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Enduring Changes in Neuronal Function upon Systemic
Inflammation Are NLRP3 Inflammasome Dependent
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Neuroinflammation can be caused by various insults to the brain and represents an important pathologic hallmark of neuro-
degenerative diseases including Alzheimer’s disease (AD). Infection-triggered acute systemic inflammation is able to induce
neuroinflammation and may negatively affect neuronal morphology, synaptic plasticity, and cognitive function. In contrast to
acute effects, persisting consequences for the brain on systemic immune stimulation remain largely unexplored. Here, we
report an age-dependent vulnerability of wild-type (WT) mice of either sex toward a systemic immune stimulation by
Salmonella typhimurium lipopolysaccharide (LPS). Decreased neuronal complexity three months after peripheral immune
stimulation is accompanied by impairment in long-term potentiation (LTP) and spatial learning. Aged APP/PS1 mice reveal
an increased sensitivity also to LPS of Escherichia coli, which had no effect in WT mice. We further report that these effects
are mediated by NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome activation, since the genetic
ablation and pharmacological inhibition using the NLRP3 inhibitor MCC950 rescue the morphological and electrophysiologi-

cal phenotype.
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ignificance Statement

turns out to be age dependent.

"

Acute peripheral immune stimulation has been shown to have both positive and negative effects on A3 deposition.
Improvements or worsening may be possible in acute inflammation. However, there is still no evidence of effects longer than
a month after stimulation. The data are pointing to an important role of the NOD-like receptor family, pyrin domain contain-
ing 3 (NLRP3) inflammasome for mediating the long-term consequences of systemic immune stimulation, which in addition
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Introduction

Neuroinflammation and activation of brain resident cells
involved in innate immunity are associated with injury, infection,
neurodegeneration or autoimmune disease. Here, infection of
the brain parenchyma as well as the periphery such as severe
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bacteremia and sepsis can trigger neuroinflammation. Sepsis and
septic shock as systemic inflammatory response to infection with
bacteria, viruses or fungi exhibit a high lethality and are among
the leading causes of death in intensive care units worldwide
(Bone, 1992; Angus et al., 2001). Severe acute infection causes
inflammation-induced encephalopathy and leads to impaired
attention (Pine et al., 1983; Sprung et al., 1990; Wilson and
Young, 2003).

Intraperitoneal administration of lipopolysaccharide (LPS)
from various bacterial sources is widely used to model infection
and sepsis in mice. Studies show that the application of this
endotoxic Gram-negative bacterial cell wall component is suffi-
cient to induce high production of IL-1 and TNFa (Michie et
al., 1988; Cannon et al., 1990). The acute consequences of such a
peripheral LPS challenge range from impairment in long-term
potentiation (LTP; Commins et al., 2001; Hennigan et al., 2007;
Di Filippo et al,, 2013; Strehl et al., 2014) to deficits in learning
and memory (Arai et al., 2001; Shaw et al., 2001; Sparkman et al.,
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2005). In LPS-stimulated mice, the level of blood or liver cyto-
kines increases only hours after administration, but also the cyto-
kine production in the brain parenchyma is elevated since
microglia, the resident macrophages and primary source of cyto-
kines in the brain, react to peripheral inflammatory signals
(Nguyen et al, 2002). Microglia are activated transiently by
inflammatory stimuli and return to their physiological state and
surveillance function once infection, injury or peripheral inflam-
mation has been overcome. This mechanism, however, might be
disturbed in the elderly as many markers of classical microglia
activation are upregulated in mice and also humans as conse-
quence of normal aging (Godbout et al., 2005; Letiembre et al.,
2007; Norden and Godbout, 2013).

Increasing evidence suggests a connection between inflamma-
tory conditions in the brain/body and Alzheimer’s disease (AD;
Holmes et al, 2009; Heneka et al, 2015). For example, A
aggregation and senile plaque formation was found to be
enhanced due to the production of nitric oxide as inflammatory
response and the APP/PS1 phenotype was rescued by depletion
of the NOD-like receptor family, pyrin domain containing 3
(NLRP3) inflammasome responsible for IL-13 and IL-18 matu-
ration (Kummer et al., 2011; Heneka et al., 2013). NLRP3 expres-
sion is activated in parallel to pro-IL-18 and pro-IL-18
expression usually by pathogen associated molecular patterns
like LPS but also by amyloid-3 aggregates (Halle et al., 2008;
Heneka et al., 2013). By now, the NLRP3 inflammasome has
been implicated in several systemic inflammatory diseases and in
various neurologic disorders (Latz, 2010; Heneka et al., 2018).

