD initiation and suggest that CatB may be an early 80 

intervention therapeutic target for delaying the onset of AD during P. gingivalis infection. 81 

 82 

Keywords: Porphyromonas gingivalis, Leptomeningeal cells, Alzheimer’s disease, 83 

Cathepsin B, IL-1β, BDNF   84 
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Background 85 

The rate of Alzheimer’s disease (AD), the most prevalent type of dementia, is increasing 86 

as the global elderly population grows. As no effective treatment of AD has yet been 87 

established, it is extremely important to identify early risk factors for delaying the onset 88 

and pathological progression of AD.  89 

Cognitive decline is one of the main symptoms of AD onset, and synaptic failure 90 

is considered the earliest sign before the onset of AD, being closely associated with the 91 

observation of cognitive decline in AD patients [1,2]. It was reported that the expression 92 

of synaptic molecules, such as pre-synaptic makers synaptophysin (SYP), vesicular 93 

glutamate transporter1(VGLUT1), synapsin1 (SYN1), and the post-synaptic marker 94 

postsynaptic density protein 95 (PSD95) was reduced in the brain of patients with mild 95 

cognitive impairment (MCI), the pre-clinical stage AD, as well as AD [3,4]. In addition, 96 

evidence strongly suggests that deficits in brain-derived neurotrophic factor (BDNF) 97 

signaling, a major regulatory pathway for synaptic generation and plasticity [5,6], 98 

contribute to the pathogenesis of neurodegenerative disorders, including AD [7]. 99 

Periodontitis, the most common chronic oral infection disorder in adults, has 100 

drawn attention as a risk factor for AD, since morbidity of periodontitis is positively 101 

correlated with both the onset and pathological progression of AD clinically [8,9]. 102 

Porphyromonas gingivalis (P. gingivalis), a keystone pathogen for periodontitis [10], is 103 

recognized as the major linking factor between periodontitis and AD, since P. gingivalis 104 

DNA as well as its virulence factors, including lipopolysaccharide (LPS) and gingipain, 105 

have been detected in the cortex and cerebrospinal fluid (CSF) of AD patients [11,12].  106 

Recently, preclinical studies have suggested that periodontitis may contribute to 107 

AD onset, since exposure to P. gingivalis and its LPS as well as gingipain induced the 108 
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hallmarks of AD-like pathologies, including amyloid (A) 109 

 accumulation neuroinflammation and memory decline, in mice [13–15]. Furthermore, 110 

we recently found that the memory decline induced by P. gingivalis occurred earlier than 111 

that induced by P. gingivalis LPS in middle-aged mice [13,14]; however, the involvement 112 

of P. gingivalis in the synaptic changes remains unclear. 113 

As a master pro-inflammatory cytokine for inducting AD pathogenesis, IL-1β has 114 

been accepted to induce synapse failures [16,17]. It is well known that NOD-, LRR- and 115 

pyrin domain-containing protein 3(NLRP3) inflammasome activation mediates the IL-1β 116 

production in response to infectious microbes, including P. gingivalis [18,19]. In addtion, 117 

Cathepsin B (CatB), a cysteine lysosomal protease, has been shown to perform a 118 

mediating role in IL-1β production in response to different stimulations [20,21]. 119 

The leptomeninges, the innermost layer of meninges, anatomically envelope the 120 

central nervous system (CNS), including the brain. As the interfaces between systemic 121 

circulation and brain, leptomeningeal cells have been found to produce pro-inflammatory 122 

mediators, including IL-1β, which induce neuroinflammation in response to systemic 123 

inflammatory signals, such as P. gingivalis LPS [22–25]. In addition to forming a physical 124 

barrier (the blood-cerebrospinal fluid barrier [BCSFB]), leptomeningeal cells are known 125 

to constantly produce and secrete soluble factors [26,27]that directly affect neurons [28].  126 

A resinous substance produced by honeybees as a defense against intruders [29], 127 

propolis has been shown to induce effects of anti-oxidation, anti-inflammation [30] and 128 

neuroprotection [31,32]. We previously found that propolis regulates the production of 129 

inflammatory mediators by immune cells in both the periphery and brain and protects 130 

against oxidative stress-induced damage in neurons [30,32], which may help improve the 131 
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cognitive function in elderly individuals [33].  132 

Based on these anatomical structures of leptomeningeal cells along with our 133 

previous findings, we hypothesized that leptomeningeal cell-induced neuroinflammation 134 

might be involved in synaptic failure by releasing soluble factors during P. gingivalis 135 

infection. We therefore explored whether or not P. gingivalis infection was an early risk 136 

factor for AD onset.  137 

Using our conducted cellular models, we focused on mechanisms of IL-1β 138 

production by leptomeningeal cells after P. gingivalis infection and the effects of 139 

leptomeningeal cell-produced IL-1β on the expression of synaptic molecules, as well as 140 

BDNF-evolved signaling in neurons. The present work highlights a new mechanism 141 

underlying the involvement of periodontitis in the initiation of and strongly suggests the 142 

utility of CatB as a therapeutic target for early intervention delaying the onset and 143 

pathological progression of AD during P. gingivalis infection.  144 

 145 

Methods 146 

Animals 147 

Fifteen-month-old female mice on a C57/BL6J background (Japan SLC, Incorporation, 148 

Japan) maintained in a specific-pathogen-free condition were used. All animal treatments 149 

were in accordance of the protocols approved by the Institutional Animal Care and Use 150 

Committee of Kyushu University. The mice (n=6 each group) were intraperitoneally 151 

injected with P. gingivalis (1×108 CFU/mouse) in 100μL phosphate-buffered saline 152 

(PBS) every 3 days for three consecutive weeks as the P. gingivalis-infected mice. The 153 

age-matched mice (n=6) were intraperitoneally injected with 100μL PBS in the same time 154 
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course as the controls. 155 

 156 

Step-through passive avoidance test 157 

The step-through passive avoidance test was used to monitor the mice memory decline. 158 

The test device contains an illuminated compartment and a dark compartment with an 159 

electrifiable grid floor, which were separated by a guillotine door. During the acquisition 160 

period, each mouse was placed in the illuminated compartment for 30s then the door was 161 

opened. When the mouse fully entranced the dark compartment, the door was closed and 162 

the mouse was given an electric shock (0.2 mA, 2 s). At the endpoint of the acquisition 163 

period, the mice were able to stay in the illuminated compartment for 300 s. The test was 164 

carried out since the first day of the P. gingivalis injection for every 7 days for 3 weeks. 165 

The latency was set up to 300 s and was recorded during the whole test period. 166 

 167 

Bacteria culture  168 

Porphyromonas gingivalis ATCC 33277 were cultured on blood BHI (brain heart infusion) 169 

agar plate containing 40 mg/ml trypot-soya agar (Nissui Pharmaceutical, Tokyo, Japan), 170 

5mg/ml BHI (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), 1g/ml 171 

cysteine( Wako Pure Chemical Industries, Osaka, Japan), 5μg/ml hemin (Sigma-Aldrich, 172 

St. Louis, MO, USA), 1μg/ml menadione (Sigma-Aldrich), 5% defibrinated sheep blood 173 

(Nippon Bio-test laboratories, Tokyo, Japan) in bactron anaerobic chamber (Shel Lab, 174 

Cornelius, OR, USA) with mix gas of 10% CO2, 10% H2, 80% N2. P. gingivalis were 175 

grown in BHI medium containing 37 mg/ml BHI, 2.5 mg/ml yeast extract (Becton, 176 

Dickinson and Company), 1g/ml cysteine, 5μg/ml hemin and 1 μg/ml menadione. P. 177 

gingivalis were pelleted by centrifuge at 6000×g and suspended by neurobasal before 178 
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treatment in cell culture and suspended by 100μL PBS for vivo experiments. 179 

 180 

Cell culture 181 

Leptomeningeal cells were prepared from newborn mice brain on the background of 182 

C57black/6N mouse. Leptomeningeal tissues were cut into small pieces and plated on 183 

poly-D-lysine (Thermo Fisher Scientific, Japan) coated culture dishes, incubated in 184 

Minimum Essential Medium Eagle (MEM, Nissui Pharmaceutical co., Ltd., Japan) 185 

containing 10% fetal bovine serum (Invitrogen, San Diego, CA, USA), 10 μg/ml insulin, 186 

1% penicillin-streptomycin (Invitrogen) and 2 mg/ml glucose (Invitrogen) under 37 °C 187 

and 5% CO2 in humid atmosphere. For conditional medium collection, MEM was 188 

replaced by neurobasal or Dulbecco's Modified Eagle Medium (DMEM, Nissui 189 

Pharmaceutical co., Ltd., Japan) before infection with P. gingivalis. 190 

Primary cortex neurons were prepared from newborn mice brain on the background 191 

of C57black/6N mouse. Dissected brain tissues were enzymatic digestion with a Neural 192 

Tissue Dissociation kit (Miltenyi Biotec). The separated neurons were kept in attachment 193 

medium for 24 hours and then replaced with maintenance medium which is neurobasal 194 

(Thermo Fisher) containing 10% fetal bovine serum (Invitrogen, San Diego, CA, USA) 195 

and 1% penicillin-streptomycin (Invitrogen). The cells were seeded at density of 1.25×106 196 

cells/ml for biochemical assay, 2×105 cells/ml for immunohistochemistry. 197 

Arabinosylcytosine (Ara-C, Sigma-Aldrich, St. Louis, MO, USA) was added under 5 198 

μM on 3rd day out of vitro. In the conditional medium incubation experiments, 199 

leptomeningeal cell medium was replaced by neurobasal before infection with P. 200 

gingivalis. 201 

Mouse neuroblastoma N2a cells purchased from American Type Culture Collection 202 
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(Manassas, VA, USA) were cultured in Dulbecco's Modified Eagle Medium (DMEM, 203 

Nissui Pharmaceutical co., Ltd., Japan) containing 10% fetal bovine serum (Invitrogen, 204 

San Diego, CA, USA), 10 μg/ml insulin, 1% penicillin-streptomycin (Invitrogen) and 2 205 

mg/ml glucose (Invitrogen) under 37 °C and 5% CO2 in humid atmosphere. The cells 206 

were seeded at a density of 2×105 cells/ml for western blotting. Retinoic acid (RA, 25 207 

μM) were used to differentiate the cells for morphological change experiment. 208 

