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Abstract
Sepsis-associated encephalopathy (SAE) represents diverse cerebral dysfunctions in 
response to pathogen-induced systemic inflammation. Peripheral exposure to lipopol-
ysaccharide (LPS), a component of the gram-negative bacterial cell wall, has been ex-
tensively used to model systemic inflammation. Our previous studies suggested that 
LPS led to hippocampal neuron death and synaptic destruction in vivo. However, the 
underlying roles of activated microglia in these neuronal changes remained unclear. 
Here, LPS from two different bacterial strains (Salmonella enterica or E. coli) were com-
pared and injected in 14- to 16-month-old mice and evaluated for neuroinflammation 
and neuronal integrity in the hippocampus at 7 or 63 days post-injection (dpi). LPS 
injection resulted in persistent neuroinflammation lasting for seven days and a sub-
sequent normalisation by 63 dpi. Of note, increases in proinflammatory cytokines, 
microglial morphology and microglial mean lysosome volume were more pronounced 
after E. coli LPS injection than Salmonella LPS at 7 dpi. While inhibitory synaptic 
puncta density remained normal, excitatory synaptic puncta were locally reduced in 
the CA3 region of the hippocampus at 63 dpi. Finally, we provide evidence that excita-
tory synapses coated with complement factor 3 (C3) decreased between 7 dpi and 63 
dpi. Although we did not find an increase of synaptic pruning by microglia, it is plausi-
ble that microglia recognised and eliminated these C3-tagged synapses between the 
two time points of investigation. Since a region-specific decline of CA3 synapses has 
previously been reported during normal ageing, we postulate that systemic inflamma-
tion may have accelerated or worsened the CA3 synaptic changes in the ageing brain.
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1  |  INTRODUC TION

Sepsis is defined as life-threatening organ dysfunction caused by 
systemic immune responses to infection (Singer et al., 2016). In the 
wake of refined management and intervention strategies, the global 
age-standardised mortality rate for sepsis has gradually declined 
for the last three decades, raising the number of sepsis survivors 
(Rudd et al., 2020). Notably, half of the survivors do not fully recover, 
and cerebral dysfunction, known as sepsis-associated encephalopa-
thy (SAE), can persist even years after hospital discharge (Prescott 
& Angus, 2018; van der Slikke et al., 2020). Up to 70% of patients 
develop diverse cognitive impairments, including memory and at-
tention deficits, and these are associated with atrophy of the hip-
pocampus (Gunther et al., 2012; Semmler et al., 2013; Widmann & 
Heneka, 2014).

A major cause of sepsis is a bacterial infection, and gram-negative 
bacteria account for approximately 40% of all cases (Martin et al., 
2003). As a constituent of the gram-negative bacterial cell wall, lipo-
polysaccharide (LPS) has been widely used to model effects of infec-
tion in rodents and partly recapitulates the syndromes of systemic 
infection observed in humans (Buras et al., 2005; Taveira da Silva 
et al., 1993). Following peripheral administration, the innate immune 
system becomes immediately activated both in the periphery and 
subsequently in the central nervous system (CNS). Activated mi-
croglia and astrocytes release proinflammatory cytokines, including 
but not restricted to interleukin (IL)-1β and IL-6, as well as comple-
ment factors such as C3 (Nguyen et al., 2002). Such glial activation 
is also evident in postmortem brain tissue from sepsis patients as 
well as after a low-dose LPS challenge in healthy human volunteers 
(Sandiego et al., 2015; Zrzavy et al., 2019).

Of note, LPS-induced systemic inflammation is sufficient to 
cause neuronal cell death and global synapse loss. Both single and 
multiple injections can diminish neuron density in the hippocampus, 
frontal cortex and substantia nigra as an immediate or delayed ef-
fect (Bodea et al., 2014; Lee et al., 2008; Qin et al., 2007; Semmler 
et al., 2007). An altered abundance of synaptic proteins and den-
dritic spine elimination has also been shown as a delayed response 
to LPS injection (Kondo et al., 2011; Li et al., 2020; Weberpals et al., 
2009). Such synaptic destruction is consistent with the observa-
tion of hippocampus-dependent behavioural abnormalities (Li et al., 
2020; Weberpals et al., 2009). One confound, however, in trans-
lating these findings to SAE patients has been the frequent use of 
young rodents (2–3 months old) modelling adolescent human be-
ings (Weberpals et al., 2009; Zhang et al., 2017) as the majority of 
survivors are over 65 years of age (Efron et al., 2015; Prescott & 
Angus, 2018).

Accumulating evidence suggested that various modes of 
microglia-neuron interactions exist. In vivo imaging and electron mi-
croscopy studies demonstrate that microglia are frequently in con-
tact with neurons at somata, dendrites and dendritic spines (Cserép 
et al., 2020; Tremblay et al., 2010; Wake et al., 2009; Weinhard et al., 
2018). Microglia are also capable of eliminating excess synapses 
during development and of aberrantly removing synapses under 

certain pathological conditions, such as Alzheimer's disease (AD) 
and frontotemporal dementia (FTD). This microglial synaptic pruning 
often, but not always, requires activation of the complement path-
way and the subsequent tagging of synapses for microglial recogni-
tion (Dejanovic et al., 2018; Hong et al., 2016; Schafer et al., 2012; 
Weinhard et al., 2018). Because systemic LPS injection can activate 
the complement pathway in the brain (Bodea et al., 2014; Jacob 
et al., 2007), it is conceivable that synaptic pruning by microglia may 
be promoted, resulting in synapse loss.

Based on the neuronal effects of systemic inflammation and the 
pathological roles of microglia in removing synaptic structures, we 
herein investigated whether neuron and synapse loss could be found 
in older mice after systemic inflammation. We also sought to address 
whether activated microglia might contribute to the reduction of 
synapses through cytokine production or synaptic pruning.

2  |  MATERIAL S AND METHODS

2.1  |  Study design

This study was not pre-registered because of an exploratory study. 
No randomisation of animals was performed prior to a drug treat-
ment. Power analysis pre-determined the sample size of the present 
study to prevent the unnecessary waste of animals and resources 
(estimated effect size = 0.4, power = 0.8) using the G*Power soft-
ware version 3.1.9.6 (Faul et al., 2007). There were no exclusion crite-
ria. The experimenter was blinded for treatment groups throughout 
the image analysis wherever possible.

2.2  |  Animals, drug treatment and sample collection

Female C57BL/6N mice were purchased from Charles River 
(RRID:IMSR_JAX:000,664) and group-housed in the University 
of Bonn Medical Center animal facility or the Bundesinstitut für 
Risikobewertung, Berlin. They received ad libitum access to food 
and water under a 12 h:12 h light-dark cycle with standard housing 
conditions (Bonn: relative humidity of 55  ±  10% and temperature 
of 21 ± 1℃; Berlin: relative humidity of 60 ± 5% and temperature 
of 23 ± 1℃). All the animal experiments complied with the declara-
tion of Helsinki and were approved by the respective local ethical 
committees (Bonn: LANUV NRW 81–02.04.2020.A324, Berlin: Reg 
239/15).

At 14–16 months of age (25–40 g), systemic inflammation was 
modelled by intraperitoneal injection of either LPS from Salmonella 
enterica serotype Typhimurium (cat. no. L6511; Sigma-Aldrich) or 
E. coli O55:B5 (cat. no. L2880; Sigma-Aldrich) at 1.5 mg kg−1 body 
weight on two consecutive days. All the injections were con-
ducted at 10 am. To minimise the possible effects of different LPS 
preparation protocols, endotoxins were selected based on the 
same phenol extraction method, solubility and endotoxin level of 
3,000,000 endotoxin units mg−1. Dulbecco's phosphate-buffered 
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saline (DPBS) was injected into a control group. Following the drug 
treatment, body weights and general clinical symptoms of the ani-
mals were regularly recorded and scored. On the day of injections 
and during the first six days of recovery, the animals were moni-
tored five times daily (three times of recording the body weights 
and clinical symptoms as well as two times of observations, 8:00–
20:00, every 2 h). Then, the animals were monitored twice a day 
(8:00–20:00, every 10 h) from 7 to 10 days post-second injection 
(dpi), once a day from 11 to 13 dpi and once a week from 14 to 
63 dpi. The animals were immediately euthanised by CO2 if they 
lost ≥25% of their body weight at baseline for 48 h, or if the clini-
cal symptoms were scored as the highest value. The total number 
of old animals used in this study was 48 (Salmonella LPS, n = 18, 
E. coli LPS, n  =  14, DPBS, n  =  16). The number of animals that 
either survived or died/euthanised prior to tissue collection at 7 
or 63 dpi is summarised in Table S1. At 7 or 63 dpi, mice were 
anaesthetised by an intraperitoneal injection of 100 mg kg−1 ket-
amine and 16 mg kg−1 xylazine, followed by transcardial perfusion 
with ice-cold phosphate-buffered saline (PBS). A hemibrain was 
snap-frozen in liquid nitrogen and stored at −80℃, while the other 
hemisphere was immediately fixed in 4% (w/v) paraformaldehyde 
(PFA)/PBS at 4℃ overnight. On the following day, the fixed tissue 
was washed twice in PBS briefly and stored in PBS with 0.01% 
(w/v) NaN3 at 4℃ until use.