Several studies suggest worsening of A accumulation, tau
pathology and cognitive function in murine AD models on pe-
ripheral immune stimulation with LPS (Qiao et al., 2001; Sheng
et al., 2003; Lee et al., 2010; Valero et al., 2014), while others
report an enhanced Af clearance in response to proinflamma-
tory conditions (DiCarlo et al., 2001; Michaud et al, 2013).
Systemic inflammation, has clinically been shown, leads to per-
sisting neurocognitive changes (Semmler et al, 2013) and
increases the risk for the subsequent development of dementia
(Iwashyna et al., 2010; Holmes and Butchart, 2011).

In this study, we report a neurodegenerative phenotype in 19-
month-old wild-type (WT) mice three months after peripheral
immune challenge with LPS of Salmonella typhimurium. This
time point has been chosen to specifically address an infection
challenge of an aged population, as the mouse model starts to de-
posit AB by six months, with the strongest increase in A3 deposi-
tion over the following six months (Jankowsky et al., 2004b). This
phenotype is promoted by the NLRP3 inflammasome as the
NLRP3 knock-out (KO) model and WT mice treated with the
NLRP3 inflammasome inhibitor MCC950 (Coll et al., 2015) dis-
play normal neuronal morphology and function. Nineteen-
month-old APP/PS1 mice on the other hand are more susceptible
even to Escherichia coli LPS which had no effect in WT mice.

Materials and Methods

Animals

All animals used for this study were of either sex and housed under
standard conditions in a 12/12 h light/dark cycle at 22.0°C with food and
water available ad libitum. All experiments performed were authorized
by the animal welfare representative of the Technische Universitit
Braunschweig and the LAVES [Oldenburg, Germany, Az. §4 (02.05)
TSchB TU BS]. The AD mouse model used in this study was the B6C3-Tg
(APPswe K595N/M596L, PSEN1dE9) 85Dbo/Mmjax on C57BL/6] back-
ground provided by David Borchelt (McKnight Brain Institute, University
of Florida). NLRP3-deficient animals (Millennium Pharmaceuticals) were
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backcrossed to C57BL/6] mice to >99% C57BL/6, as confirmed by micro-
satellite analysis.

LPS administration

For the systemic immune stimulation with LPS, the body weight of the
young adult (four months) and aged (13-16 months) WT, APP/PS1, and
NLRP3 KO mice was monitored for one week before the experiment,
and the appropriate volume of LPS from E. coli (O127:B8, Sigma-
Aldrich L 3129), LPS from Salmonella enterica serogroup typhimurium
(Sigma-Aldrich L 6511), or 0.9% sodium chloride was calculated for
each mouse. On two consecutive days, 0.2 jg/g bodyweight LPS diluted
in 0.9% NaCl was given intraperitoneally. The same volume of 0.9%
NaCl was injected as control. Body weight loss and sickness behavior
were controlled for 14 d after immune stimulation.

To determine the effect of low dose LPS administration on cytokine
expression, 0.2 ug/g bodyweight LPS was injected in 13-month-old WT
mice. Blood serum levels and brain tissue were analyzed 6 h after LPS
stimulus.

Endotoxin quantitation

LPS from E. coli and S. typhimurium were tested for their endotoxin lev-
els with the limulus amebocyte lysate (LAL) assay (Pierce LAL
Chromogenic Endotoxin Quantitation kit) as indicated by the
manufacturer.

The Pierce LAL Chromogenic Endotoxin Quantitation kit (Thermo
Scientific) measures the levels of endotoxins in a protein sample using
the LAL test. The test is very sensitive and can detect levels starting with
0.01 ng endotoxin/ml. Applied protocol: (1) endotoxin standard stock
solution (1.00, 0.50, 0.25, 0.10 EU/ml) in endotoxin-free water; (2)
reconstitute LAL reagent in endotoxin-free water; (3) reconstitute the
chromogenic substrate in endotoxin-free water; (4) assay procedure: (1)
pre-equilibrate the microplate in a heating block for 10 min at 37°C; (2)
maintaining microplate at 37°C, carefully dispense 50 pl of each standard
and unknown sample; (3) at time T =0 add 50 ul of LAL reagent; begin
timing as the LAL is added; once LAL is added to each well, briefly
remove from heating block and gently tap several times; incubate at 37°
C for 10 min; (4) after T =10 min, add 100 pl of chromogenic substrate
solution (prewarmed at 37°C) to each well; once the substrate solution is
added to each well, briefly remove from heating block and gently tap sev-
eral times; incubate at 37°C for 6 min; (5) at T =16 min, add 100 pl of
stop reagent (25% acetic acid); (6) measure the absorbance at 405-410
nM on a plate reader.