 209 

Reagents 210 

Cathepsin B inhibitor CA-074Me was purchased from Peptide (Japan). NLRP3 siRNA 211 

was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Cytochalasin D 212 

(Cyto D) was purchased from Sigma-Aldrich, (St. Louis, MO, USA). IL-1β receptor 213 

antagonist IL-1Ra was purchased from Cayman Chemical Company (Ann Arbor, MI, 214 

USA). Human BDNF was purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). 215 

Brazilian green propolis ethanol extract (propolis) was obtained from Yamada Apiculture 216 

Center, Inc. (Okayama, Japan). 217 

 218 

Cell viability assay 219 

Leptomeningeal cells were seeded in 96-well plates for 24 hours (5000 cells/well) and 220 

were infected with 1, 5 and 10 MOIs of P. gingivalis or treated with several concentrations 221 

of propolis. Primary neurons were seed in 96- well plates for 2 weeks(5000cells/well) and 222 

were incubated with LCM for 24 hours. Cell viability was measured by Cell-Counting 223 

Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) according to the manufacturer protocol. At 224 

different time points, 10μL CCK-8 solution was added to each well and incubated for 1 225 

hour. The absorbance at 450 nm was measured by microplate reader. 226 
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 227 

NLRP3 knockdown with small interfering RNAs 228 

Leptomeningeal cells were seeded in 6-well plates in MEM and were transiently 229 

transfected with NLRP3 siRNA (169997, Thermo Fisher Scientific, USA) according to 230 

the manufacturer protocol. P. gingivalis was applied into the leptomeningeal cells after 231 

treatment with NLRP3 siRNA for 36 hours. The cells and condition medium were 232 

collected at 3 hours for Western blot and neuron treatment. 233 

 234 

Immunofluorescent imaging 235 

Mice were anesthetized and sacrificed by intracardiac perfusion with PBS. The brain was 236 

extracted following immersed in 4% PFA at 4℃ overnight and cryoprotected in 30% 237 

sucrose in PBS for 2 days then embedded in the optimal cutting temperature (OCT) 238 

compound (Sakura Finetechnical). The serial coronal frozen sections (14μm thick) were  239 

prepared for immunofluorescent staining as reported previously [13].The sections were 240 

washed with PBS for 10 min at room temperature and incubated with antibody dilution 241 

buffer (1% BSA and 0.4% TritonX-100 in PBS) at 4℃ overnight and then with the 242 

primary antibodies in antibody dilution buffer at 4℃ for 2 days as follows: mouse anti-243 

Fibronectin (1:1000; novusbio, Japan), goat anti-IL-1β (1:1000; R&D), rabbit anti-244 

Synaptophysin(1:1000;abcam). After wash with PBS, the sections were incubated with 245 

secondary antibodies in antibody dilution buffer at room temperature for 2 hours as 246 

follows: donkey anti-mouse Cy3 (1:1000; Jackson ImmunoResearch), donkey anti-goat 247 

Alexa 488(1:1000; Jackson ImmunoResearch), donkey anti-rabbit Alexa 488(1:1000; 248 

Jackson ImmunoResearch). The sections were then incubated with Hoechst in antibody 249 

dilution buffer (1:200; Sigma-Aldrich) and mounted in Vectashield anti-fading medium 250 
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(Vector Laboratories, CA, USA). Fluorescence images were taken using a CLSM (C2si; 251 

Nikon, Japan) 252 

     The leptomeningeal cells and neurons were seeded on PEI-coated glasses in 24-253 

well plates. For phagocytosis staining, P. gingivalis was fluorescence-labeled by 10μM 254 

CFDA SE (Vybrant CFDA SE Cell Tracer Kit, Invitrogen) and infected leptomeningeal 255 

cells for 40 minutes. For primary neuron staining, 30% cell medium was replaced by 256 

leptomeningeal cells medium with or without P. gingivalis treatment. For N2a cells CREB 257 

activity, BDNF was administrated 2 h and IL-1Ra was administrated 1 h following the 258 

LCM treatment. The cells were fixed with 4% paraformaldehyde. After wash the cells 259 

with PBS twice, they were incubated with rabbit anti-LAMP1 (1:1000; Abcam), MAP2 260 

(1:1000; Millipore), Phospho-CREB (1:1000, Cell Signal) overnight at 4°C and incubated 261 

with anti-rabbit Alexa Cy3 (1:2000; Jackson ImmunoResearch) at room temperature for 262 

2 hours then incubated with Hoechst (1:200; Sigma-Aldrich). For AO staining, 263 

leptomeningeal cells were infected with P. gingivalis for 2 hours and CV-Cathepsin B 264 

Detection Kit (Enzo, Switzerland) was used following the manufacturer protocol. Images 265 

were collected by a fluorescence microscope (C2si; Nikon). Image J software (64-bit Java 266 

1.8.0 112) was used to calculate the neurite length and fluorescent density. 267 

 268 

Real-Time quantitative polymerase chain reaction (qRT-PCR) 269 

The mRNA was isolated from the leptomeningeal cells and neurons at various time points. 270 

The total RNA was extracted using the RNAiso Plus (Takara) according to the 271 

manufacturer’s instructions. A total of 2μg extracted RNA was reverse transcribed to 272 

cDNA using the ReverTra Ace qPCR RT Master Mix (TOYOBO). After an initial 273 

denaturation step at 95°C for 1 min, temperature cycling was initiated. Each cycle 274 
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consisted of denaturation at 95°C for 10s, annealing at 60°C for 30s, and elongation for 275 

30s. In total, 40 cycles were performed. The cDNA was amplified in duplicate using a 276 

THUNDERBIRD SYBR qPCR Mix (TOYOBO) with a Corbett Rotor-Gene RG-3000A 277 

Real-Time PCR System (Sydney, Australia). The data were evaluated using the RG-278 

3000A software program (version Rotor-Gene 6.1.93, Corbett). The sequences of primer 279 

pairs were as follows:  NLRP3, 5’-ACAAGCCTTTGCTCCAGACCCTAT-3’ and 5’-280 

TGCTCTTCACTGCTATCAAGCCCT-3’; Caspase-1, 5’-CTTGTTTCTCTCCACGGC 281 

A-3’ and 5’-TCCAGGAGGGAATATGTGG-3’; CatB, 5’-GCAGCCAACTCTTGGAA 282 

CCTT-3’ and 5’-GGATTCCAGCCACAATTTCTG-3’; IL-1β, 5’-CAACCAACAAG 283 

TGATATTCTCCATG-3’ and 5’-GATCCACACTCTCCAGCTGCA-3’; Synapsin I, 5’-284 

GGTCTTCCAGTTACCCGACA-3’ and 5’-CAGCACAACATACCCTGTGG-3’; 285 

PSD95, 5’-TCTGTGCGAGAGGTAGCAGA-3’ and 5’-AAGCACTCCGTGAACTCCT 286 

G-3’；synaptophysin: 5’-AGGTGCTGCAGTGGGTCTTTGC-3’ and 5’-CCCCTTTAA 287 

CGCAGGAGGGTGC-3’; VGLUT1, 5’-CCCCAAATCCTTGCACTTT-3’ and 5’-AAC 288 

AAATGGCCACTGAGAAACC-3’ TLR2, 5’-CCATCGAAAAGAGCCACA-3’ and 5’-289 

CAGCAAAACAAGGATGGC-3’; BDNF, 5’-AAAATGCTCACATCCA-3’ and 5’-290 

GAACAAATGCTGGTCTT-3’. 291 

 292 

Immunoblotting analyses 293 

The immunoblotting analyses were conducted as described previously [14]. The 294 

specimens were electrophoresed with 12% SDS-polyacrylamide gels and transferred to 295 

nitrocellulose membranes by electrophoresis. Following the blocking, the membranes 296 

were incubated at 4°C overnight under gentle agitation with each primary antibody: goat 297 

anti- IL-1β (1:1000, R&D), mouse anti- Caspase-1 (1:1000; AdipoGen), goat anti-CatB 298 

javascript:;
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(1:1000; Santa Cruz Biotechnology), mouse anti-IκBα (1:1000; Cell Signaling), rabbit 299 

anti-Synaptophysin (1:20000; Abcam), rabbit anti-Phospho-Akt (Thr308, 1:1000, Cell 300 

Signal), rabbit anti-Phospho-Akt (Ser473, 1:1000, Cell Signal), rabbit anti-total Akt 301 

(1:1000, Cell Signal), rabbit anti-Phospho-CREB (1:1000, Cell Signal), rabbit anti-total 302 

CREB (1:1000, Cell Signal). After washing, the membranes were incubated with HRP-303 

labeled anti-goat (1:2000; GE Healthcare), anti-mouse (1:2000; R&D Systems), anti-304 

rabbit (1:2000; GE Healthcare), and mouse anti‐actin (1:5,000, Abcam) for 2 hours at 305 

room temperature. After that, the HRP-labeled protein bands were detected by an 306 

enhanced chemiluminescence detection system (ECL kit; GE Healthcare) with an image 307 

analyzer (LAS-1000; Fuji Photo Film). 308 

 309 

ELISA 310 

The P. gingivalis infected leptomeningeal cells medium was collected at indicated time 311 

points and used IL-1β enzyme-linked immunosorbent assay (R&D Systems) to measure 312 

the released IL-1β following the protocol provided by the manufacturer. The absorbency 313 

at 450 was measured using a microplate reader. 314 

 315 

Statistical analyses. 316 

The data are represented as the means ± SEM. The statistical analyses were performed by 317 

a student’s t-test and correlation using the GraphPad Prism software package (GraphPad 318 

Software, California, USA). A value of p < 0.05 was considered to indicate statistical 319 

significance. 320 

 321 

 322 
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Results 323 

Systemic P. gingivalis infection induced increased IL-1β in leptomeninges and 324 

decreased synaptic marker in leptomeninges proximity cortex, accompanied 325 

memory decline in the middle-aged mice. 326 

To test our hypothesis that leptomeningeal cell-induced neuroinflammation might be 327 

involved in synaptic failure by releasing soluble factors during P. gingivalis infection, we 328 

firstly examined the expression of IL-1β and SYP in the proximity of leptomeninges using 329 

the middle-aged mice (fifteen-month-old, female) which were used in our previous 330 

studies [14,34]. The time course of systemic infection with P. gingivalis was shown as an 331 

illustration (Fig. 1A). Compared with the control mice, the mice significantly reduced the 332 

latency in middle-aged mice after systemic infection with P. gingivalis for 3 weeks (Fig. 333 