Likewise, at 8–10 weeks of age, either Salmonella LPS or DPBS 
was intraperitoneally injected at a dose of 1.5 mg kg−1 body weight 
on two consecutive days at 8 am. The severity of the sickness and 
body weights was regularly monitored eight times a day (8:00–20:00, 
every 1.5 h) on two days of injection, three times a day (8:00–20:00, 
every 6 h) on 1 and 2 dpi, once a day from 3 dpi until the endpoints. 
If the animals were rated as the highest score (score of 5) or a score 
of 4 twice within two hours, they were immediately killed by cervical 
dislocation. The total number of young mice used in this study was 
55 (Salmonella LPS, n = 33, DPBS, n = 22) (Table S2). At 1, 3, 7, or 60 
dpi, the animals were euthanised by an intraperitoneal injection of 
200 mg kg−1 sodium pentobarbital and transcardially perfused with 
ice-cold PBS through the left ventricle. Half of the hemisphere was 
fixed in 4% (w/v) PFA/PBS at 4℃ while the other half was frozen in 
liquid nitrogen and stored at −80℃ until use.

2.3  |  Antibodies

The immunohistochemical analysis used the following primary 
antibodies: anti-NeuN (1:500; Chemicon, cat. no. MAB377; 
RRID:AB_2298772), anti-parvalbumin (PV) (1:500; Millipore, 
cat. no. MAB1572; RRID:AB_2174013), anti-vesicular gluta-
mate transporter 2 (VGLUT2) (1:500; Synaptic Systems, cat. 
no. 135404; RRID:AB_887884), anti-post-synaptic protein den-
sity 95 (PSD95) (1:250; Merck Millipore, cat. no. MAB1596; 
RRID:AB_2092365), anti-vesicular GABA transporter (VGAT) 
(1:1000; Synaptic Systems, cat. no. 131004; RRID:AB_887873), 
anti-gephyrin (1:100; Santa Cruz Biotechnology, cat. no. sc25311; 

RRID:AB_627670), anti-C3 (1:250; Abcam, cat. no. ab11862; 
RRID:AB_2066623), anti-myelin oligodendrocyte glycoprotein 
(MOG) (1:250; Santa Cruz Biotechnology, cat. no. sc166172; 
RRID:AB_2145540), anti-Iba1 (1:1000; Wako, cat. no. 019-
19741; RRID:AB_839504), anti-CD11b (1:500; BioLegend, cat. 
no. 101202; RRID:AB_312785) and anti-CD68 (1:200; Bio-
Rad, cat. no. MCA1957; RRID:AB_322219). All the secondary 
antibodies for this histological analysis were purchased from 
Invitrogen and included the goat anti-rabbit Alexa Fluor 488, 
594 and 647 antibodies (1:500; cat. no. A-11008, A-11072, A-
21244; RRID:AB_143165, AB_2534116, AB_2535812), goat 
anti-rat Alexa Fluor 488, 594 and 647 antibodies (1:500; cat. no. 
A-11006, A-11007, A-21247; RRID:AB_2534074, AB_10561522, 
AB_141778), goat anti-mouse Alexa Fluor 488, 594 and 647 
antibodies (1:500; cat. no. A-11017, A-11032, A-21236; RRID 
AB_2534084, AB_2534091, AB_2535805), and goat anti-guinea 
pig Alexa Fluor 488 and 647 antibodies (1:500; cat. no. A-11073, 
A-21450; RRID:AB_2534117, AB_2735091).

The immunoblot analysis utilised the following primary 
antibodies: anti-PSD95 (1:1000; Abcam, cat. no. ab18258; 
RRID:AB_444362), anti-synaptophysin (1:10,000; Chemicon, cat. 
no. MAB5258; RRID:AB_2313839), anti-VGAT (1:1000; Millipore, 
cat. no. AB5062P; RRID:AB_2301998), anti-gephyrin (1:1000; 
Santa Cruz Biotechnology, cat. no. sc25311; RRID:AB_627670) 
and anti-α tubulin (1:1000; Sigma-Aldrich, cat. no. CP06; 
RRID:AB_2617116). The secondary antibodies used for the west-
ern blot analysis were from Li-COR Biotechnology as follows: 
IRDye 800CW donkey anti-mouse (1:20,000; cat. no. 926-32212; 
RRID:AB_621847), IRDye 680RD donkey anti-mouse (1:20,000; 
cat. no. 926-68072; RRID:AB_10953628), IRDye 800CW don-
key anti-rabbit (1:20,000; cat. no. 926-32213; RRID:AB_621848) 
and IRDye 800CW goat anti-rat (1:20,000; cat. no. 926-32219; 
RRID:AB_1850025).

2.4  |  Immunohistochemistry

Coronal brain sections were generated by a vibratome (Leica 
VT1000S, Leica Microsystem) at 40 μm thickness and stored in PBS 
with 0.01% (w/v) NaN3 until use. Sections were permeabilised in PBS 
with 0.1% (v/v) Triton X-100 (PBST) three times for 5 min, blocked 
in a blocking buffer [10% (v/v) normal goat serum (Abcam, cat. no. 
ab7481; RRID:AB_2716553) in PBST] and incubated in the blocking 
buffer with primary antibodies at 4℃ overnight. For PSD95 and ge-
phyrin staining, the samples were boiled in 10 mM citrate buffer (pH 
6) at 95℃ for 15 min before the permeabilisation. After the three 
rounds of washing for 5  min in PBST, the sections were exposed 
to the appropriate secondary antibodies (Invitrogenin the blocking 
buffer for 90 min. Samples were then washed in PBS three times for 
5 min and mounted using Immu-Mount (cat. no. 9990402, Thermo 
Fisher Scientific). Either a standard coverslip (#1.5 thickness) (Duran 
Group) or a high precision #1.5H coverglass (Paul Marienfeld) was 
selected depending on the microscopes.
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2.5  |  Stereological estimation of neuron and 
microglia density

Unbiased stereological analysis of neurons and microglia was per-
formed per West and Gundersen’s (1990) methods. Three vibratome 
sections (separated by 400 μm) were stained for neuron (NeuN), in-
terneuron (PV), microglia (Iba1) and nuclei (DAPI). The z-stack confo-
cal micrographs (optical slices of 1 μm and the total optical thickness 
of 10 μm) were taken by a Leica TCS SP8 confocal microscope (Leica 
Microsystem) with a 25x/NA0.95 water objective or a 40x/NA1.1 
water objective under a constant gain and laser power. Fifteen op-
tical fractionators sized 2,500 μm2 were superimposed on the im-
ages, and the NeuN-positive nuclei were manually counted inside 
the fractionators using Fiji (Schindelin et al., 2012). For microglia and 
interneuron density analysis, the labelling was sparse but intense, 
therefore an optical fractionator sized 60,000 or 120,000 μm2 was 
placed on the maximally projected image, and the PV- and Iba1-
positive nuclei were manually counted. The representative figures 
were compiled by a FigureJ 1.35 plugin (https://image​jdocu.tudor.
lu/plugi​n/utili​ties/figur​ej/start) in Fiji (Mutterer & Zinck, 2013).

2.6  |  TUNEL staining

To examine the presence of apoptotic cells, terminal deoxynucle-
otidyl transferase dUTP nick end labelling (TUNEL) staining was 
carried out using an in situ Cell Death Detection Kit, TMR red (cat. 
no. 12156792910, Roche Applied Science) with protocol modifica-
tions (Deng et al., 2001). Three equidistant sections by 400 μm from 
the same animal were pre-treated with 0.5% (v/v) PBST at 80℃ for 
20 min and exposed to 50 μl of the same reaction mixtures at 37℃ 
for 1 h in a humid chamber. This accompanied washing in PBS twice 
and in water once for 5 min in each step. Samples were cover-slipped 
with 1  mg  ml−1 DAPI-containing Immu-Mount (Thermo Fisher 
Scientific). The 25x z-stack micrographs (optical slices of 1 μm and 
the total optical thickness of 10 μm) were taken using the Leica TCS 
SP8 confocal microscope (Leica Microsystem).

2.7  |  Quantification of the CD11b 
immunoreactivity

Two or three equidistant vibratome sections (separated by 400 μm) 
were stained for the complement receptor 3 (CR3) subunits (CD11b). 
The 40x confocal z-stack images were acquired using the Leica TCS 
SP8 confocal microscope (step size of 1 μm and 11 optical planes) 
(Leica Microsystem). After thresholding the maximum intensity pro-
jection images, the CD11b-positive areas were outlined using a Fiji 
“Analyze Particles” function, and the integrated density of all the 
CD11b signals was quantified. Then, the corrected total cell fluo-
rescence (CTCF) of CD11b was calculated by the following equation: 
CTCF = integrated density—(area of CD11b-positive signals × mean 
fluorescence signals of the background).