Cytokine measurement of proinflammatory IL-6 and IL-18

ELISA was used for quantification of cytokines in blood serum and brain
homogenates. Blood was taken from the mouse and incubated for
20min at room temperature (RT). After a 15-min centrifugation at
2000 x g at RT, the blood plasma was collected. Brains were isolated
from the same animals.

The brains were homogenized in STKM buffer (250 mwm sucrose, 50
mM Tris-HCL, 25 mm KCl, and 5 mm MgCl,) using the GentleMACS
(Miltenyi Biotec) program Protein_01. After centrifugation at 4000 x g
for 5min at 4°C the supernatant was centrifuged again for 10 min at
13,000 x g at 4°C. Blood serum (1:5) and brain homogenates (1:2;
diluted in 1% BSA solution) were analyzed using the mouse IL-6 and
mouse IL-13 ELISA kit (R&D Systems).

In vivo NLRP3 inhibition

C57Bl/6] WT mice were immune stimulated via intraperitoneal injec-
tions of 0.2 ug/g LPS of S. typhimurium on two consecutive days. Three
months after immune stimulation the NLRP3 inhibitor MCC950 (10
ug/g bodyweight; Avistron Chemistry) was injected intraperitoneally 48
and 24 h before mice were killed. Each three control (0.9% NaCl) and
immune-stimulated mice was used for assessment of neuronal structure,
function, and microglia as well as astrocyte phenotypes.

DiOlistics and morphologic analysis
Hippocampal neurons from C57Bl/6] WT, APP/PS1, and NLRP3 KO
mice were labeled, three months after immune stimulation using the
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DiOlistic technique on fixed brain slices. Briefly, mice were killed by
CO, asphyxiation and transcardially perfused with 30 ml of 4% parafor-
maldehyde and 4% sucrose in 0.1 M phosphate buffer. The brains were
quickly dissected and incubated in the same fixative for another 30 min
at 4°C and cut in 400-pum-thick coronal sections with a vibratome (Leica
VT 1000 S). The lipophilic dye Dil (Invitrogen)-coupled tungsten par-
ticles (1.7 um in diameter; Bio-Rad) were delivered to the fixed brain sli-
ces using a hand-held gene gun (Bio-Rad; Helios Gene Gun System)
with a pressure of 120 psi. A membrane filter (3 pm; Millipore) was used
to prevent clusters of large particles from landing on the tissue. Brain sli-
ces were incubated in PBS for 24 h at RT and subsequently stained with
4’,6-diamidino-2-phenylindole (DAPI; AppliChem). The neurons were
imaged with an Axioplan 2 imaging microscope (Zeiss) equipped with
an ApoTome module (Zeiss). Neurons were imaged with a 20x objec-
tive (0.8 N.A., Zeiss) with a z-sectioning of 1 pm for assessment of den-
dritic morphology. Afterwards, mid-apical and basal dendrites were
imaged with a BX61WI FluoView 1000 (FV1000) Olympus confocal
microscope. Image stacks with z-step size of 0.5 um were acquired using
a 40x oil objective (1.3NA). Morphologic reconstruction and Sholl
analysis of the neurons and their processes were executed with the
Neurolucida software (MicroBrightField) and the Neuroexplorer soft-
ware (MicroBrightField). The density of dendritic spines was determined
by counting the number of spines on a defined stretch of dendrite in the
ImageJ program (National Institutes of Health). The data obtained were
compared between the immune stimulation and respective control con-
ditions using a two-tailed Student’s ¢ test. Asterisks indicate the signifi-
cance levels as follows: *p < 0.05, **p < 0.01.