1B). However, no different of body weight was found between control mice and the P. 334 

gingivalis-infected ones (Fig. 1C), suggesting that the systemic P. gingivalis infection-335 

induced learning and memory deficits in the middle-aged mice are not associated with 336 

sickness behaviors. We next focused on expression of IL-1β in the leptomeninges, 337 

because IL-1β is the master mediator for inducting neuroinflammation [13,21]. Compared 338 

with the control mice, the IL-1β immunoreactivity was significantly increased in the 339 

fibronectin positive leptomeningeal cells of the P. gingivalis infected mice (7.5-folds), 340 

demonstrating that IL-1β was induced in leptomeningeal cells in the middle-aged mice 341 

after systemic P. gingivalis infection (Fig. 1D, E). Compared with the control mice, the 342 

SYP immunoreactivity was significantly decreased (2.18-folds) in the cortex proximity 343 

of the leptomeninges in the middle-aged mice after systemic P. gingivalis infection (Fig. 344 

1F, G). The expression of IL-1β was negative correlated with that of SYP in the systemic 345 

P. gingivalis- infected mice (Fig. 1H). These observations evidenced that upregulated IL-346 
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1β in leptomeningeal cells, downregulated of synaptic marker and memory decline are 347 

induced in the middle-aged mice after systemic P. gingivalis infection.    348 

 349 

NLRP3 inflammasome involved in IL-1β secretion by primary leptomeningeal cells 350 

after P. gingivalis infection  351 

Next, the mechanisms underlying the involvement of P. gingivalis in IL-1β production 352 

were studied using primary leptomeningeal cells. To determine the appropriate 353 

concentration of living P. gingivalis on primary leptomeningeal cells, we first examined 354 

the cell viability of primary leptomeningeal cells infected by P. gingivalis at a multiplicity 355 

of infection (MOI) of 1, 5 or 10. The time course of in vitro experiments was set at up to 356 

12 h after P. gingivalis infection, as P. gingivalis can be kept alive for up to 12 h in our 357 

cellular models [14,34].  358 

Compared with the start culture time (0 h), the cell viability of the primary 359 

leptomeningeal cells was not decreased up to 12 h at MOIs of 1, 5 or 10 following P. 360 

gingivalis infection (Fig. 2A). Therefore, a MOI of 10 was used in subsequent 361 

experiments. We focused on IL-1β production by leptomeningeal cells after P. gingivalis 362 

infection, as in addition to being the master neuroinflammation regulator, IL-1β exerts 363 

direct effects on neurons [16,35]. Compared with the cells at 0 h, the secretion of IL-1β 364 

by leptomeningeal cells was significantly increased from 1 h (10.7-fold), peaked at 3 h 365 

(21.8-fold) and was reduced from 6 to 12 h after P. gingivalis infection (Fig. 2B).  366 

We next examined the involvement of NLRP3 inflammasome in IL-1β production 367 

by leptomeningeal cells after P. gingivalis infection, as NLRP3 inflammasome activation 368 

can be detected during Gram-negative bacteria infection [36]. Compared with 0 h, the 369 

mRNA expression of NLRP3 and Caspase-1 was significantly increased in the 370 
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leptomeningeal cells from 1 h (4.3-fold, 1.6-fold), continued at 3 h (6.5-fold, 2.9-fold) 371 

and 6 h (6.9-fold, 3.8-fold) and lasted until 12 h (6.3-fold, 2.7-fold) after P. gingivalis 372 

infection (Fig. 2C, D).  373 

To confirm the involvement of NLRP3 inflammasome in IL-1β production in 374 

leptomeningeal cells after P. gingivalis infection, we used siRNA to interfere with the 375 

NLRP3 mRNA expression. Compared with the control cells, the mRNA expression of 376 

NLRP3 was reduced by pretreatment with NLRP3 siRNA in both uninfected cells (49% 377 

reduced) and P. gingivalis-infected cells (68% reduced) (Fig. 2E). The protein expression 378 

of caspase-1 and IL-1β was also examined. Compared with the control cells, the protein 379 

expression of pro-caspase-1 and maturate caspase-1 was significantly increased in the 380 

leptomeningeal cells at 3 h after P. gingivalis infection (1.3-fold and 1.6-fold) and 381 

significantly decreased by NLRP3 siRNA (by 29% and 30%), respectively (Fig. 2F-H). 382 

Compared with the control cells, the protein expression of pro-IL-1β and mature IL-1β 383 

was significantly increased in the leptomeningeal cells at 3 h after P. gingivalis infection 384 

(2.6-fold, 5-fold) and significantly decreased by NLRP3 siRNA (by 26% and 18%), 385 

respectively (Fig. 2I-K). The P. gingivalis infection-induced increase in the secretion of 386 

IL-1β was significantly reduced by NLRP3 siRNA (28% reduced) (Fig. 2L). These 387 

observations showed that NLRP3 inflammasome involved in IL-1β secretion by 388 

leptomeningeal cells after P. gingivalis infection. 389 

 390 

CatB is involved in NLRP3 inflammasome activation for IL-1β secretion by primary 391 

leptomeningeal cells after P. gingivalis infection  392 

We next examined the involvement of CatB in NLRP3 inflammasome activation in 393 

primary leptomeningeal cells after P. gingivalis infection, as CatB is required for NLRP3 394 
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inflammasome activation, resulting in IL-1β secretion [20,21]. Compared with the control 395 

cells, fluorescent-labeled P. gingivalis was detected in the lysosome-associated membrane 396 

protein 2(LAMP2)-positive lysosomes in leptomeningeal cells at 1 h after P. gingivalis 397 

infection, and the prevalence of fluorescent-labeled P. gingivalis in the lysosomes was 398 

reduced by pre-treatment with cytochalasin D (Cyto D), a specific phagocytosis inhibitor. 399 

These findings show that P. gingivalis can be phagocytosed into lysosomes in 400 

leptomeningeal cells after infection (Fig. 3A). Compared with the control cells, the 401 

punctate acridine orange aggregates had disappeared by 2 h after P. gingivalis infection, 402 

showing that lysosomal damage was induced in leptomeningeal cells after living P. 403 

gingivalis was phagocytized (Fig. 3B).  404 

To further confirm the leakage of CatB from the damaged lysosomes, the protein 405 

expression of CatB in the cytosol was examined using the cytosol fraction of P. gingivalis-406 

infected leptomeningeal cells. Compared with the control cells, the protein expression of 407 

CatB in the cytosol was significantly increased (1.5-fold) at 2 h after P. gingivalis 408 

infection (Fig. 3C, D). The involvement of cytosol leakage of CatB in NLRP3 409 

inflammasome activation was then examined. Compared with the control cells, the 410 

protein expression of pro-caspase-1 and mature-caspase-1 was significantly increased at 411 

3 h after P. gingivalis infection (1.3-fold, 1.8-fold), and pre-treatment with CA-074Me, 412 

the CatB specific inhibitor, significantly decreased the pro-caspase-1 and mature-caspase-413 

1 (by 61% and 20%, respectively) (Fig. 3E-G) and the P. gingivalis-induced increase in 414 

IL-1β secretion from the leptomeningeal cells (by 50%) (Fig. 3H).  415 

The effect of phagocytosed P. gingivalis on IL-1β secretion was further examined. 416 

Compared with the P. gingivalis infected cells, pre-treatment with Cyto D significantly 417 

inhibited the P. gingivalis-upregulated protein expression of mature IL-1β (by 53%) but 418 
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not that of pro-IL-1β (Fig. 3I-K) and the P. gingivalis-upregulated secretion of IL-1β from 419 

the leptomeningeal cells (by 70%) (Fig. 3L). These observations showed that the cytosol 420 

leakage of CatB activated NLRP3 inflammasomes, which was required for the secretion 421 

of IL-1β by leptomeningeal cells after P. gingivalis infection.  422 

 423 

CatB is involved in NF-κB activation for IL-1β production by primary 424 

leptomeningeal cells after P. gingivalis infection  425 

CatB plays a critical role in nuclear factor kappa B (NF-κB) activation [13,14,37]. We 426 

therefore examined the involvement of CatB in NF-κB activation in leptomeningeal cells 427 

after P. gingivalis infection. Compared with the cells at 0 h, the mRNA expression of toll-428 

like receptor 2 (TLR2) was significantly increased from 1 h (1.7-fold), lasting through 3, 429 

6 and 12 h (5.2-fold, 5.2- fold, 3.3-fold, respectively) in the leptomeningeal cells after P. 430 

gingivalis infection (Fig. 4A). Compared with the cells at 0 h, the mRNA expression of 431 

CatB was significantly increased from 1 h (1.7-fold), lasting through to 3, 6 and 12 h (1.2-432 

fold, 2.0-fold, 1.2-fold, respectively) in the leptomeningeal cells after P. gingivalis 433 

infection (Fig. 4B). To confirm the involvement of CatB in NF-κB activation in 434 

leptomeningeal cells, we next examined the protein expression of CatB from the early 435 

time before the peak of IL-1β secretion in leptomeningeal cells after P. gingivalis 436 

infection. Compared with the cells at 0 h, the protein expression of CatB was significantly 437 

increased from 0.5 h (1.31-fold), lasting through to 1, 2 and 3 h (1.12-fold, 1.12-fold, 438 

1.33-fold, respectively) after P. gingivalis infection (Fig. 4C, D). In contrast, the protein 439 

expression of the nuclear factor of kappa light polypeptide gene enhancer in B-cells 440 

inhibitor alpha (IκBα) was significantly decreased at 1 h after P. gingivalis infection (by 441 
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24%) compared with the cells at 0 h, and the decrease in IκBα was significantly inhibited 442 

by pre-treatment with CA-074Me (by 58%) (Fig. 4E, F).  443 

We further examined the involvement of CatB in the expression of molecules 444 

downstream of NF-κB activation. The P. gingivalis infection-induced increase in the 445 

mRNA expression of NLRP3, Caspase-1 and IL-1β was significantly inhibited by pre-446 

treatment with CA-074Me in the leptomeningeal cells (by 55%, 87% and 66%, 447 

respectively) (Fig. 4G-I). Moreover, the P. gingivalis-induced increase in protein 448 

expression of both pro-IL-1β and mature IL-1β was significantly inhibited by pre-449 

treatment with CA-074Me in leptomeningeal cells (by 24% and 78%, respectively) (Fig. 450 