2.8  |  Synaptic puncta and C3 puncta quantification

Quantification of synaptic loci was based on a study led by 
Sauerbeck et al., (2020) with several modifications. Three vibratome 
sections, which were equally separated by 400 μm, were stained for 
pre-synaptic proteins (VGLUT2 or VGAT), post-synaptic proteins 
(PSD95 or gephyrin) and complement factor (C3). Super-resolution 
z-stack images (optical slices of 0.5 μm and the total optical thick-
ness of 8 μm) were acquired using a Zeiss LSM980 microscope with 
Airyscan 2 (Carl Zeiss). A 63x/NA1.4 oil immersion objective was 
used throughout the imaging. A digital zoom of 1.8 was set, and 
the constant gain and laser power were independently defined for 
each channel. Before analysis, images were deconvolved based on a 
Wiener filter (strength of 6) with a 3D Airyscan processing algorithm 
on Zen Blue version 3.1 software (Carl Zeiss). The number of synap-
tic puncta was automatically quantified using a Fiji ComDet 0.3.6.1 
plugin (https://github.com/ekatr​ukha/ComDe​t/wiki). Pre-synaptic 
and post-synaptic excitatory puncta colocalisation was defined as 
the length of puncta centres of ≤200 nm, which have been recently 
verified using an electron microscope (Sauerbeck et al., 2020). The 
same length of puncta centre was used to identify the colocalisation 
of C3 puncta with excitatory synaptic puncta. Meanwhile, the VGAT 
staining did not show a similar puncta staining pattern likely be-
cause of the extrasynaptic localisation. Whilst gephyrin puncta were 
counted using the Fiji ComDet 0.3.6.1 plugin, the VGAT-positive 
area was alternatively measured using the Fiji “Analyze Particles” 
function on binary images. The representative figures were com-
piled by Imaris version 9.1.2 (Bitplane).

2.9  |  Myelin density quantification

A similar protocol to the synaptic puncta quantification was applied 
for myelin density analysis. Three equidistant vibratome sections 
were immunostained for myelin protein (MOG). The 63x super-
resolution images were taken by the Zeiss LSM980 microscope with 
Airyscan 2 (Carl Zeiss) and processed on Zen Blue version 3.1 soft-
ware (Carl Zeiss). The digital zoom of 1.8 was applied during the 
image acquisition. The MOG-positive area was thresholded and 
measured by the “Analyze Particles” command in Fiji.

2.10  |  Synaptic pruning analysis of microglia

Synaptic pruning analysis by microglia was detailed in Schafer 
et al.,’s (2014) study. In analogues to the synaptic puncta analysis, 
three equidistant vibratome sections by 400 μm were stained for a 
synaptic protein (PSD95), microglia (Iba1) and microglial lysosomes 
(CD68). Super-resolution z-stack images (optical slices of 0.5  μm) 
were obtained using the Zeiss LSM980 microscope with Airyscan 
2 (Carl Zeiss). A 40x/NA1.4 oil objective and a digital zoom of 1.8 
were chosen to ensure the whole microglia structure was visible in 
the single field of view. Eight to nine cells were arbitrarily imaged 
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in the CA1 and CA3  stratum radiatum. Images were processed 
using a Wiener filter (strength of 6) on Zen Blue version 3.1 soft-
ware (Carl Zeiss). The mean filter (radius of 1.5 pixels) was applied 
to smoothen the CD68 and PSD95 staining to remove excess noise, 
and the background of each staining was subtracted using the roll-
ing ball algorithm. The median filter (radius of 10) was applied for 
the Iba1 staining, and the single microglial cell was isolated using a 
Fiji “Find Connected Regions” in-built plugin. The same microglia 
were used for the skeleton analysis as described later. Then, Iba1 
and CD68 channels were sequentially rendered in the three dimen-
sions using the surface function on Imaris version 9.1.2 (Bitplane). 
The PSD95 puncta inside CD68  surface were detected using the 
Imaris spot function. The volume of microglial lysosomes and the 
number of engulfed synaptic puncta per cell were calculated on 
Imaris.

2.11  |  Skeleton analysis of microglia morphology

The microglia morphology was studied according to Young and 
Morrison’s (2018) method. The single microglia in 8-bit binary im-
ages were skeletonised using Fiji “Skeletonise (2D/3D)” and “Analyze 
Skeleton (2D/3D)” plugins (Arganda-Carreras et al., 2010; Doube 
et al., 2010). The cut-off values of 0.4 μm in branch length were em-
pirically defined. All the processes below this value were removed 
from the analysis results.

2.12  |  Synaptosome preparation

Synaptosomes were purified from frozen brains as previously re-
ported with modifications (Wijasa et al., 2020). Briefly, frozen brains 
were quickly homogenised by 15–20 strokes in a Teflon-glass homog-
eniser containing 2 ml 0.32 M sucrose buffer [10 mM HEPES, 5 mM 
Na2H2P2O7, 5 mM NaF, 2 mM Na3VO4, 2 mM EGTA, 2 mM EDTA and 
EDTA-free Pierce protease inhibitor tablet (cat. no. A32965, Thermo 
Fisher Scientific); pH 7.4] A small fraction (150 μl) of the homogen-
ates was reserved and frozen at −80℃ to perform biochemical analy-
sis of the total brain lysates. Post-nuclear supernatant was collected 
after two rounds of centrifugation at 800 g for 10 min at 4℃. Crude 
synaptosome was pelleted by ultracentrifugation in a TLA-55 fixed 
rotor at 10,000 g for 15 min at 4℃ (Optima MAX-XP ultracentrifuge, 
Beckman Coulter), followed by resuspension in 500 μl 0.32 M su-
crose buffer. Samples were then loaded onto discontinuous sucrose 
gradients of 1.18, 1.0 and 0.85 M sucrose buffers (pH 7.4) and cen-
trifuged in an MLS-50 swinging-bucket rotor at 82,000 g for 60 min 
at 4℃. Synaptosome fraction was collected from the 1.18 M/1.0 M 
gradient interface and then resuspended by the 3-fold volume of 
0.32  M sucrose buffer. Synaptosomes were pelleted by additional 
centrifugation at 10,000 g for 15 min at 4℃, which was resuspended 
in 0.32 M sucrose buffer and frozen at −80℃. The purity and yield 
of synaptosome were confirmed by enrichment of synaptic proteins 
and reduction of nuclear proteins by western blot.

2.13  |  Protein extraction from brain homogenates

The frozen brain homogenates collected during the synaptosome 
isolation were slowly thawed on ice and diluted by the equal amount 
of a radioimmunoprecipitation assay buffer (75 mM NaCl, 25 mM Tris 
base, 16 mM NP-40, 12 mM Na-DOC, 3.5 mM SDS; pH 7.2) with pro-
tease/phosphatase inhibitor cocktail (cat. no. 5872S, Cell Signaling 
Technology). After a short sonication for 10 s and the subsequent 
incubation for 30 min, samples were centrifuged at 100,000 g for 
30 min at 4℃ (Optima MAX-XP ultracentrifuge, Beckman Coulter). 
Total brain lysates were collected from the supernatant.

2.14  |  Western blot analysis

Protein levels were measured by the bicinchoninic acid assay ac-
cording to the manufacturer's guideline (cat. no. 23225, Thermo 
Scientific). Subsequently, an equal amount of proteins (20–40  μg) 
from synaptosomes or total brain lysates were mixed with NuPAGE 
LDS sample buffer (cat. no. NP0007, Invitrogen) with 50 mM dithi-
othreitol (cat. no. B0009, Invitrogen), heated to 70℃ for 10  min 
and loaded into NuPAGE 4–12% Bis-Tris protein gels (Invitrogen). 
Proteins were separated in NuPAGE MOPS or MES SDS running 
buffer (cat. no. NP0001, NP0002, Invitrogen) and transferred to 
0.2 μm nitrocellulose membranes using a Trans-Blot Turbo transfer 
system (cat. no. 1704150, Bio-Rad Laboratories). Membranes were 
blocked in 3% (w/v) bovine serum albumin (BSA) in Tris-buffered 
saline with Tween-20 (TBST) (15 mM NaCl, 5 mM Tris, 0.01% (v/v) 
Tween-20) for an hour and incubated in primary antibodies in 3% 
(w/v) BSA/TBST at 4℃ overnight. Following incubation with the 
appropriate secondary antibodies (LI-COR Biosciences) in 1% (w/v) 
BSA/TBST for 1 h, proteins were detected using an Odyssey infra-
red imaging system (LI-COR Biosciences). Quantitative analyses of 
the scanned images were performed on Image Studio software ver-
sion 5.2.5 (LI-COR Biosciences).