Immunohistochemical analysis

To quantify the inflammatory response in the hippocampus after periph-
eral immune stimulation, mice were deeply anaesthetized with CO, and
quickly killed via decapitation. Hippocampi were dissected and fixed in
4% phosphate-buffered paraformaldehyde for 24 h. The fixed tissue was
dehydrated in 30% sucrose in 0.1 M phosphate buffer. Hippocampi were
frozen in Tissue-Tek O.C.T. compound (A. Hartenstein Laborversand)
on a freezing microtome and cut into 30-pum transversal slices. After
blocking with 1% bovine serum albumin, 0.2% Triton X-100, and 10%
goat serum in PBS, slices were incubated with the primary antibody
mouse anti-GFAP (glial fibrillary acidic protein, 1:1000, Sigma-Aldrich)
and rabbit anti-ionizing calcium-binding adapter molecule 1 (IBA-1;
1:1000, Synaptic Systems) diluted in 0.2% Triton X-100 and 10% goat se-
rum at 4°C overnight. The secondary antibodies goat anti-rabbit IgG Cy2
and goat anti-mouse IgG Cy3 (each 1:500, Jackson ImmunoResearch)
were diluted in PBS. Nuclei were stained with DAPI solution. GFAP and
IBA-1-positive cells were counted in a defined region of interest (ROI) in
the stratum radiatum of the CA1l area in overlay with the DAPI channel
on image stacks taken with an Axioplan 2 imaging microscope (Zeiss)
equipped with an ApoTome module (Zeiss) and 20x objective (0.8 N.A.,
Zeiss) with a z-sectioning of 1 um. The primary processes emerging from
the microglia soma were counted of three microglia per stack on at least
three different stacks per mouse using the Image] software (National
Institutes of Health). Data were calculated as mean and SEM and com-
pared with respective controls via two-tailed Student’s ¢ test.
Asterisks indicate the significance levels as follows: *p <0.05,
#p < 0.01, ***p < 0.001.

Electrophysiology

Acute hippocampal slices were prepared from 19-month-old C57Bl/6]
WT, APP/PS1, and NLRP3 KO mice three months after peripheral
immune stimulation or control treatment. Briefly, mice were deeply
anaesthetized by CO, asphyxiation and quickly killed by decapitation.
The brain was removed and rapidly put into 4°C cold carbogenated
(95% O,, 5% CO,) artificial CSF (ACSF; 124 mm NaCl, 4.9 mm KCI, 1.2
mM KH,PO,, 2.0 mm MgSOy,, 2.0 mm CaCl,, 24.6 mm NaHCOs3, and 10
muM D-glucose). Hippocampi were cut into 400-um-thick transversal sli-
ces with help of a manual tissue chopper. The slices were incubated on a
nylon net in an interface chamber (Scientific system design) and kept
under carbonated ACSF bathing at 0.7 ml/min and 32°C. After an incu-
bation time of 2 h, one stainless-steel recording electrode (5 M(); A-M
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Systems) and one monopolar lacquer-coated, stainless-steel stimulating
electrode (5 M{); A-M Systems) were placed in the stratum radiatum of
the CAl region to stimulate the Schaffer collateral pathway. First, the
input-output relationship was characterized. Therefore, field EPSPs
(fEPSPs) were recorded between 100- and 600-pA stimulus intensity in
intervals of 100 pLA. Presynaptic properties were analyzed via paired
pulse facilitation (PPF). Two stimuli were given at an increasing intersti-
mulus interval (ISI) from 10, 20, 40, 60, 80, and 100 ms, and PPF ratio of
the second over the first fEPSP slope was measured at 40% of the maxi-
mum fEPSP slope. LTP was induced after 20 min of baseline recordings
at 40% of the maximal fEPSP slope via theta burst stimulation (TBS).
The TBS contained 10 trains of four pulses at 100 Hz with an interburst
interval of 200 ms, applied three times in 10-s intervals. After induction,
LTP was recorded for 60 min and analyzed as mean = SEM in % fEPSP
slope of baseline. Data of each treatment were compared with controls
via two-tailed Student’s ¢ test. Asterisks indicate the significance levels as
follows: *p < 0.05, **p < 0.01, ***p < 0.001.

Morris water maze
For the analysis of spatial learning in rodents the water maze of Richard
Morris was used (Morris, 1984). The water maze pool with 160 cm in di-
ameter was filled with water at 21 = 1°C colored opaque with non-toxic
white paint (Titanoxid, Euro OTC Pharma), and a white platform was
hidden 1cm under the water surface in the northwest quadrant of the
maze. External cues were provided at an appropriate distance to the
pool. To assess swimming and visual abilities of the animals and for
the adjustment to the experimental conditions, a pretraining of 3 d with
a cued and visible platform was performed with two trials per day. Mice
were either placed on the platform or allowed to stay there for 10 s at the
end of each trial. The platform position was changed for every trial in a
random fashion. Mice were trained for eight consecutive days with four
trials with a 5-min interval. Each trial lasted maximum 60 s, and the
mice were placed or allowed to stay on the platform for another 15 s.
The mice were released into the pool from four different positions
(Northeast, East, South, Southeast) per day. The mice were tracked with
a camera in the ceiling and for each learning day the escape latency, the
distance and the used search strategies were analyzed. Search strategies
were divided into hippocampus-dependent and hippocampus-inde-
pendent strategies according to the time spent at the edge of the pool,
the annulus zone, or the goal corridor as described by Garthe et al.
(2009). Hippocampus-independent strategies were random search
(>60% surface coverage), scanning (<60% and >10% surface coverage),
and chaining (>80% in the annulus zone). Hippocampus-dependent
strategies contained directed search (>80% time in 40° goal corridor),
focal search (<0.3 x radius to mean distance to the platform, <0.35 X
radius to mean distance to swim path centroid), and direct swimming
(>90% in 10° goal corridor).