4J-L). These observations showed that CatB was involved in NF-κB activation, which is 451 

required for the production of NLRP3 and IL-1β in the leptomeningeal cells after P. 452 

gingivalis infection.  453 

 454 

P. gingivalis-infected leptomeningeal cells induced IL-1β-dependent synaptic 455 

molecule loss in neurons  456 

As leptomeningeal cells anatomically cover the cortex of the brain, we developed a 457 

cellular model to investigate the direct influence of P. gingivalis-infected leptomeningeal 458 

cells on cortical neurons. Conditioned medium from P. gingivalis-infected 459 

leptomeningeal cells (3 h after P. gingivalis infection) was collected (Pg LCM) and 460 

applied to primary cultured cortical neurons. As we focused on the outcomes of P. 461 

gingivalis-infected leptomeningeal cells in neurons at the synaptic level, we first 462 

established the conditions of Pg LCM for the culture of primary cortical neurons. 463 

Compared with the control neurons, the cell viability of the primary cortical neurons was 464 

not reduced by applying 30% Pg LCM for 24 h (Fig. 5A), although the mean neurite 465 
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length was significantly reduced by the Pg LCM (by 38%), showing that the 466 

morphological features of primary cortical neurons were changed by the Pg LCM without 467 

inducing neuron death (Fig. 5B, C). Therefore, 30% Pg LCM was used in the subsequent 468 

experiments.  469 

We examined the pre- and post-synaptic protein levels because synaptic deficit is 470 

reversible neuronal damage and an early sign of AD. Compared with control neurons, the 471 

mRNA expression of pre-synaptic markers, synaptophysin (SYP), vesicular glutamate 472 

transporter1(VGLUT1) and synapsin1 (SYN1) as well as the post-synaptic marker 473 

postsynaptic density protein 95 (PSD95) was significantly decreased by the Pg LCM in 474 

primary cortical neurons (by 57%, 73%, 44% and 50%, respectively) (Fig. 5D), and the 475 

Pg LCM-induced reduction in SYP was significantly and positively correlated with that 476 

in VGLUT1 (r=0.9683, p=0.0015) (Fig. 5E). We next analyzed the relationship between 477 

the secreted IL-1β in the Pg LCM and synaptic markers in the Pg LCM-applied primary 478 

cortical neurons. The mRNA expression of SYP, VGLUT1, SYN1 and PSD95 in the Pg 479 

LCM-applied primary cortical neurons was significantly and negatively correlated with 480 

the concentration of IL-1β in Pg LCM (r=-0.8635, p=0.0267; r=-0.8628, p=0.0270; r=-481 

0.9066, p=0.0127 and r=-0.8997, p=0.0146, respectively) (Fig. 5F). The protein 482 

expression of SYP was further examined. Compared with control neurons, the protein 483 

expression of SYP was dramatically decreased by the Pg LCM (by 65%) in the primary 484 

cortical neurons which was significantly inhibited by pre-treatment with NLRP3 siRNA 485 

or CA-074 Me in leptomeningeal cells (by 15%, 52%) (Fig. 5G, H). The Pg LCM-induced 486 

reduction in the protein expression of SYP in primary cortical neurons was dramatically 487 

inhibited by pre-treatment with IL-1 receptor antagonist (IL-1Ra) in neurons (by 69%) 488 

(Fig. 5I, J). These observations showed that leptomeningeal cells induced soluble IL-1β-489 
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dependent synaptic distribution after P. gingivalis infection.  490 

 491 

P. gingivalis-infected leptomeningeal cells induced the IL-1β-dependent suppression 492 

of BDNF signaling in neurons 493 

To further explore the effect of IL-1β secreted by P. gingivalis-infected leptomeningeal 494 

cells on neurons, we focused on the effects of Pg LCM on BDNF signaling in neurons 495 

using stable mouse N2a cells [38].  496 

We first examined the BDNF-induced expression of activity-regulated 497 

cytoskeleton-associated protein (Arc), a critical immediate early gene that plays an 498 

essential role in synaptic plasticity of neurons [39]. Compared with the start culture time 499 

(0 min), the mRNA expression of Arc was induced from 10 min (4-fold), peaked at 30 500 

min (5.3-fold), continued through 60 min and lasted until 120 min (3-fold, 2-fold, 501 

respectively) in N2a cells after pre-treatment with BDNF, and the BDNF-induced Arc 502 

expression at 30 min was dramatically reduced by pre-treatment with Pg LCM (by 76%) 503 

(Fig. 6A).  504 

Next, we examined the effect of IL-1β in Pg LCM on activation of protein kinase 505 

B/cAMP response element binding protein (Akt/CREB), the molecules of BDNF 506 

signaling. Compared with control cells, pre-treatment with BDNF for 2 h significantly 507 

increased the Akt phosphorylation at Ser473 (1.2-fold), and the BDNF-induced increase 508 

in Akt phosphorylation was significantly decreased by pre-treatment with Pg LCM (by 509 

58%) (Fig. 5B, C). The Pg LCM-induced decrease in Akt phosphorylation was 510 

significantly reversed by pre-treatment with IL-1Ra (by 13%) (Fig. 6B, C).  511 

We next examined the activation of CREB, a transcription factor downstream of 512 
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Akt phosphorylation. Compared with control cells, pre-treatment with BDNF for 2 h 513 

significantly increased the CREB phosphorylation at Ser133 (1.2-fold), and the BDNF-514 

induced increase in CREB phosphorylation was significantly decreased by pre-treatment 515 

with Pg LCM (by 15%). The Pg LCM-induced decrease in CREB phosphorylation was 516 

significantly reversed by pre-treatment with IL-1Ra (by 82%) (Fig. 6D, E).  517 

In addition, the nuclear localization of phosphorylated CREB, which represents 518 

the activation of CREB, was also examined. Compared with control cells, the nuclear 519 

localization of phosphorylated CREB was significantly increased at 4 h in the BDNF pre-520 

treated N2a cells (4.8-fold), and the BDNF-induced increase in CREB nuclear 521 

localization was significantly decreased by pre-treatment with Pg LCM (by 84%). The 522 

Pg LCM-induced decrease in CREB nuclear localization was significantly reversed by 523 

pre-treatment with IL-1Ra (by 40%) (Fig. 6F, G).  524 

Taken together, these observations showed that P. gingivalis-infected 525 

leptomeningeal cells induced the IL-1β-dependent suppression of BDNF signaling in 526 

neurons.  527 

 528 

Propolis modulated the IL-1β-related BDNF production by primary leptomeningeal 529 

cells after P. gingivalis infection  530 

As structures covering the surface of the brain, leptomeningeal cells are known to protect 531 

neurons by producing neuroprotective factors. We therefore explored the involvement of 532 

IL-1β in the production BDNF, a critical neurotrophic factor, by leptomeningeal cells after 533 

P. gingivalis infection.  534 

Compared with the cells at 0 h, the mRNA expression of BDNF and IL-1β was 535 

significantly increased from 1 h (8.7-fold, 8.5-fold) to 3 h (14-fold, 62-fold), respectively 536 
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(Fig. 7A, B) in the leptomeningeal cells after P. gingivalis infection. We further explored 537 

the potential utility of natural materials for moderating the production of IL-1β and BDNF 538 

in P. gingivalis-infected leptomeningeal cells. To this end, we focused on propolis, which 539 

was shown to prevent cognitive decline in elderly subjects [33]. The cell viability was 540 

examined to determine the suitable condition of propolis for primary leptomeningeal cells. 541 

Compared with control cells, the cell viability was not significantly decreased until pre-542 

treatment with propolis at 10 μg/ml (Fig. 7C), so 10 μg/ml of propolis was used in the 543 

following experiments. To our surprise, compared with the P. gingivalis-infected cells, 544 

the expression of BDNF was significantly increased (by 28%) while that of IL-1β was 545 

markedly decreased (by 78%) in the P. gingivalis-infected cells following pre-treatment 546 

with propolis (Fig. 7 D, E). The mRNA expression of BDNF was significantly and 547 

negatively correlated with the IL-1β mRNA expression in leptomeningeal cells (r=-548 

0.8968, p=0.0154) (Fig. 7F). Compared with the P. gingivalis-infected cells, the mRNA 549 

expression of CatB in the P. gingivalis-infected leptomeningeal cells was significantly 550 

decreased by pre-treatment with propolis (by 40%) (Fig. 7G), which paralleled the 551 

findings of NLRP3 and Caspase-1 (20% and 24% decrease) (Fig. S1). The propolis-552 

induced reduction in the mRNA expression of NLRP3 and Caspase-1 was significantly 553 

and positively correlated with that of CatB in the P. gingivalis-infected leptomeningeal 554 

cells (r=0.9343, p=0.0063; r=0.9882, p=0.0002, respectively) (Fig. S2). In contrast, the 555 

CatB mRNA expression was positively correlated with IL-1β but negatively correlated 556 

with BDNF mRNA (Fig. 7H, I).  557 

Taken together, these observations showed that BDNF production was 558 

downregulated by the CatB-mediated IL-1β upregulation in leptomeningeal cells after P. 559 

gingivalis infection, and propolis upregulated BDNF by inhibiting IL-1β in 560 
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leptomeningeal cells after P. gingivalis infection.  561 

 562 

Discussion  563 

The major findings of the present study were our determination using our established 564 

mouse and cellular models that the leptomeningeal cell-induced synaptic failure by 565 

CatB/NLRP3 inflammasomes mediated IL-1β production during P. gingivalis infection 566 

(Summarized in Fig. 8). To our knowledge, this is the first study showing the involvement 567 

of leptomeningeal cells in the earliest signs before AD onset during P. gingivalis infection, 568 

thus providing a new mechanism underlying the involvement of periodontal bacterial 569 

infection in the initiation and pathological processes of AD.  570 

As structures covering the surface of brain, leptomeningeal cells are recognized 571 

as an interface between the systemic circulation and the brain [22,23]. In the present study, 572 

the significantly increase of IL-1β in the fibronectin-positive leptomeningeal cells in the 573 

middle-aged mice after systemic P. gingivalis infection (7.5-folds), suggesting    574 

leptomeningeal cells is the important source of IL-1β for inducting neuroinflammation 575 

during systemic inflammation [22,23,27]. The secretion of IL-1β by leptomeningeal cells 576 

was detected as soon as 1 h (10.7-fold) and peaked at 3 h (21.8-fold) after P. gingivalis 577 

infection, indicating that leptomeningeal cells sensitively respond to P. gingivalis 578 

infection, similar to other bacteria [40]. The IL-1β secretion by P. gingivalis infected-579 

leptomeningeal cells was mediated by NLRP3 inflammasome activation, as the P. 580 

gingivalis-induced IL-1β secretion was accompanied by the increased NLRP3 expression, 581 

and single siRNA reduced the NLRP3 mRNA expression by half (49%-68%), resulting 582 

in a significant reduction in the mature caspase-1 and IL-1β protein levels as well as the 583 