2.15  |  Enzyme-linked immunosorbent assay (ELISA) 
for cytokine measurements in the brain

Ten different cytokine concentrations in the total brain lysates (IL-1β, 
IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, chemokine (C-X-C motif) ligand 1 
(CXCL1), tumour necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) 
were measured using V-PLEX proinflammatory panel 1 (mouse) kit 
(cat. no. K15048D, Meso Scale Discovery). In short, samples were di-
luted by the equal volume of diluent 41 in the supplied 96-well plate 
and incubated at ambient temperature with shaking for 2 h. After 
being washed three times, the samples were exposed to the detec-
tion antibody for 2 h. This followed further washing and the reaction 
with a read buffer, then the cytokine levels were measured using a 
SECTOR Imager 2400 reader (Meso Scale Discovery). The reliability 
of the raw data was determined if the values were higher than the 
lowest level of quantification described by the manufacturer. The 
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cytokine concentration was lastly normalised by the total protein 
levels. Separate measurements of proinflammatory cytokines were 
performed in young mouse brains using Meso Scale Discovery U-
PLEX Biomarker Group 1 (ms) Assays (cat. no. K15069L-2) to assess 
levels of IFN-γ, IL-1β, IL-10 and TNF-α, following the manufacturer's 
instructions and as described above, with the exception that sam-
ples were incubated overnight.

2.16  |  Statistical analysis

Each dot in all figures represented an independent biological rep-
licate. All the bar charts except for Figure S1 were expressed as 
mean  ±  standard error of measurement (SEM), whereas the vio-
lin plots and the bar charts in Figure S1 were median and inter-
quartile range (IQR). All the data described in the main text were 
mean ± SEM. A Shapiro–Wilk test was used to determine whether 
the data followed the Gaussian distribution for all the statistical 
analyses. In order to pass the normality test, a Grubbs’ test (alpha of 
0.05) was performed to remove an outlier.

Comparison of three treatment groups (namely, the Salmonella 
LPS, E. coli LPS and vehicle groups) at 7 dpi and 63 dpi was analysed 
by either a two-way analysis of variance (ANOVA) with a Tukey post 
hoc test for the normally distributed data or a Kruskal–Wallis test 
with a Dunn's post hoc test for the data that were not normally dis-
tributed. The mortality rate after the systemic inflammation was an-
alysed by the log-rank test based on the Kaplan–Meier method. The 
body weight changes were evaluated using the repeated measures 
two-way ANOVA with a Tukey post hoc test. As shown in Figure 1e–
h, when data from the Salmonella LPS group at 1, 3, 7 and 60 dpi 
were compared with pooled data from the vehicle group, a one-way 
ANOVA with a Tukey post hoc test was performed. All the statisti-
cal analyses were performed on GraphPad Prism software version 
9 (GraphPad Software). Differences were regarded as significant if 
p < 0.05.

3  |  RESULTS

3.1  |  Increased mortality and weight loss after LPS 
injection

In the present study, 14- to 16-month-old mice were intraperito-
neally challenged with LPS on two consecutive days in order to in-
duce systemic inflammation. Two structurally distinct serotypes of 
LPS either derived from Salmonella enterica or E. coli were utilised 
(Rodriguez-Loureiro et al., 2018; Whitfield et al., 2020). This injec-
tion paradigm was selected for several reasons. First, as a result of 
the higher incidence of SAE in the elderly population, we hypoth-
esised that the use of older animals might model the SAE pathol-
ogy better than young animals (Kaukonen et al., 2014; Widmann & 
Heneka, 2014). In addition, the extent of the inflammatory response 
was enhanced by repeated injection on two consecutive days in 

a process termed immune training (Neher & Cunningham, 2019; 
Wendeln et al., 2018). To study only the LPS survivors, we deter-
mined the earliest endpoint at 7 dpi because of the rare observation 
of deaths at 7 dpi in young mice with the same injection dosage (Mei 
et al., 2018). The second endpoint (that is, 63 dpi) was chosen based 
on the changes in synaptic proteins or the reduced dendritic spine 
density observed at two months post-injection (Kondo et al., 2011; 
Weberpals et al., 2009).

In 14–16 month-old animals, this treatment protocol resulted in a 
mortality rate of 27.78% and 28.57% after Salmonella and E. coli LPS 
injections, respectively [Salmonella LPS vs. Veh: p = 0.025; E. coli LPS 
vs. Veh: p = 0.023, log-rank (Mantel-Cox) test, Figure 1a]. However, 
no deaths were observed from 7 dpi to 63 dpi, confirming that all 
the studied animals were surviving the systemic immune challenge.

Subsequent to the endotoxin challenge, the weight loss peaked 
at 1 dpi in both LPS treatment groups and gradually normalised by 
7 dpi (Salmonella LPS vs. Veh: p < 0.0001 from the second day of 
injection to 3 dpi, p  =  0.0002 at 4 dpi, p  =  0.045 at 5 dpi; E. coli 
LPS vs. Veh: p < 0.0001 from the second day of injection to 5 dpi, 
p = 0.0004 at 6 dpi, p = 0.038 at 7 dpi, repeated measures two-way 
ANOVA, Figure 1b, Table S3). The normal weight of both Salmonella 
and E. coli LPS-treated groups was observed from 14 dpi to 63 dpi 
(data not shown).

3.2  |  Proinflammatory cytokine increases 
in the brain

The levels of several proinflammatory cytokines in the brain 
were found to be elevated at 7 dpi and 63 dpi. Cytokine meas-
urements using ELISA found that both LPS serotypes resulted in 
higher CXCL1  levels in the brain only at 7 dpi (7 dpi — Salmonella 
LPS: 40.69 ± 4.80 pg mg−1, E. coli LPS: 59.26 ± 3.76 pg mg−1, Veh: 
26.91  ±  1.99  pg mg−1; Salmonella LPS vs. Veh: p  =  0.028, E. coli 
LPS vs. Veh: p < 0.0001, E. coli LPS vs. Salmonella LPS: p = 0.004, 
two-way ANOVA, Figure 1c). The ELISA analysis also revealed 
the selective increase of IL-6 in the E. coli LPS group at 7 dpi and 
63 dpi (7 dpi—Salmonella LPS: 126.83  ±  4.46  pg  mg−1, E. coli LPS: 
148.45 ± 5.30 pg mg−1, Veh: 126.34 ± 5.52 pg mg−1; E. coli LPS vs. Veh: 
p = 0.019, E. coli LPS vs. Salmonella LPS: p = 0.023; 63 dpi — Salmonella 
LPS: 135.10 ± 5.52 pg mg−1, E. coli LPS: 158.84 ± 3.52 pg mg−1, Veh: 
129.15 ± 8.65 pg mg−1; E. coli LPS vs. Veh: p = 0.007, E. coli LPS vs. 
Salmonella LPS: p = 0.024, two-way ANOVA, Figure 1d). Other meas-
ured cytokines were either undetectable (IL-2, IL-10, IL-12p70 and 
TNF-α), detectable only close to the detection limit of this assay (IL-1β, 
IL-4 and IFN-γ), or detected at normal levels (IL-5) (data not shown). 
These data indicate that chronic low-grade neuroinflammation was 
still present at 7 dpi, and that some of the cytokines (e.g. IL-6) even 
remained elevated at 63 dpi in an LPS serotype-dependent manner.

In order to compare and contrast inflammatory responses in 
young and older animals, we additionally injected Salmonella LPS 
into 2- to 3-month-old mice on two consecutive days and measured 
the cytokine levels in the brain at 1, 3, 7 and 60 dpi. This analysis 
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demonstrated that IFN-γ, IL-1β, IL-10 and TNF-α levels elevated all 
at 1 dpi but rapidly normalised at 3 dpi in young animals (IFN-γ, IL-
1β, IL-10 and TNF-α—LPS at 1 dpi vs. Veh: p < 0.0001; IFN-γ — LPS 
at 1 dpi vs. LPS at 3 dpi: p = 0.003; IL-1β—LPS at 1 dpi vs. LPS at 
3 dpi: p = 0.0007; IL-10 and TNF-α—LPS at 1 dpi vs. LPS at 3 dpi: 
p  <  0.0001, one-way ANOVA, Figure 1e–h, Table S4). Together, 
these datasets confirmed that our injection paradigm induced strong 
neuroinflammation at 1 dpi, but the inflammatory responses (as ex-
amined by the cytokine levels in the brain) quickly resolved by 7 dpi 
in young animals, while old animals showed increased levels of se-
lected cytokines (for example, CXCL1 and IL-6) for up to 2 months in 
middle-aged animals.