To access memory formation, the mice were tested in a memory ref-
erence test without the hidden platform on day 3 and day 9 of the train-
ing. Here, the time spent in the target quadrant was quantified.

Experimental design and statistical analysis

For the experimental design in our study, a priori sample size calcula-
tions were done using G*power 3.1. All experiments performed and for
analysis procedure were done blind to the used mice or pharmacological
agent used and code for groups was only revealed to the experimenter,
when analysis was ended.

For the comparison of escape latencies in the Morris water maze
experiments, a one-way ANOVA was used. The search strategy analysis
was conducted with using two-way repeated ANOVA followed by a
non-parametric Mann-Whitney U test. Values of p < 0.05 were consid-
ered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). All data
are shown as mean = SEM.

For the LTP experiments, the data of each treatment were compared
with controls via two-tailed Student’s ¢ test.

For all experiments, asterisks indicate the significance levels as fol-
lows: *p < 0.05, **p < 0.01, ***p < 0.001.
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Peripheral immune stimulation with LPS in WT mice
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Figure 1. Immune response and body weight loss after peripheral immune stimulation with LPS. 4, B, Bodyweight loss of aged () and adult mice (B) during 2 d of peripheral immune

stimulation with 0.4 1.g/g body weight LPS of £. coli (blue) or S. typhimurium (green) and the subsequent 13 d of recovery. C, D, Cytokine levels in blood plasma for IL-6 (€) and IL-13 (D) in
13-month-old mice 6 h after intraperitoneal injection of 0.2 j1g/g body weight LPS from £. coli and S. typhimurium. E, F, Cytokine levels in brain tissue for IL-6 (E) and IL-1/3 (F) in 13-month-
old mice 6 h after immune stimulation. G, Endotoxin concentration in EU/ml comparing LPS of £. coli and LPS of S. typhimurium. A, B, N =13 mice per group; C—H, N = 3—4 mice per group;

all data are presented as mean = SEM; *p << 0.05, **p < 0.01.

Results
Response to peripheral immune stimulation with two
different kinds of LPS
Bacterial LPS is widely used to induce a strong but transient pe-
ripheral immune response including increase of proinflamma-
tory cytokines. Furthermore, it was shown that although the
peripheral cytokines or the LPS itself do not diffuse across the
blood brain barrier (Wendeln et al., 2018), the systemic inflam-
mation leads to neuroinflammation mediated by glia cells (Qin
et al,, 2007; Biesmans et al., 2013).

We used two different types of LPS, from E. coli or S. enterica
serotype typhimurium with similar endotoxic capacity (Fig. 1G),

to induce a rapid sickness behavior and body weight loss with its
peak 24 h after immune stimulation and subsequent recovery
until day 15 in adult (fourmonths) as well as aged (13-
16 months) C57Bl/6] WT mice (Fig. 1A,B). As fast as 6 h after
LPS injection, the plasma levels of IL-6 and IL-13 were highly
and significantly increased within the same degree with both
types of LPS (WT 13 months 6 h IL-6 one-way ANOVA F(, ) =
12.14; p=0.003: LPS E. coli Fisher’s LSD p =0.0023; LPS S. typhi-
murium Fisher's LSD p=0.0019; IL-13 one-way ANOVA
F(2,9) = 6.148; p=0.0207: LPS E. coli Fisher’s LSD p =0.0132; LPS
S. typhimurium Fisher’s LSD p=0.0151; Fig. 1C,D). In the brain
tissue of the same mice, the concentration of IL-6 went up again
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in similar fashion by LPS of E. coli and S. typhimurium. The IL-
18 concentration was increased with both types of LPS as well,
but the S. typhimurium LPS caused a stronger phenotype (WT
13 months 6 h IL-6 one-way ANOVA F,5) = 5.013; p=0.0388:
LPS E. coli Fisher’s LSD p=0.0277; LPS S. typhimurium Fisher’s
LSD p=00258; IL-13 one-way ANOVA Fpg = 4272
p=0.0496: LPS E. coli Fisher’s LSD p=0.2277; LPS S. typhimu-
rium Fisher’s LSD p=0.0171; Fig. 1E,F).