IL-1β secretion (Fig. 1). These observations of NLRP3 inflammasome activation-584 
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dependent IL-1β production by P. gingivalis-infected leptomeningeal cells were 585 

consistent with those of other cells in response to P. gingivalis [18,19]. The rapid release 586 

of IL-1β by P. gingivalis-infected leptomeningeal cells indicate that the interface cells 587 

between circulation and the brain may as an early inflammatory source directly act on 588 

neurons in addition to inducing neuroinflammation during P. gingivalis infection [14,25]. 589 

CatB, a cysteine lysosomal protease, is known to be involved in NLRP3 590 

inflammasome activation [20]. Our present observations show that P. gingivalis 591 

phagocytosis and subsequent lysosomal damage results in leakage of CatB into the 592 

cytosol of leptomeningeal cells. The significant inhibition of Cyto D, a special inhibitor 593 

of phagocytosis, against the P. gingivalis-induced upregulation of IL-1β secretion, 594 

indicates that phagocytosis of P. gingivalis is required for IL-1β production. This is 595 

consistent with the effects of phagocytosis on IL-1β production [20,21].The significant 596 

inhibition of CA-074Me, a special inhibitor of CatB, on the upregulation of the expression 597 

of mature caspase-1 protein, as well as IL-1β secretion by P. gingivalis-infected 598 

leptomeningeal cells, demonstrate that CatB is involved in the IL-1β secretion by 599 

leptomeningeal cells after P. gingivalis infection via the induction of caspase-1 activation 600 

[20,21]. Of note, the inhibitory rate of IL-1β secretion by CA-074Me was more than that 601 

by Cyto D (49% vs. 31%), suggesting additional effects of CatB on the secretion of IL-602 

1β by leptomeningeal cells after P. gingivalis infection. 603 

CatB is known to be involved in the TLR-mediated NF-κB activation [14,21,37]. 604 

In the present study, the increase in CatB occurred at an earlier point than the decrease in 605 

IκBα (endogenous NF-κB inhibitor) in the P. gingivalis-infected leptomeningeal cells, 606 

and the P. gingivalis-induced decrease in IκBα was significantly reversed by CA-074 Me, 607 

indicating that CatB promotes early NF-κB activation by inducing IκBα degradation in 608 
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leptomeningeal cells during P. gingivalis infection. The effects of CatB on degrading 609 

IκBα for NF-κB activation were supported by the findings of previous reports in other 610 

brain cells [14,37]. The CatB-NF-κB positive feedback loop may further accelerate NF-611 

κB activation in leptomeningeal cells during P. gingivalis infection, as the CatB promoter 612 

contains NF-κB binding sites [41]. The significant inhibition of CA-074 Me on the 613 

expression of NLRP3, caspase-1 and IL-1β indicated that CatB-involved NF-κB 614 

activation contributes to IL-1β production by leptomeningeal cells after P. gingivalis 615 

infection, as the promoters of NLRP3 and IL-1β have NF-κB binding sites [42,43], and 616 

NF-κB activation is sufficient to induce pro-caspase-1 [44]. Of note, the inhibitory effects 617 

of CA-074 Me on mature IL-1β were stronger than those on NLRP3 and pro-IL-1β (78%, 618 

55% and 66% reduction, respectively), suggesting that CatB may be involved in IL-1β 619 

production by P. gingivalis-infected leptomeningeal cells by activating caspase-1 in the 620 

lysosomal pathway [20,21].  621 

Taken together, these findings suggest that CatB is involved in IL-1β secretion in 622 

several ways, including by inducing the activation of NLRP3 inflammasome, NF-κB and 623 

caspase-1 in leptomeningeal cells after P. gingivalis infection. 624 

The IL-1β secreted by P. gingivalis-infected leptomeningeal cells may directly 625 

influence cortical neurons, as leptomeningeal cells anatomically cover the surface of the 626 

brain. We focused on synaptic molecules in neurons as an outcome of P. gingivalis-627 

induced IL-1β in our cellular models, as synapse degeneration is the earliest sign before 628 

the onset of AD [1,2], and synaptic pathology is present in the cortex of AD patients with 629 

severe cognitive decline [1]. The major presynaptic vesicle proteins, including SYP, 630 

SYN1 and VGLUT1, were used to evaluate presynaptic generation, as a reduction in SYP 631 

is considered to reflect a reduction in the distribution of synapses in the brain [45], and 632 
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VGLUT1 is known to determine the amount of glutamatergic transmission [46], while a 633 

reduction in SYN1 induces the early disruption of synaptic generation, as it regulates the 634 

availability of synaptic vesicles and synaptic transmission [47]. PSD-95 was selected for 635 

evaluating the post-synaptic generation, as it is a scaffold protein localized in postsynaptic 636 

terminals and interacts with glutamate receptors (NMDA type) [48]. In the present study, 637 

the 7.5-folds increased IL-1β in the leptomeningeal cells was negatively correlated with 638 

2.18-folds decreased SYP in the cortex proximity of the leptomeningeal cells in the P. 639 

gingivalis-infected mice (Fig.1), suggesting the IL-1β from P. gingivalis-infected 640 

leptomeningeal cells may directly influence cortical neuron, because leptomeningeal cells 641 

anatomically cover the surface (cortex) of the brain. In the primary cortical neurons, the 642 

mRNA expression of SYP, SYN1 and VGLUT1 as well as PSD95 in the primary cortical 643 

neurons was dramatically reduced by treatment with Pg LCM (by 57%, 44%, 73% and 644 

50%, respectively) without inducing neuron death (Fig. 4), indicating that Pg LCM 645 

negatively impacts both pre- and post-synaptic generation. The overlapping reduction in 646 

VGLUT1 and SYP induced by Pg LCM showed a positive correlation (Fig. 4H), 647 

suggesting that Pg LCM induced synaptic degeneration, as SYP is mainly associated with 648 

VGLUT1-positive synaptic ends, and the concentration of VGLUT1 in the prefrontal 649 

cortex has been used as an early marker of cognitive decline clinically, since a marked 650 

loss of VGLUT1 in the prefrontal cortex of AD patients significantly reduces the intensity 651 

of glutamatergic transmission and causes devastating consequences for the cognitive 652 

function [4]. In addition, regarding their functional localization in presynaptic vesicles, 653 

the simultaneous reduction in SYP, SYN1 and VGLUT1 accelerated the presynaptic 654 

distribution, and synaptic transmission may accelerate cognitive decline in AD patients 655 

[45], as the mRNA levels of SYP and SYN1 were significantly decreased (by roughly 656 
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40% and 30%, respectively) in the brains of MCI patients, which increases the risk of 657 

developing AD. Of note, the expression of SYP, SYN1, VGLUT1 and PSD-95 in primary 658 

cortical neurons was strongly and negatively correlated with the concentration of IL-1β 659 

in the Pg LCM, and the Pg LCM-induced SYP reduction in the protein level was 660 

dramatically prevented by IL-1Ra (by 69%, Fig.4), strongly suggesting that IL-1β is the 661 

major soluble factor in Pg LCM for inducing synaptic degeneration. These results are 662 

consistent with other studies showing the involvement of IL-1β in downregulating 663 

synaptic molecules [39].  664 

BDNF signaling is a major regulator of synaptic generation and plasticity [5,6]. 665 

In the present study, we further demonstrated that Pg LCM significantly suppressed the 666 

BDNF-induced Arc expression in neurons (by 76%), the common marker of synaptic 667 

plasticity [39]via Akt/CREB signaling [49]. The Pg LCM reduced the BDNF-induced 668 

Akt phosphorylation (Ser473, by 58%), which was significantly reversed by pretreatment 669 

with IL-Ra. This suggests that Pg LCM-IL-1β mediated the suppression effects of Pg 670 

LCM on BDNF-induced Akt phosphorylation. At the same time, Pg LCM reduced the 671 

BDNF-induced nuclear localization of phosphorylated CREB, downstream of Akt 672 

phosphorylation. This effect was significantly reversed by pretreatment with IL-Ra. 673 

Taken together, these observations suggest that P. gingivalis-induced IL-1β production by 674 

leptomeningeal cells mediates the suppression of synaptic plasticity by interfering with 675 

BDNF signaling cascades. The Pg LCM IL-1β-induced reduction in CREB activation 676 

may also contribute to its downregulating effects on synaptic proteins, as SYP, SYN1 and 677 

PSD95 can be regulated by CREB activation [39]. Furthermore, synaptic proteins, 678 

including SYN1 and PSD95, are involved in synaptic plasticity [50]. Therefore, the P. 679 

gingivalis-induced production of IL-1β by leptomeningeal cells directly induces negative 680 
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feedback on synaptic generation and plasticity.  681 

In the present study, the BDNF expression rapidly increased in leptomeningeal 682 

cells, as early as 1 h after P. gingivalis infection (8.7-fold), showing that leptomeningeal 683 

cells can functionally protect neurons during P. gingivalis infection in the early period. 684 

However, of note, the increase in IL-1β at 3 h (62-fold) was much higher than that of 685 

BDNF (14-fold) at the same time in leptomeningeal cells, demonstrating an imbalance 686 

between BDNF and IL-1β after P. gingivalis infection. This imbalance may contribute to 687 

a systemic P. gingivalis infection-induced reduction in the memory function, even in 688 

middle-aged mice (Fig. 1B), as continual IL-1β release increases the synaptic sensitivity 689 

to IL-1β [35].  690 

Propolis, a resinous substance produced by honeybees, has been useful for 691 

reducing microglia-related inflammatory mediators, including IL-1β [25,30]. Exceeding 692 

our expectations, propolis significantly increased the expression of BDNF (by 40%) while 693 

dramatically decreasing that of IL-1β (by 79%) in P. gingivalis-infected leptomeningeal 694 

cells, and the propolis-upregulated BDNF was negatively correlated with the propolis-695 

downregulated IL-1β, showing that propolis corrected the imbalance between IL-1β and 696 

BDNF in leptomeningeal cells during P. gingivalis infection. In contrast, propolis 697 

significantly reduced the expression of CatB in P. gingivalis-infected leptomeningeal cells, 698 

and the propolis-related reduction in CatB was positive correlated with that of IL-1β 699 

expression but negatively correlated with that of BDNF expression in P. gingivalis-700 

infected leptomeningeal cells. In addition, since our previous results showed CatB plays 701 

critical roles in P. gingivalis/LPS-induced IL-1β production [13,14,34], the propolis-702 

modulated IL-1β and BDNF production may also be related to the effects of propolis on 703 