3.3  |  Histological evidence for acute microglial 
activation in the hippocampus

Microglial morphology was examined by skeleton analysis to deter-
mine the level of microglial activation at single-cell level in old mice. 
To this end, super-resolution imaging of Iba1-stained brain sections 

was performed in a way that the whole structure of the microglial 
cell was visualised. All the morphological parameters (that is, total 
lengths of microglial processes, total number of processes, junctions 
and process endpoints) were found to be reduced in the hippocam-
pal region CA1 at 7 dpi (Total branch length—Salmonella LPS vs. 
Veh: p = 0.012, E. coli LPS vs. Veh: p = 0.008; Total branch number—
Salmonella LPS vs. Veh: p  =  0.015, E. coli LPS vs. Veh: p  =  0.003; 
Total junction number—Salmonella LPS vs. Veh: p  =  0.044, E. coli 
LPS vs. Veh: p  =  0.002; Total process endpoints—Salmonella LPS 
vs. Veh: p < 0.0001, E. coli LPS vs. Veh: p = 0.001, Kruskal–Wallis 
test, Figure 2a–e, i, Table S5). Similarly, microglia in the CA3 subfield 
showed less ramified morphology at 7 dpi of the E. coli LPS group, 
but not the Salmonella LPS group (total branch length—E. coli LPS vs. 
Veh: p = 0.027; total branch number—E. coli LPS vs. Veh: p = 0.004; 
total junction number—E. coli LPS vs. Veh: p  =  0.005, total pro-
cess endpoints—E. coli LPS vs. Veh: p = 0.029, Kruskal–Wallis test, 
Figure 2a, b, f–h, j, Table S5). We also observed normal microglial 
morphology in the CA1 and CA3 at 63 dpi (Figure 2a–j, Table S5), 
reflecting that the morphology returned to the homeostatic levels 
between 7 dpi and 63 dpi.

F I G U R E  1  Mortality, weight loss and cytokine changes in response to systemic inflammation. (a) Increased mortality rate following the 
LPS injection into 14–16 months mice until 7 dpi (vehicle (black), n = 16 mice; Salmonella LPS (red), n = 18 mice; E. coli LPS (blue), n = 14 mice, 
log-rank (Mantel–Cox) test, comparison of Salmonella (red) or E. coli LPS groups (blue) with the vehicle: *p < 0.05). (b) Body weight loss after 
the LPS injections (n = 10 mice/treatment, repeated measures two-way ANOVA with a Tukey post hoc test, comparison of Salmonella (red) 
or E. coli LPS groups (blue) with the vehicle at the individual time points: *p < 0.05, ***p < 0.001, ****p < 0.0001). (c, d) ELISA measurement 
of proinflammatory cytokines in the brain at 7 dpi and 63 dpi. (c) Higher CXCL1 levels were detected after both Salmonella and E. coli LPS 
injections at 7 dpi. (d) The IL-6 levels were elevated only after E. coli LPS injection at 7 dpi and 63 dpi (n = 4–6 mice/treatment, two-way 
ANOVA with a Tukey post hoc test, *p < 0.05, **p < 0.01, ****p < 0.0001). (e–h) ELISA measurement of proinflammatory cytokines in the 
brain following Salmonella LPS injection into 2 months old mice. Robust increase in (e) IFN-γ, (f) IL-1β, (g) IL-10 and (h) TNF-α levels was seen 
at 1 dpi. Subsequently, all these changes were normalised at 3 dpi, and no delayed increase was observed at up to 60 dpi [vehicle, n = 14–
21 mice; LPS (1 dpi), n = 6 mice; LPS (3 dpi), n = 4–7 mice; LPS (7 dpi), n = 3–6 mice; LPS (60 dpi), n = 8–11 mice, one-way ANOVA with a 
Tukey post hoc test, **p < 0.01, ***p < 0.001, ****p < 0.0001]. In panels b–h, data were expressed as mean ± SEM. Abbreviations: CXCL1, 
chemokine (C-X-C motif) ligand 1; dpi, days post-second injection; IFN, interferon; IL, interleukin; TNF, tumour necrosis factor

(a) (b) (c) (d)

(h)(g)(f)(e)
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(a) (b)

(c) (e)(d)

(f) (h)(g)

(i) (k)(j)
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On the other hand, microglia density was analysed using the con-
focal images of Iba1 staining. This quantification found little changes 
in the CA1 and CA3 at 7 dpi and 63 dpi (Figure 2e). These results 
indicated that our injection paradigm led to a resolvable microglial 
activation at 7 dpi without changing the microglia density in general.

3.4  |  Intact neuron and myelin density in the 
hippocampus after systemic inflammation

Although conflicting evidence has been presented, several inde-
pendent studies found that LPS injection could result in neuronal 
loss in the hippocampus and consequent spatial learning deficits 
(Lee et al., 2008; Li et al., 2020; Valero et al., 2014; Zhang et al., 
2017). Our stereological analysis of neuron density suggested that 
neither of the LPS serotypes decreased pyramidal cell density in the 
CA1 and CA3 at 7 dpi and 63 dpi (Figure S1a, e). We also investigated 
whether the LPS-induced systemic inflammation might cause selec-
tive interneuron death as recently observed in the hippocampus and 
subiculum (Crapser et al., 2020; Ji et al., 2015). However, in our ex-
perimental paradigm, the PV-positive interneuron density remained 
unchanged in the CA1 and CA3 at 7 dpi and 63 dpi (Figure S1b, f). 
Consistently, TUNEL staining indicated that apoptotic nuclei were 
rare, and there was no detectable increase in TUNEL staining in the 
CA1 at 7 dpi (Figure S1d).

Previous studies also indicated that intraperitoneal and intraspi-
nal LPS injection could exacerbate or induce demyelination, albeit 
in the spinal cord (Felts et al., 2005; Vallières et al., 2006). However, 
quantification of the MOG-positive area did not show evidence for 
demyelination in the CA1 and CA3 at 7 dpi and 63 dpi (Figure S1c, g). 
This suggested that the CA1 and CA3 myelin remained intact in this 
model of systemic inflammation.

3.5  |  Delayed reduction of excitatory 
CA3 synapses after peripheral inflammation

Synaptic puncta, proteins enriched at synapses, were fluores-
cently stained and imaged by a super-resolution microscope with 
an Airyscan detector, which could sufficiently resolve these el-
lipsoid signals with a diameter of 300–600  nm (Broadhead et al., 
2016; Huff, 2015). We found that the excitatory synaptic puncta 
(VGLUT2 and PSD95) were normal in the CA1, dentate gyrus (DG) 
and CA3 at 7 dpi (Figure 3a, c–e). In contrast, the excitatory synapses 
were locally reduced in CA3 at 63 dpi with those in the CA1 and 

DG remaining intact (CA3: VGLUT2—Salmonella LPS: 48.53 ± 2.67 
puncta/100  μm2, E. coli LPS: 41.81  ±  1.35 puncta/100  μm2, Veh: 
75.14 ± 0.75 puncta/100 μm2; Salmonella LPS vs. Veh: p < 0.0001, E. 
coli LPS vs. Veh: p < 0.0001; PSD95—Salmonella LPS: 25.13 ± 0.27 
puncta/100  μm2, E. coli LPS: 21.40  ±  0.68 puncta/100  μm2, Veh: 
35.91 ± 1.40 puncta/100 μm2; Salmonella LPS vs. Veh: p < 0.0001, E. 
coli LPS vs. Veh: p < 0.0001, Salmonella LPS vs. E. coli LPS: p = 0.044; 
colocalisation—Salmonella LPS: 2.44 ± 0.17 puncta/100 μm2, E. coli 
LPS: 1.96 ± 0.11 puncta/100 μm2, Veh: 4.82 ± 0.35 puncta/100 μm2; 
Salmonella LPS vs. Veh: p < 0.0001, E. coli LPS vs. Veh: p < 0.0001, 
two-way ANOVA, Figure 3b–e). Quantification of the inhibitory 
synaptic structures (VGAT and gephyrin) found no changes at 7 dpi 
and 63 dpi, indicating that the observed changes might be specific 
to excitatory synapses (Figure S2). Moreover, immunoblot analysis 
of synaptosomes from the hemibrains showed that there was no 
global loss of excitatory and inhibitory synaptic proteins at 7 dpi 
and 63 dpi. We only found one significant difference of PSD95 lev-
els between Salmonella LPS and E. coli LPS at 7 dpi (Salmonella LPS: 
111.14  ±  6.88%, E. coli LPS: 90.29  ±  3.67%, Veh: 100  ±  2.99%; 
Salmonella LPS vs. E. coli LPS: p = 0.012, two-way ANOVA, Figure 
S3). It seems likely that the change in CA3 at 63 dpi was too focal to 
detect corresponding changes at the synaptosome level prepared 
from whole hemispheres. Altogether, a region-specific decrease of 
excitatory synaptic puncta was found after the LPS injection as a 
delayed effect of systemic inflammation in middle-aged animals.