CatB expression (Fig. 6). These results suggest that the propolis-mediated prevention of 704 
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the cognitive decline may depend in part on the regulation of the soluble factors by the 705 

leptomeningeal cells for synaptic maintenance [25,33].  706 

 707 

Conclusions 708 

In summary, we showed that IL-1β secretion was induced in leptomeningeal cells though 709 

the CatB-mediated activation of NLRP3 inflammasome and NF-B after P. gingivalis 710 

infection, that the production of IL-1β by P. gingivalis-infected leptomeningeal cells 711 

induced synaptic failure, and that BDNF signaling in neurons was blocked. Propolis 712 

modulated the P. gingivalis infection-induced imbalance of IL-1β and BDNF production 713 

in leptomeningeal cells.  714 

These findings highlight a new mechanism underlying the involvement of 715 

periodontitis in AD initiation and suggest that CatB may be an early intervention 716 

therapeutic target for delaying the onset of AD during P. gingivalis infection. Propolis 717 

may be useful as a nutraceutical approach to modulating IL-1β and BDNF production in 718 

P. gingivalis-infected leptomeningeal cells.  719 
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Figure legends 914 

Figure 1. Increased IL-1β in leptomeninges and decreased synaptic marker in 915 

leptomeninges proximity cortex, accompanied memory decline in the middle-aged 916 

mice after systemic P. gingivalis infection. 917 

A, Time schedule of systemic P. gingivalis infection and memory behavior test. B, 918 

Systemic P. gingivalis infection for three weeks induced learning and memory deficits in 919 

middle-aged mice. C, Systemic P. gingivalis infection for three weeks did not change the 920 

body weight in middle-aged mice. Each column and bar represent the means ± SEM (n=6, 921 

each). Asterisks indicate a statistically significant difference from the value for con group 922 

at the same time point. (***P<0.001, multiple t-test). D, The immunofluorescent CLMS 923 

images of brain slice stained with IL-1β (Green), Fibronectin (red) and DAPI (blue) after 924 

systemic P. gingivalis infection. (n = 3 mice, each). Scale bar = 25 μm. E, The quantitative 925 

analysis of IL-1β fluorescence density in fibronectin+ cells in (D). Asterisks indicate a 926 

statistically significant difference from the con group (***P<0.001, t-test). F, The 927 

immunofluorescent CLMS images of brain slice stained with SYP (Green) and DAPI 928 

(blue) after systemic P. gingivalis infection. (n = 3 mice, each). Scale bar = 25 μm. G, The 929 

quantitative analysis of SYP fluorescence density in (F). Asterisks indicate a statistically 930 

significant difference from the con group (***P<0.001, t-test). H, Pearson’s correlation 931 

between the IL-1β in (D) and SYP in (F). 932 

Figure 2. NLRP3 inflammasome involved in IL-1β secretion from primary 933 

leptomeningeal cells after P. gingivalis infection 934 

A, The relative cell viability in P. gingivalis infected leptomeningeal cells with different 935 

MOIs and time points. Each column and bar represent the mean ± SEM (n=3, each). B, 936 

The secretion of IL-1β from leptomeningeal cells after infection with P. gingivalis for 1, 937 
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3, 6, and 12 hours. Each column and bar represent the mean ± SEM (n=3, each). Asterisks 938 

indicate a statistically significant difference from the control group (***P<0.001, 939 

**P<0.01, t-test). C, D, The relative mRNA expression of NLRP3(C) and Caspase-1(D) 940 

in leptomeningeal cells after P. gingivalis infection with MOI=10 for 1, 3, 6, and 12 hours. 941 

Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a 942 

statistically significant difference from the control group (***P<0.001, t-test). E, Relative 943 

mRNA expression of NLRP3 in leptomeningeal cells with P. gingivalis infection for 3 944 

hours in the presence or absence of NLRP3 siRNA. Each column and bar represent the 945 

mean ± SEM (n=3, each). Asterisks indicate a statistically significant difference between 946 

two groups (***P<0.001, **P<0.01, t-test). F, The immunoblots show the pro- and 947 

mature-type of caspase-1 in leptomeningeal cells after infection with P. gingivalis for 3 948 

hours in the presence or absence of NLRP3 siRNA. G, H, The quantitative analyses of 949 

the immunoblot in (F). Each column and bar represent the mean ± SEM (n=3, each). 950 

Asterisks indicate a statistically significant difference from the control group 951 

(***P<0.001, **P<0.01, t-test). Daggers indicate a statistically significant difference 952 

from the P. gingivalis infection group. (††P<0.01, †P<0.05, t-test). I, The immunoblots 953 

show the pro- and mature-type of IL-1β in leptomeningeal cells after infection with P. 954 

gingivalis for 3 hours in the presence or absence of NLRP3 siRNA. J, K, The quantitative 955 

analyses of the immunoblots in (I). Each column and bar represent the mean ± SEM (n=3, 956 

each). Asterisks indicate a statistically significant difference from the control group 957 

(***P<0.001, t-test). Daggers indicate a statistically significant difference from the P. 958 

gingivalis infection group. (††P<0.01, t-test). L, IL-1β released from leptomeningeal cells 959 

after infection with P. gingivalis for 3 hours in the presence or absence of NLRP3 siRNA. 960 

Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a 961 
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statistically significant difference from the control group (***P<0.001, t-test). Daggers 962 

indicate a significant difference from the P. gingivalis infection group. (†††P<0.001, t-963 

test). 964 

Figure 3. CatB involved in NLRP3 inflammasome activation in primary 965 

leptomeningeal cells after P. gingivalis infection 966 

A, CLMS images of P. gingivalis infected leptomeningeal cells for 1 hour. P. gingivalis 967 

was labeled with FITC (Green), endosome/lysosome was labeled with LAMP2 (Red). 968 

Scale bar = 20 μm. B, CLMS images of acridine orange in control and P. gingivalis 969 

infected leptomeningeal cells for 2 hours. Scale bar = 20 μm.C, The immunoblots show 970 

the CatB in the cytosol of leptomeningeal cells after infection with P. gingivalis for 2 971 

hours. D, The quantitative analyses of the immunoblot in (C). Each column and bar 972 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 973 

difference from the control group (**P<0.01, t-test). E, The immunoblots show the pro- 974 

and mature-type of caspase-1 in leptomeningeal cells after infection with P. gingivalis for 975 

3 hours in the presence or absence of 10 μM CA-074 Me. F, G, The quantitative analyses 976 

of the immunoblots in (E). Each column and bar represent the mean ± SEM (n=3, each). 977 

Asterisks indicate a statistically significant difference from the control group 978 

(***P<0.001, **P<0.01, t-test). Daggers indicate a statistically significant difference 979 

from the P. gingivalis infection group. (†††P<0.001, ††P<0.01, t-test). H, The IL-1β 980 

released from leptomeningeal cells after infection with P. gingivalis for 3 hours in the 981 

presence or absence of CA-074 Me. Each column and bar represent the mean ± SEM (n=3, 982 

each). Asterisks indicate a statistically significant difference from the control group 983 

(***P<0.001, t-test). Daggers indicate a significant difference from the P. gingivalis 984 

infection group. (†††P<0.001, t-test). I, The immunoblots show the pro- and mature-type 985 
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of IL-1β in leptomeningeal cells after infection with P. gingivalis for 3 hours with or 986 

without 1 μM CytoD. J, K, The quantitative analyses of the immunoblot of pro- (J) and 987 

mature-type (K) of IL-1β in (I). Each column and bar represent the mean ± SEM (n=3, 988 

each). Asterisks indicate a statistically significant difference from the control group 989 

(***P<0.001, t-test). Daggers indicate a statistically significant difference from the P. 990 

gingivalis infection group. (††P<0.01, t-test). L, The secretion of IL-1β from 991 

leptomeningeal cells after infection with P.gingivalis for 3 hours with or without Cyto D. 992 

Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a 993 

statistically significant difference from the control group (***P<0.001, t-test). Daggers 994 

indicate a statistically significant difference from the P. gingivalis infection group. 995 

(†††P<0.001, t-test). 996 

Figure 4. CatB involved in NF-κB activation for IL-1β production in leptomeningeal 997 

cells after P. gingivalis infection 998 

A, B, The relative mRNA expression of TLR2(A) and CatB(B) in leptomeningeal cells 999 

after P. gingivalis infection with MOI=10 for 1, 3, 6, and 12 hours. Each column and bar 1000 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1001 

difference from the control group (***P<0.001, **P<0.01, t-test). C, The immunoblots 1002 

show the CatB in leptomeningeal cells after infection with P. gingivalis for 0.5, 1, 2, and 1003 

3 hours. D, The quantitative analyses of CatB in the immunoblot shown in (C). Each 1004 

column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically 1005 

significant difference from the control group (***P<0.001, **P<0.01, *P<0.05, t-test). E, 1006 

The immunoblots show the IκBα in leptomeningeal cells after infection with P. gingivalis 1007 

for 1hour with or without pretreatment with 10 μM CA-074 Me. F, The quantitative 1008 

analyses of total IκBα in the immunoblot shown in (E). Each column and bar represent 1009 
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the mean ± SEM (n=3, each). Asterisks indicate a statistically significant difference from 1010 

the control group (**P<0.01, t-test). A dagger indicates a significant difference from the 1011 

P. gingivalis infection group. (†P<0.05, t-test). G, H, I, Relative mRNA expression of 1012 

NLRP3 (G), Caspase-1 (H), and IL-1β (I) in leptomeningeal cells after P. gingivalis 1013 

infection with or without CA-074 Me pretreatment. Each column and bar represent the 1014 

mean ± SEM (n=3, each). Asterisks indicate a statistically significant difference from the 1015 

control group (***P<0.001, t-test). Daggers indicate a statistically significant difference 1016 

from the P. gingivalis infection group. (†††P<0.001, t-test). J, The immunoblots show 1017 

the pro- and mature-type of IL-1β in leptomeningeal cells after infection with P. gingivalis 1018 

for 3 hours in the presence or absence of CA-074 Me. K, L, The quantitative analyses of 1019 

the immunoblots in (J). Each column and bar represent the mean ± SEM (n=3, each). 1020 

Asterisks indicate a statistically significant difference from the control group 1021 

(***P<0.001, t-test). Daggers indicate a statistically significant difference from the P. 1022 

gingivalis infection group. (†††P<0.001, †P<0.05, t-test). 1023 

Figure 5. P. gingivalis infected leptomeningeal cells induced an IL-1β-dependent 1024 

synaptic distribution in neurons 1025 

Condition medium from leptomeningeal cells infected by P. gingivalis for 3 hours with 1026 

MOI=10 (Pg LCM) in the presence or absence of NLRP3 siRNA (Pg+NLRP3kd LCM) 1027 

or CA-074 Me (Pg+CA LCM) was collected and 30% of the neuron condition medium 1028 

was replaced to culture primary neurons for 24 hours. A, The relative cell viability in 1029 

control and Pg LCM neurons. Each column and bar represent the mean ± SEM (n=3, 1030 

each). B, CLMS images of primary neurons (MAP2, red) with or without Pg LCM 1031 

treatment. C, The neurite length analyses of the neurons in(B). Each column and bar 1032 

represent the mean ± SEM (n=10, each). Asterisks indicate a statistically significant 1033 
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difference from the control group (**P<0.01, t-test). D, The relative mRNA expression 1034 

of SYP, VGLUT1, SYN1, and PSD95 in control and Pg LCM neurons. Each column and 1035 

bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1036 

difference from the control group (***P<0.001, t-test). E, Pearson’s correlation between 1037 

the VGLUT1 and SYP in (D). F, Pearson’s correlation between the secreted IL-1β in Pg 1038 

LCM and synaptic components in (D). G, The immunoblots show SYP in control, Pg 1039 

LCM, Pg+NLRP3kd LCM, and Pg+CA CLM incubated primary neurons. H, 1040 

Quantitative analyses of the immunoblots in (G). Each column and bar represent the mean 1041 

± SEM (n=3, each). Asterisks indicate a statistically significant difference from the 1042 

control group (***P<0.001, t-test). Daggers indicate a statistically significant difference 1043 

from the Pg LCM group. (†††P<0.001, †P<0.05, t-test). I, The immunoblots show SYP 1044 

in primary neurons with or without 1 μg/ml IL-1Ra pretreatment followed by incubation 1045 

with Pg LCM. J, Quantitative analyses of the immunoblots in (I). Each column and bar 1046 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1047 

difference from the control group (***P<0.001, t-test). Daggers indicate a statistically 1048 

significant difference from the Pg LCM group. (†††P<0.001, t-test). 1049 

Figure 6. P. gingivalis infected leptomeningeal cells induced an IL-1β-dependent 1050 

suppression of BDNF signaling in neurons  1051 

A, The relative mRNA expression of Arc in N2a cells after BDNF treatment for 10, 30, 1052 

60 and 120 minutes with or without 50% Pg LCM incubation. Each column and bar 1053 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1054 

difference from the control group (***P<0.001, t-test). Daggers indicate a statistically 1055 

significant difference from the Pg LCM incubated 30 minutes neurons. (†††P<0.001, t-1056 

test). B, The expression of p-Akt and total Akt protein after treatment with Pg LCM, 10 1057 
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ng/ml BDNF, and 1 μg/ml IL-1Ra. C, The quantitative analyses of p-Akt/Akt in the 1058 

immunoblot shown in (B). Each column and bar represent the mean ± SEM (n=3, each). 1059 

Asterisks indicate a statistically significant difference (***P<0.001, *P<0.05, t-test). D, 1060 

The expression of p-CREB and total CREB protein after treatment with Pg LCM, BDNF, 1061 

and IL-1Ra. E, The quantitative analyses of p-CREB/CREB in the immunoblot shown in 1062 

(D). Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a 1063 

statistically significant difference (**P<0.01, *P<0.05, t-test). F, CLMS images of p-1064 

CREB after treatment with Pg LCM, BDNF and IL-1Ra. Scale bar = 10 μm. G, The 1065 

quantitative analysis of relative p-CREB fluorescent in (F). Each column and bar 1066 

represent the mean ± SEM (n=10, each). Asterisks indicate a statistically significant 1067 

difference between indicated groups (***P<0.001, **P<0.01, *P<0.1, t-test). 1068 

Figure 7. Propolis modulated the IL-1β-related BDNF production in primary 1069 

leptomeningeal cells after P. gingivalis infection 1070 

A, B, The relative mRNA expression of BDNF(A) and IL-1β (B) in leptomeningeal cells 1071 

after P. gingivalis infection with MOI=10 for 1 and 3hours. Each column and bar 1072 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1073 

difference from the control group (***P<0.001, t-test). C, Cell viability of leptomeningeal 1074 

cells after propolis treatment with different concentrations. Each column and bar 1075 

represent the mean ± SEM (n=3, each). Asterisks indicate a statistically significant 1076 

difference from the control group (***P<0.001, t-test). D, E, The relative mRNA 1077 

expression of BDNF (D) and IL-1β (E) in leptomeningeal cells after P. gingivalis 1078 

infection with MOI=10 for 3 hours with or without 10 μg/ml propolis 24 hours 1079 

pretreatment. Each column and bar represent the mean ± SEM (n=3, each). Asterisks 1080 

indicate a statistically significant difference from the control group (***P<0.001, t-test). 1081 
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Daggers indicate a statistically significant difference from the P. gingivalis infection 1082 

group. (†††P<0.001, ††P<0.01, t-test). F, Pearson’s correlation between the IL-1β and 1083 

BDNF in (E). G, The relative mRNA expression of CatB in leptomeningeal cells after P. 1084 

gingivalis infection with MOI=10 for 3 hours with or without propolis 24 hours 1085 

pretreatment. Each column and bar represent the mean ± SEM (n=3, each). Asterisks 1086 

indicate a statistically significant difference from the control group (*P<0.05, t-test). 1087 

Daggers indicate a statistically significant difference from the P. gingivalis infection 1088 

group. (††P<0.01, t-test). H, I, Pearson’s correlation between the CatB in (G) and IL-1β 1089 

in (E)/BDNF in (D). 1090 

Figure 8. Leptomeningeal cells might induce synaptic failure via the CatB-mediated 1091 

IL-1β production after P. gingivalis infection.  1092 

P. gingivalis activated NF-κB signaling to produced pro IL-1, NLRP3, pro-caspase-1 1093 

and CatB. CatB degraded the IκBα to further activate NF-κB signaling. At the same time, 1094 

P. gingivalis was phagocyted by leptomeningeal cells and invaded into the 1095 

phagolysosome inducing lysosomal rupture resulted in CatB leakage into the cytosol. The 1096 

CatB in cytosol was able to activate NLRP3 inflammasome inducing pro-caspase-1 1097 

autocatalysis to active caspase-1 and the activated caspase-1 enzyme the pro-IL-1β to its 1098 

mature form and secreted from leptomeningeal cells. The secreted IL-1β interfering the 1099 

BDNF/Akt/CREB signaling resulted the synaptic molecules, including SYP, SYN1, 1100 

VGLUT1, PSD-95, and the Arc gene got influenced. In the meantime, propolis was able 1101 

to modulate the expression of BDNF and pro IL-1β which may benefit the neuron 1102 

protection in P. gingivalis infection. 1103 
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Figures

Figure 1

Increased IL-1β in leptomeninges and decreased synaptic marker inleptomeninges proximity cortex,
accompanied memory decline in the middle-aged mice after systemic P. gingivalis infection. A, Time
schedule of systemic P. gingivalis infection and memory behavior test. B, Systemic P. gingivalis infection
for three weeks induced learning and memory de�cits in middle-aged mice. C, Systemic P. gingivalis
infection for three weeks did not change the body weight in middle-aged mice. Each column and bar
represent the means ± SEM (n=6, each). Asterisks indicate a statistically signi�cant difference from the
value for con group at the same time point. (***P<0.001, multiple t-test). D, The immuno�uorescent CLMS
images of brain slice stained with IL-1β (Green), Fibronectin (red) and DAPI (blue) after systemic P.



gingivalis infection. (n = 3 mice, each). Scale bar = 25 μm. E, The quantitative analysis of IL-1β
�uorescence density in �bronectin+ cells in (D). Asterisks indicate a statistically signi�cant difference
from the con group (***P<0.001, t-test). F, The immuno�uorescent CLMS images of brain slice stained
with SYP (Green) and DAPI (blue) after systemic P. gingivalis infection. (n = 3 mice, each). Scale bar = 25
μm. G, The quantitative analysis of SYP �uorescence density in (F). Asterisks indicate a statistically
signi�cant difference from the con group (***P<0.001, t-test). H, Pearson’s correlation between the IL-1β in
(D) and SYP in ( F)

Figure 2

NLRP3 in�ammasome involved in IL-1β secretion from primary leptomeningeal cells after P. gingivalis
infection A, The relative cell viability in P. gingivalis infected leptomeningeal cells with different MOIs and
time points. Each column and bar represent the mean ± SEM (n=3, each). B, The secretion of IL-1β from
leptomeningeal cells after infection with P. gingivalis for 1, 3, 6, and 12 hours. Each column and bar
represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference from the



control group (***P<0.001, **P<0.01, t-test). C, D, The relative mRNA expression of NLRP3(C) and
Caspase-1(D) in leptomeningeal cells after P. gingivalis infection with MOI=10 for 1, 3, 6, and 12 hours.
Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, t-test). E, Relative mRNA expression of NLRP3 in
leptomeningeal cells with P. gingivalis infection for 3 hours in the presence or absence of NLRP3 siRNA.
Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference between two groups (***P<0.001, **P<0.01, t-test). F, The immunoblots show the pro- and
mature-type of caspase-1 in leptomeningeal cells after infection with P. gingivalis for 3 hours in the
presence or absence of NLRP3 siRNA. G, H, The quantitative analyses of the immunoblot in (F). Each
column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, **P<0.01, t-test). Daggers indicate a statistically signi�cant
difference from the P. gingivalis infection group. (††P<0.01, †P<0.05, t-test). I, The immunoblots show the
pro- and mature-type of IL-1β in leptomeningeal cells after infection with P. gingivalis for 3 hours in the
presence or absence of NLRP3 siRNA. J, K, The quantitative analyses of the immunoblots in (I). Each
column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, t-test). Daggers indicate a statistically signi�cant
difference from the P. gingivalis infection group. (††P<0.01, t-test). L, IL-1β released from leptomeningeal
cells after infection with P. gingivalis for 3 hours in the presence or absence of NLRP3 siRNA. Each
column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, t-test). Daggers indicate a signi�cant difference from the P.
gingivalis infection group. (†††P<0.001, t- test).