3.6  |  Reduction of total and synaptic C3 puncta but 
temporal up-regulation of CD11b

To elucidate how excitatory synaptic puncta density was reduced 
by almost half in the CA3, synaptic tagging of a complement factor 
and the changes in the CR3 expression in microglia were assessed. 
Quantification of the total C3 puncta density in the CA1, CA3 and 
DG revealed that it was normal in all brain regions at 7 dpi but sig-
nificantly lowered only in the CA3 at 63 dpi (63 dpi: Salmonella 
LPS: 17.63  ±  1.15 puncta/100  μm2, E. coli LPS: 15.81  ±  0.46 
puncta/100 μm2, Veh: 29.29 ± 2.60 puncta/100 μm2; Salmonella LPS 
vs. Veh: p < 0.0001, E. coli LPS vs. Veh: p < 0.0001, two-way ANOVA, 
Figure 4a, b, e). Similarly, analysis of C3 colocalisation with either 
VGLUT2 or PSD95 puncta showed a reduction in the CA3 at 63 dpi, 
but not at 7 dpi (63 dpi: C3/VGLUT2—Salmonella LPS: 3.84 ± 0.30 
puncta/100  μm2, E. coli LPS: 3.20  ±  0.14 puncta/100  μm2, Veh: 
6.67 ± 0.57 puncta/100 μm2; Salmonella LPS vs. Veh: p < 0.0001, E. 
coli LPS vs. Veh: p < 0.0001; C3/PSD95—Salmonella LPS: 0.89 ± 0.05 

F I G U R E  2  Morphological analysis and density of microglia in the hippocampus. (a, b) Less ramified morphology of microglia in the CA1 
and CA3 hippocampal subfields at 7 dpi and a subsequent normalisation by 63 dpi. Scale bar = 20 μm. (c–j) Skeleton analysis of microglia at 
7 dpi and 63 dpi in (c–e, i) CA1 and (f–h, j) CA3 subfields. Less ramified morphology of microglia was suggested at 7 dpi by quantifying the 
total length of branches (c, f), as well as the total number of (d, g) process branches, (e, h) junctions and (i, j) endpoints. These changes in the 
parameters were normalised by 63 dpi. All the violin plots described the median and interquartile range. A Kruskal–Wallis test with a Dunn's 
post hoc test was performed for this analysis (n = 24–36 cells from 3–4 mice, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (K) Normal 
microglia density in the CA1 and CA3 at 7 dpi and 63 dpi (n = 4–5 mice/treatment, two-way ANOVA with a Tukey post hoc test). Data were 
mean ± SEM. Abbreviation: dpi, days post-second injection
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puncta/100  μm2, E. coli LPS: 0.76  ±  0.04 puncta/100  μm2, Veh: 
1.91 ± 0.20 puncta/100 μm2; Salmonella LPS vs. Veh: p < 0.0001, 
E. coli LPS vs. Veh: p < 0.0001, two-way ANOVA, Figure 4f, g). We 
then explored the proportion of the C3-tagged excitatory synapses 
to the total excitatory synapses and found that C3-coated VGLUT2 
and PSD95 puncta decreased only in CA3 at 63 dpi (63 dpi: C3-
coated VGLUT2/total VGLUT2—Salmonella LPS: 7.91 ± 0.53%, E. coli 
LPS: 7.47 ± 0.07%, Veh: 9.16 ± 0.32%; E. coli LPS vs. Veh: p = 0.010; 
C3-coated PSD95/total PSD95—Salmonella LPS: 3.51  ±  0.18%, 
E. coli LPS: 3.44  ±  0.15%, Veh: 5.13  ±  0.38%; Salmonella LPS vs. 
Veh: p = 0.0007, E. coli LPS vs. Veh: p = 0.0004, two-way ANOVA, 
Figure 4h, i). These findings underscored that the number of C3-
coated synapses dropped in CA3 while excitatory synaptic puncta 
were decreasing in the same region between 7 dpi and 63 dpi.

Meanwhile, microglial expression levels of CR3 subunit, CD11b, 
were inferred by fluorescent intensity. This analysis highlighted 
that the CD11b signal intensity significantly increased in CA1 and 
CA3 at 7 dpi (CA1—Salmonella LPS: 127.67  ±  9.07%, E. coli LPS: 
146.28  ±  11.86%, Veh: 100  ±  1.38%; Salmonella LPS vs. Veh: 
p  =  0.030, E. coli LPS vs. Veh: p  =  0.0002; CA3—Salmonella LPS: 
129.97 ± 10.72%, E. coli LPS: 170.16 ± 3.99%, Veh: 100 ± 3.54%; 
Salmonella LPS vs. Veh: p = 0.029, E. coli LPS vs. Veh: p < 0.0001, 
Salmonella LPS vs. E. coli LPS: p = 0.003, two-way ANOVA, Figure 4c, 
j). By comparison, the fluorescence intensity returned to normal 

levels at 63 dpi (Figure 4d, j). We also observed an apparent age-
dependent increase in the CD11b signal intensity in the vehicle 
group [CA1—7 dpi: (300.08 ± 4.14) × 103 arbitrary unit (AU), 63 dpi: 
(409.92 ± 17.65) × 103 AU, 7 dpi vs. 63 dpi: p = 0.003; CA3—7 dpi: 
(330.48 ± 11.70) × 103 AU, 63 dpi: (477.17 ± 36.53) × 103 AU, 7 dpi 
vs. 63 dpi: p  =  0.001, two-way ANOVA, Figure 4c, d, Figure S4]. 
Taken together, the elevation of CD11b expression suggested that 
the complement pathway activation was sustained in microglia after 
the LPS injection for more than a week.

3.7  |  Lysosomal clustering and reduced synaptic 
pruning by microglia

Lastly, synaptic pruning by microglia was histologically examined 
at single-cell level by measuring the volume of CD68-positive lys-
osomes and the number of PSD95 puncta inside the lysosomes 
(Figure 5a). The analysis of microglial lysosomes showed that mean 
volume was higher in the CA1 and CA3 microglia at 7 dpi than in 
the control group (CA1—Salmonella LPS vs. Veh: p  =  0.003, E. 
coli  LPS vs. Veh: p < 0.0001; CA3—E. coli  LPS vs. Veh: p = 0.032, 
Kruskal–Wallis test, Figure 5a, b, e, Table S6). At 63 dpi, we observed 
normalisation or normalising trends of these changes, which sug-
gested that these effects on mean lysosome volume are reversible 

F I G U R E  3  Reduction of excitatory synapses in the CA3 after systemic LPS challenge. (a, b) Super-resolution microscopy images of 
the excitatory synaptic puncta (VGLUT2 in green and PSD95 in red) in the CA3 at (a) 7 dpi and (b) 63 dpi. Colocalisation of VGLUT2 and 
PSD95 puncta was marked by white circles in the three-dimensionally reconstructed images of two adjacent z-planes. Of note, the analysis 
of puncta colocalisation included the colocalisation across multiple adjacent z-planes. Scale bar = 2 μm. (c–e) Quantification of excitatory 
synaptic puncta and their colocalisation in the CA1, CA3 and DG at 7 dpi and 63 dpi. Reduced number of synapses was only found in the 
CA3 at 63 dpi of both serotypes of LPS (n = 3–4 mice/treatment, two-way ANOVA with a Tukey post hoc test, *p < 0.05, ****p < 0.0001). 
Data were expressed as mean ± SEM. Abbreviations: dpi, days post-second injection; DG, dentate gyrus; PSD95, post-synaptic protein 
density 95; VGLUT2, vesicular glutamate transporter 2
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(CA1—Salmonella LPS vs. Veh: p = 0.017, E. coli LPS at 7 dpi vs. E. coli 
at 63 dpi: p = 0.001; CA3—E. coli LPS at 7 dpi vs. E. coli at 63 dpi: 
p = 0.013, Kruskal–Wallis test, Figure 5a, b, e, Table S6). In contrast, 
since the total lysosome volume remained unchanged at 7 dpi and 

63 dpi (Figure 5c, f, Table S6), this increase in mean volume at 7 dpi 
might be a consequence of lysosome clustering. This agreed with 
earlier data related to serotype-dependent levels of neuroinflam-
mation because the E. coli LPS group again displayed more evident 

F I G U R E  4  Reduction of C3 puncta and C3-coated excitatory synapses at CA3. (a, b) Super-resolution images of complement factor 
C3 (white), VGLUT2 (green) and PSD95 puncta (red) in the CA3 subfield at (a) 7 dpi and (b) 63 dpi. The C3 puncta colocalised with either 
VGLUT2 puncta (green circles) or PSD95 puncta (red circles) were denoted in the three-dimensionally reconstructed images of two adjacent 
z-planes. Scale bar = 2 μm. (c, d) Confocal images that compare the fluorescence intensity of complement receptor 3 (CD11b) in CA3 at (c) 
7 dpi and (d) 63 dpi. The CD11b immunoreactivity was markedly enhanced at 7 dpi. Red signals signified the higher fluorescence intensity, 
while blue the lower signals. Scale bar = 50 μm. (e–g) Quantification of total and synaptic C3 puncta in the CA1, CA3 and DG at 7 dpi and 63 
dpi. Decline of total and synaptic C3 puncta, colocalised with either VGLUT2 or PSD95, was evident in the CA3 at 63 dpi following systemic 
inflammation. (h, i) Proportions of C3-coated VGLUT2 or PSD95 puncta to the total excitatory synapses in the CA1, CA3 and DG at 7 dpi 
and 63 dpi. The ratio of C3-colocalised VGLUT2 and PSD95 puncta decreased only in CA3 at 63 dpi of LPS. (j) Quantification of the CD11b 
fluorescence intensity (corrected total cell fluorescence (CTCF)) in CA1 and CA3 at 7 dpi and 63 dpi. Both of the bacterial strains of LPS 
increased the fluorescence intensity in CA1 and CA3 at 7 dpi. In panels e–j, a two-way ANOVA with a Tukey post hoc test was performed 
(n = 3–4 mice/treatment, *p < 0.05. **p < 0.01, ***p < 0.001, ****p < 0.0001). Data were expressed as mean ± SEM. Abbreviations: dpi, days 
post-second injection; DG, dentate gyrus; PSD95, post-synaptic protein density 95; VGLUT2, vesicular glutamate transporter 2
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increases in mean lysosome volume at 7 dpi. Contrary to reduced 
synaptic puncta density in CA3, our analysis of synaptic pruning 
did not indicate an increase. The PSD95 puncta density inside mi-
croglial lysosomes was indistinguishable in CA3 (Figure 5a, g, Table 
S6) but reduced in CA1 at 7 dpi (Salmonella LPS vs. Veh: p = 0.0005, 

Kruskal–Wallis test, Figure 5a, d, Table S6) and 63 dpi (Salmonella LPS 
vs. Veh: p = 0.010, E. coli LPS vs. Veh: p = 0.017, Kruskal–Wallis test, 
Figure 5a, d, Table S6). These data could indicate that microglia may 
not have played a role in the reduction of excitatory synaptic puncta 
by synaptic pruning. However, it remains possible that microglia 

F I G U R E  5  Acute lysosomal clustering and normal synaptic pruning by microglia at CA3. (a) The three-dimensional representation of the 
isolated CA3 microglia (red), CD68-positive lysosomes (blue) and PSD95 puncta inside lysosomes (green) from the super-resolution image 
stacks. Scale bar = 3 μm. (b, e) Increased mean CD68-positive lysosome volume in (b) CA1 and (e) CA3 microglia at 7 dpi. No such increase 
was found at 63 dpi except Salmonella LPS in CA1 (n = 24–36 cells from 3 to 4 mice). (c, f) Normal total CD68-positive lysosome volume in (c) 
CA1 and (f) CA3 microglia at 7 dpi and 63 dpi (n = 24–36 cells from 3 to 4 mice). (d, g) Normal or lowered density of engulfed PSD95 puncta 
inside microglial lysosomes in (d) CA1 and (g) CA3 microglia at 7 dpi and 63 dpi (n = 24–36 cells from 3 to 4 mice). In panels b–g, a Kruskal–
Wallis test with a Dunn's post hoc test was performed (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). All the violin plots showed 
median and interquartile range. Abbreviations: dpi, days post-second injection; PSD95, post-synaptic protein density 95
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contributed to a chronic loss of synapses between 7 dpi and 63 dpi, 
which was not sufficiently pronounced to be detectable as synaptic 
components within lysosomes.

4  |  DISCUSSION

4.1  |  Main results

In essence, the present study provided clear evidence that neuro-
inflammation persisted for more than seven days in middle-aged 
mice after systemic inflammation. Considering the mild increase of 
only two out of ten cytokines that we analysed and morphological 
changes of microglia observed, it seems likely that inflammation 
peaked prior to and was resolving at 7 dpi in old mice. Indeed, en-
dotoxin challenge in young mice robustly increased brain cytokine 
levels at 1 dpi, which subsequently normalised by 3 dpi. We also 
demonstrated that the systemic inflammation did not cause changes 
in hippocampal pyramidal cells, inhibitory neurons, myelin and global 
synaptic protein levels. Nonetheless, the selective decline of excita-
tory synaptic puncta was found in CA3 of middle-aged mice at two 
months after the injection. Interestingly, excitatory synaptic puncta 
density was found to be normal at 7 dpi, and the inhibitory synapses 
also remained intact at 7 dpi and 63 dpi in old mice. We witnessed the 
persistent up-regulation of CD11b at 7 dpi without effects on total 
C3 levels in the hippocampus, suggesting a prolonged activation of 
the complement pathway in microglia. Together with our finding that 
synaptic C3 puncta were reduced in CA3 at 63 dpi, this implies that a 
greater extent of synaptic pruning may have taken place between 7 
dpi and 63 dpi in a complement pathway-dependent manner.

4.2  |  Neuroinflammatory responses to endotoxin 
with different LPS serotypes and ages

Different serotypes of LPS are characterised by highly varied mo-
lecular compositions at O-antigen (Lerouge & Vanderleyden, 2002) 
and can activate different signalling pathways in vitro and in vivo 
(Kayagaki et al., 2013; Netea et al., 2001). Our study uncovered that 
some of the neuroinflammatory responses were associated with LPS 
serotypes. For instance, E. coli LPS injection led to more pronounced 
changes in brain cytokine levels, microglial morphology, CD11b ex-
pression and mean lysosome volumes at 7 dpi. The persistently high 
IL-6 levels in the brain were only detected in the E. coli LPS group at 
7 dpi and 63 dpi. All these results underscored that E. coli LPS injec-
tion could elicit a more persistent neuroinflammation in the brains of 
older animals than Salmonella LPS injection.

Our study pointed to a prolonged low-grade neuroinflammation 
in middle-aged mice compared with younger mice for up to two 
months after the endotoxin challenge. Ageing is known to prime 
microglia and causes the imbalance between proinflammatory and 
anti-inflammatory regulations of innate immunity (Franceschi et al., 
2007). With this dysregulation, systemic inflammation in aged mice 

should produce a heightened neuroinflammation compared with 
that in young mice, especially during the immediate phase of inflam-
mation. To illustrate, LPS injection resulted in more marked gene 
expression changes in the aged hippocampus at 24 h post-injection 
than young hippocampus (for example, genes associated with 
the complement pathway and the NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3) inflammasome pathway) (O’Neil et al., 
2018). Similarly, higher IL-1β, TNF-α and IL-6 protein levels were de-
tected in the aged brains than in juvenile brains at 4 h post-injection 
of LPS (Keane et al., 2021). However, comparable increases of IL-1β 
and TNF-α levels at 2 dpi of LPS, followed by normalisation at 10 
dpi, were documented in the middle-aged and young mouse brains 
(Tejera et al., 2019). Furthermore, the altered immune responses 
can be complicated by innate immune memory effects. LPS injec-
tions on two consecutive days can induce immune training in young 
mice, whilst those on four consecutive days the immune tolerance 
(Wendeln et al., 2018). When microglia have already been primed by 
ageing, it remains unclear whether the single injection of LPS is suffi-
cient to generate immune training and whether the injections on two 
consecutive days may result in immune tolerance. Future work will 
be needed to examine the potential interactions of age with innate 
immune memory formation.

Accumulating evidence suggests that aged microglia are more re-
sponsive to IL-6 signalling because of the age-related up-regulation 
of IL-6 receptor in microglia (Burton et al., 2013). Endotoxin chal-
lenge can initially induce greater IL-6 production in the aged brain 
(Godbout et al., 2005). In this sense, our observation of the per-
sistent IL-6  levels in the brain of the E. coli LPS groups is interest-
ing and will require further investigations of whether this might be 
serotype- and age-associated responses. Of note, IL-6  levels were 
reported to be higher for up to one year in the plasma of human sep-
sis survivors than healthy controls (Yende et al., 2019). Although the 
clinical evidence for a similar increase in the cerebrospinal fluid (CSF) 
is lacking, there is a possibility that the E. coli LPS challenge into aged 
mice may serve as a better animal model of the chronically altered 
inflammatory signatures caused by sepsis (namely, persistent in-
flammation, immunosuppression and catabolism syndrome) (Gentile 
et al., 2012).