Figure 3

CatB involved in NLRP3 in�ammasome activation in primary leptomeningeal cells after P. gingivalis
infection A, CLMS images of P. gingivalis infected leptomeningeal cells for 1 hour. P. gingivalis was
labeled with FITC (Green), endosome/lysosome was labeled with LAMP2 (Red). Scale bar = 20 μm. B,
CLMS images of acridine orange in control and P. gingivalis infected leptomeningeal cells for 2 hours.
Scale bar = 20 μm.C, The immunoblots show the CatB in the cytosol of leptomeningeal cells after



infection with P. gingivalis for 2 hours. D, The quantitative analyses of the immunoblot in (C). Each
column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (**P<0.01, t-test). E, The immunoblots show the pro- and mature-type of
caspase-1 in leptomeningeal cells after infection with P. gingivalis for 3 hours in the presence or absence
of 10 μM CA-074 Me. F, G, The quantitative analyses of the immunoblots in (E). Each column and bar
represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference from the
control group (***P<0.001, **P<0.01, t-test). Daggers indicate a statistically signi�cant difference from the
P. gingivalis infection group. (†††P<0.001, ††P<0.01, t-test). H, The IL-1β released from leptomeningeal
cells after infection with P. gingivalis for 3 hours in the presence or absence of CA-074 Me. Each column
and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference
from the control group (***P<0.001, t-test). Daggers indicate a signi�cant difference from the P. gingivalis
infection group. (†††P<0.001, t-test). I, The immunoblots show the pro- and mature-type of IL-1β in
leptomeningeal cells after infection with P. gingivalis for 3 hours with or without 1 μM CytoD. J, K, The
quantitative analyses of the immunoblot of pro- (J) and mature-type (K) of IL-1β in (I). Each column and
bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference from the
control group (***P<0.001, t-test). Daggers indicate a statistically signi�cant difference from the P.
gingivalis infection group. (††P<0.01, t-test). L, The secretion of IL-1β from leptomeningeal cells after
infection with P.gingivalis for 3 hours with or without Cyto D. Each column and bar represent the mean ±
SEM (n=3, each). Asterisks indicate a statistically signi�cant difference from the control group
(***P<0.001, t-test). Daggers indicate a statistically signi�cant difference from the P. gingivalis infection
group. (†††P<0.001, t-test).



Figure 4

CatB involved in NF-κB activation for IL-1β production in leptomeningeal cells after P. gingivalis infection
A, B, The relative mRNA expression of TLR2(A) and CatB(B) in leptomeningeal cells after P. gingivalis
infection with MOI=10 for 1, 3, 6, and 12 hours. Each column and bar represent the mean ± SEM (n=3,
each). Asterisks indicate a statistically signi�cant difference from the control group (***P<0.001,
**P<0.01, t-test). C, The immunoblots show the CatB in leptomeningeal cells after infection with P.
gingivalis for 0.5, 1, 2, and 3 hours. D, The quantitative analyses of CatB in the immunoblot shown in (C).
Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, **P<0.01, *P<0.05, t-test). E, The immunoblots show the
IκBα in leptomeningeal cells after infection with P. gingivalis for 1hour with or without pretreatment with
10 μM CA-074 Me. F, The quantitative analyses of total IκBα in the immunoblot shown in (E). Each



column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (**P<0.01, t-test). A dagger indicates a signi�cant difference from the P.
gingivalis infection group. (†P<0.05, t-test). G, H, I, Relative mRNA expression of NLRP3 (G), Caspase-1
(H), and IL-1β (I) in leptomeningeal cells after P. gingivalis infection with or without CA-074 Me
pretreatment. Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a
statistically signi�cant difference from the control group (***P<0.001, t-test). Daggers indicate a
statistically signi�cant difference from the P. gingivalis infection group. (†††P<0.001, t-test). J, The
immunoblots show the pro- and mature-type of IL-1β in leptomeningeal cells after infection with P.
gingivalis for 3 hours in the presence or absence of CA-074 Me. K, L, The quantitative analyses of the
immunoblots in (J). Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a
statistically signi�cant difference from the control group (***P<0.001, t-test). Daggers indicate a
statistically signi�cant difference from the P. gingivalis infection group. (†††P<0.001, †P<0.05, t-test).



Figure 5

P. gingivalis infected leptomeningeal cells induced an IL-1β-dependent synaptic distribution in neurons
Condition medium from leptomeningeal cells infected by P. gingivalis for 3 hours with MOI=10 (Pg LCM)
in the presence or absence of NLRP3 siRNA (Pg+NLRP3kd LCM) or CA-074 Me (Pg+CA LCM) was
collected and 30% of the neuron condition medium was replaced to culture primary neurons for 24 hours.
A, The relative cell viability in control and Pg LCM neurons. Each column and bar represent the mean ±
SEM (n=3, each). B, CLMS images of primary neurons (MAP2, red) with or without Pg LCM treatment. C,



The neurite length analyses of the neurons in(B). Each column and bar represent the mean ± SEM (n=10,
each). Asterisks indicate a statistically signi�cant difference from the control group (**P<0.01, t-test). D,
The relative mRNA expression of SYP, VGLUT1, SYN1, and PSD95 in control and Pg LCM neurons. Each
column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant
difference from the control group (***P<0.001, t-test). E, Pearson’s correlation between the VGLUT1 and
SYP in (D). F, Pearson’s correlation between the secreted IL-1β in Pg LCM and synaptic components in (D).
G, The immunoblots show SYP in control, Pg LCM, Pg+NLRP3kd LCM, and Pg+CA CLM incubated
primary neurons. H, Quantitative analyses of the immunoblots in (G). Each column and bar represent the
mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference from the control group
(***P<0.001, t-test). Daggers indicate a statistically signi�cant difference from the Pg LCM group.
(†††P<0.001, †P<0.05, t-test). I, The immunoblots show SYP in primary neurons with or without 1 μg/ml
IL-1Ra pretreatment followed by incubation with Pg LCM. J, Quantitative analyses of the immunoblots in
(I). Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically
signi�cant difference from the control group (***P<0.001, t-test). Daggers indicate a statistically
signi�cant difference from the Pg LCM group. (†††P<0.001, t-test).



Figure 6

P. gingivalis infected leptomeningeal cells induced an IL-1β-dependent suppression of BDNF signaling in
neurons A, The relative mRNA expression of Arc in N2a cells after BDNF treatment for 10, 30, 60 and 120
minutes with or without 50% Pg LCM incubation. Each column and bar represent the mean ± SEM (n=3,
each). Asterisks indicate a statistically signi�cant difference from the control group (***P<0.001, t-test).
Daggers indicate a statistically signi�cant difference from the Pg LCM incubated 30 minutes neurons.



(†††P<0.001, t-test). B, The expression of p-Akt and total Akt protein after treatment with Pg LCM, 10
ng/ml BDNF, and 1 μg/ml IL-1Ra. C, The quantitative analyses of p-Akt/Akt in the immunoblot shown in
(B). Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically
signi�cant difference (***P<0.001, *P<0.05, t-test). D, The expression of p-CREB and total CREB protein
after treatment with Pg LCM, BDNF, and IL-1Ra. E, The quantitative analyses of p-CREB/CREB in the
immunoblot shown in (D). Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate
a statistically signi�cant difference (**P<0.01, *P<0.05, t-test). F, CLMS images of p-CREB after treatment
with Pg LCM, BDNF and IL-1Ra. Scale bar = 10 μm. G, The quantitative analysis of relative p-CREB
�uorescent in (F). Each column and bar represent the mean ± SEM (n=10, each). Asterisks indicate a
statistically signi�cant difference between indicated groups (***P<0.001, **P<0.01, *P<0.1, t-test).



Figure 7

Propolis modulated the IL-1β-related BDNF production in primary leptomeningeal cells after P. gingivalis
infection A, B, The relative mRNA expression of BDNF(A) and IL-1β (B) in leptomeningeal cells after P.
gingivalis infection with MOI=10 for 1 and 3hours. Each column and bar represent the mean ± SEM (n=3,
each). Asterisks indicate a statistically signi�cant difference from the control group (***P<0.001, t-test). C,
Cell viability of leptomeningeal cells after propolis treatment with different concentrations. Each column



and bar represent the mean ± SEM (n=3, each). Asterisks indicate a statistically signi�cant difference
from the control group (***P<0.001, t-test). D, E, The relative mRNA expression of BDNF (D) and IL-1β (E)
in leptomeningeal cells after P. gingivalis infection with MOI=10 for 3 hours with or without 10 μg/ml
propolis 24 hours pretreatment. Each column and bar represent the mean ± SEM (n=3, each). Asterisks
indicate a statistically signi�cant difference from the control group (***P<0.001, t-test).Daggers indicate a
statistically signi�cant difference from the P. gingivalis infection group. (†††P<0.001, ††P<0.01, t-test). F,
Pearson’s correlation between the IL-1β and BDNF in (E). G, The relative mRNA expression of CatB in
leptomeningeal cells after P. gingivalis infection with MOI=10 for 3 hours with or without propolis 24
hours pretreatment. Each column and bar represent the mean ± SEM (n=3, each). Asterisks indicate a
statistically signi�cant difference from the control group (*P<0.05, t-test). Daggers indicate a statistically
signi�cant difference from the P. gingivalis infection group. (††P<0.01, t-test). H, I, Pearson’s correlation
between the CatB in (G) and IL-1β in (E)/BDNF in (D).

Figure 8

Leptomeningeal cells might induce synaptic failure via the CatB-mediated IL-1β production after P.
gingivalis infection. P. gingivalis activated NF-κB signaling to produced pro IL-1β , NLRP3, pro-caspase-1
and CatB. CatB degraded the IκBα to further activate NF-κB signaling. At the same time,P. gingivalis was



phagocyted by leptomeningeal cells and invaded into the phagolysosome inducing lysosomal rupture
resulted in CatB leakage into the cytosol. The CatB in cytosol was able to activate NLRP3 in�ammasome
inducing pro-caspase-1 autocatalysis to active caspase-1 and the activated caspase-1 enzyme the pro-IL-
1β to its mature form and secreted from leptomeningeal cells. The secreted IL-1β interfering the
BDNF/Akt/CREB signaling resulted the synaptic molecules, including SYP, SYN1, VGLUT1, PSD-95, and
the Arc gene got in�uenced. In the meantime, propolis was able to modulate the expression of BDNF and
pro IL-1β which may bene�t the neuron protection in P. gingivalis infection.
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