4.3  |  Ageing as a potential predisposing factor for 
CA3 synapse loss

Overall, it remains elusive whether the local changes in CA3  syn-
apses can influence cognitive function and how the loss of excita-
tory CA3 synapses is mediated between 7 dpi and 63 dpi. Owing 
to the timing and specificity of the synaptic changes, direct cy-
tokine toxicity was unlikely to be involved. Furthermore, unaltered 
microglial density and reduced synaptic pruning at the single-cell 
level provide evidence against a net increase in the synaptic prun-
ing in the CA3 region. Similar paradigms of systemic inflammation 
using young mice showed that spatial memory was impaired at 28 
dpi but not at 7 dpi (Ormerod et al., 2013). Likewise, slower spatial 
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learning was observed at three months after a low dose of LPS in-
jection in middle-aged mice (Beyer et al., 2020). However, whether 
the reduced CA3-specific excitatory synapses and the consequent 
imbalance of synaptic transmission cause impairments of spatial 
learning and memory needs to be determined. Additionally, it has 
been proposed that inflammation contributes to the deterioration 
of hippocampus-dependent cognitive functions in aged rodents and 
humans (Simen et al., 2011). Consistently, when age-related cogni-
tive dysfunction became apparent at 14 months of age, a reduced 
number of neurons and synapses was found in CA3 (Adams et al., 
2010; Shi et al., 2015; Shoji et al., 2016). Based on these studies 
and the persistent inflammation in the present study, we postulate 
that while ageing may act as a predisposing or “priming” factor, the 
induction of systemic inflammation may have accelerated or aggra-
vated the changes in CA3 synapses driven by ageing. Several lines of 
evidence have shown correlations between elevated levels of IL-6 in 
the plasma or CSF with delirious symptoms in humans (van Munster 
et al., 2008; Yu et al., 2014). It is tempting to speculate that behav-
ioural alterations of the E. coli LPS group might be more severe than 
those of the Salmonella LPS group.

Further, recent large-scale epidemiological studies have shown 
that both infection and sepsis can increase the risk of dementia 
among elderly individuals for two years (Fritze et al., 2021) or more 
than nine years post-infection (Muzambi et al., 2021). Considering 
that hippocampal synapse loss is strongly correlated with cognitive 
impairments in aged humans (Robinson et al., 2014; Terry et al., 
1991), synaptic alterations are highly likely in those who survived 
sepsis, but to our knowledge, remain unexplored in this field. Thus, 
our preclinical finding of delayed synapse loss in mice after LPS in-
jection provides important evidence that hippocampal synapses can 
be chronically affected after the systemic inflammation resulting 
from non-neuroinvasive pathogens.

4.4  |  Possible mechanisms for the 
CA3 synapse loss

We initially hypothesised that LPS injections might lead to more 
synaptic tagging with C3 in the wake of increased C3 production 
and the subsequent elimination of these complement-tagged syn-
apses by microglia. Unexpectedly, our data did not support this 
hypothesis because we detected normal synaptic C3  levels at 7 
dpi and found no enhancement of synaptic pruning by microglia at 
7 dpi and 63 dpi. Together with previous findings of C3 increase 
in the brain within 24 h post-injection of LPS (Bodea et al., 2014; 
Jacob et al., 2007), our data indicated that the newly generated 
C3 proteins may have failed to coat synapses or quickly been 
degraded to normal levels by 7 dpi. Our histological analysis of 
CD11b presented the robust increase in CR3 in CA1 and CA3 at 
7 dpi with similar levels at 63 dpi, suggesting an increased pro-
pensity for complement pathway activation in microglia for more 
than a week. As a chronic effect, we witnessed a local reduction 
of synaptic C3 puncta and excitatory synapses in CA3 at 63 dpi. 

Altogether, it remains possible that microglia removed the C3-
coated synapses in CA3 between 7 dpi and 63 dpi as a result of 
the sustained activation of microglial complement receptor or a 
delayed elevation of C3 puncta. Since we found normal levels of 
synaptic pruning in CA3 at 63 dpi, we speculated that the increase 
in the synaptic pruning between 7 dpi and 63 dpi was not sus-
tained until 63 dpi.

Less is clear about the mechanism behind the CA3-specific synapse 
loss, but this may be related to the C5a anaphylatoxin receptor (C5aR), 
which lies downstream of the C3-dependent complement pathway 
(Veerhuis et al., 2011). This receptor is enriched in the CA3 synapses 
(Crane et al., 2009), and the elevated C5a levels are found in the plasma 
of patients with sepsis (Yan & Gao, 2012). Since C3 deficiency rescues 
age-related loss of synapses in CA3 (Shi et al., 2015), we propose this 
axis as an alternative hypothesis to synaptic pruning.

Additionally, both systemic inflammation and ageing can activate 
the NLRP3 inflammasome pathway in the brain (Tejera et al., 2019; 
Youm et al., 2013). Genetic and pharmacological inhibitions of the 
NLRP3 inflammasome prevented LPS- or ageing-related changes 
in microglial morphology, long-term potentiation (LTP) and den-
dritic spine density in the hippocampus (Beyer et al., 2020; Tejera 
et al., 2019). Aged NLRP3-deficient mice also exhibited significantly 
lower levels of complement factors in the brain (Youm et al., 2013). 
Collectively, these datasets reflected that inhibiting this pathway 
may help to prevent the reduction of CA3 excitatory synapses by 
moderating complement pathway activation.

It is also important to note the roles of activated astrocytes for 
synapse loss. Astrocytes outnumber microglia by more than three-
fold in each subfield of the hippocampus (Jinno et al., 2007; Ogata 
& Kosaka, 2002) and shape a “tripartite” synapse to functionally in-
tegrate with the synaptic transmission (Sofroniew & Vinters, 2010). 
Emerging evidence suggests that they engulf more excitatory syn-
aptic puncta than inhibitory synaptic puncta following exposure to 
an enriched environment (Lee et al., 2021). Hence, it is plausible that 
astrocytic synaptic pruning may have been enhanced and led to the 
decreased excitatory synaptic puncta in the CA3.

4.5  |  Possibilities of the immediate or later synapse 
loss after LPS injections

Several studies found synapse loss at earlier points than 7 dpi. For 
instance, endotoxin challenge led to a significant reduction of glu-
taminergic receptor proteins in the hippocampus at 3 dpi, followed 
by normalisation by 7 dpi (Zhang et al., 2017). Similarly, the loss of 
inhibitory synaptic proteins in the hippocampus was documented at 
3 dpi (Li et al., 2020). This mirrors the cytokine responses to the 
endotoxin injections, as we detected the immediate rise of several 
cytokines (including IL-1β, IL-10, IFN-γ and TNF-α) in young mice at 
1 dpi. Given that proinflammatory cytokines such as IL-1β can im-
pair the induction of LTP (Vereker et al., 2000), the initial resolv-
able effects on synapses are likely mediated by the direct actions 
of cytokines on synapses, reflecting the acute and temporary 

 14714159, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jnc.15491 by C

ochrane L
uxem

bourg, W
iley O

nline L
ibrary on [21/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    |  539MANABE et al.

presentation of delirium in patients with sepsis (Girard et al., 2018; 
Inouye et al., 2015).

In addition, despite normal excitatory synapse densities in CA1 
at 63 dpi, it seems possible that CA1 synapse loss might occur at 
later points in time. As a result of the selective decline of the ex-
citatory synapses in CA3, the inhibitory tone of the Schaffer col-
laterals is likely to increase, thereby reducing neuronal activity in 
the apical dendrites of the CA1 subfield. Notably, neuronal activity 
is coupled with microglia-synapse interactions. Previous studies 
uncovered that the diminished neuronal activity induces morpho-
logical alterations of microglia and decreases the contact-induced 
dendritic spine formations owing to the attenuated microglial mo-
tility (Miyamoto et al., 2016; Tremblay et al., 2010). We speculate 
that a similar phenomenon may be induced in CA1 over time, for 
our data of the reduced synaptic pruning in CA1 at 63 dpi agree 
with the diminished microglial contacts at dendritic spines fol-
lowing the abrogation of neuronal activity (Tremblay et al., 2010). 
Injection of both Salmonella and E. coli LPS into 16-month-old mice 
resulted in less ramified morphology of CA1 microglia and fewer 
dendritic spines in the CA1 apical dendrites at three months post-
injection (Beyer et al., 2020). On this ground, it is possible that our 
analysis at 63 dpi was too early to detect the delayed reduction of 
CA1 synapses.

Considering that synaptic effects of systemic inflammation may be 
dynamic over months, it will be of great importance to perform in vivo 
imaging of synaptic pruning using multi-photon microscopes in the 
future, as demonstrated by Weinhard et al., (2018) using organotypic 
slice cultures. Alternatively, overall synaptic abundance can be visu-
alised by positron emission tomography imaging of radioactively la-
belled synaptic vesicle glycoprotein 2A in mice (Bertoglio et al., 2020). 
This non-invasive method will offer a better temporal understanding 
of how systemic inflammation can damage the CNS at the synaptic 
level in aged mice.

Taken together, we showed that peripheral injections of different 
LPS serotypes produced varying levels of neuroinflammation at 7 dpi 
and 63 dpi. Our stereological analysis and western blotting analysis 
of synaptosomes uncovered that neurons and synapses were gener-
ally unaffected at 7 dpi and 63 dpi. However, we observed a region-
specific, delayed decline of excitatory synapses and C3 puncta in the 
CA3 at 63 dpi. This was paralleled by the up-regulation of microglial 
CD11b for more than a week after the LPS injection. Synaptic pruning 
by microglia was not enhanced at the two points that we examined but 
was likely involved in the CA3 synapse loss between these time points. 
Further analysis will be required to identify whether these synaptic 
changes may be sufficient for hippocampus-dependent memory defi-
cits and how the delayed synaptic reductions are induced over time.
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