Prolonged microglia activation in the brain of aged immune-
stimulated mice

To examine the possibly long-lasting activation of brain resident
cells involved in innate immunity after peripheral immune stim-
ulation with LPS, we stained microglia and astrocytes in the hip-
pocampi of adult and aged WT mice 24 h and three months after
LPS injections. At 24 h, the number of IBA1-positive microglia/
macrophages was significantly elevated in the stratum radiatum
of the CA1 region of the hippocampus only on stimulation with
LPS from S. typhimurium and only in aged mice (WT 16 months
24 h one-way ANOVA F; 56 = 3.373; p=0.0498: LPS S. typhi-
murium Fisher’s LSD p =0.0393; WT four months 24 h one-way
ANOVA F,,7) = 1.484; p=0.2447; Fig. 2A,D,]). The activation
status of the microglia/macrophages, however, as quantified by
the number of primary branches, was altered in the hippocampi
of adult and aged mice by both types of LPS (WT 16 months 24
h one-way ANOVA Fp, = 16.21; p<<0.0001: LPS E. coli
Fisher’s LSD p=0.0001; LPS S. typhimurium Fisher's LSD
p<<0.0001; WT four months 24 h one-way ANOVA F, 54 =
10.89; p =0.0004: LPS E. coli Fisher’s LSD p =0.0091; LPS S. typh-
imurium Fisher’s LSD p < 0.0001; Fig. 2F,L). Counting of GFAP-
positive astrocytes revealed an increase of cell numbers in adult
and aged mice and again independent of the LPS component
used (WT 16 months 24 h: control mice (CTRL) 1.00 = 0.08;
LPS E. coli 141%*0.10, p=0.0063; LPS S. typhimurium
1.31 = 0.06, p=0.0081, t=4.141 df=31; WT four months 24 h:
CTRL 1.00 * 0.05; LPS E. coli 1.29 % 0.06, p=0.0012, t=4.39
df=34; LPS S. typhimurium 1.27 = 0.07, p=0.0042, t=3.245
df=27; Fig. 2H,N). Three months after peripheral immune stim-
ulation, the astrocyte numbers were not distinguishable from
control animals any longer in both adult and aged mice (Fig. 21,
O). A prolonged activation of microglia cells was observed in
aged mice three months after S. typhimurium LPS application.
Here, the number and activation was still significantly
increased (WT 16 months-3months after immune stimulation
cell number one-way ANOVA F(, 35 = 5.908; p=0.0058: LPS
S. typhimurium Fisher's LSD p=0.0015; primary processes
one-way ANOVA F(,35) = 20.26; p<<0.0001: LPS E. coli
Fisher’s LSD p < 0.0001; LPS S. typhimurium Fisher’s LSD
p<0.0001; Fig. 2E,G). In adult mice, however, neither the
number of microglia nor the activation of microglia itself was
altered three months after immune stimulation with LPS when
compared with non-stimulated age-matched controls (WT 4
months-3months after immune stimulation cell number one-
way ANOVA F(, ) = 1.015; p=0.3787; primary processes one-
way ANOVA F; ) = 0.6714; p=0.5212; Fig. 2K,M). To explain
these age-dependent differences, we compared the microglia in
the adult and aged WT control mice (CTRL). Interestingly, while
the numbers of microglia were independent of age, 19-month-
old mice showed a higher activation of microglia in comparison
to their younger, seven-month-old counterparts (age-dependent
changes cell number: adult WT; aged WT unpaired ¢ test
t=1.469 df=16; p=0.1612; primary processes: adult WT; aged
WT unpaired t test t =4.708 df = 16; p =0.0002; Fig. 2B,C).
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LPS from E. coli and S. typhimurium negatively affect
neuronal morphology in aged mice

To determine the long-term influences of a systemic immune
stimulation on the architecture of excitatory neurons in the hip-
pocampus, one of the most vulnerable regions in the brain, den-
dritic complexity and spine density of CA1 pyramidal neurons
and dentate gyrus (DG) granule cells of adult (seven months)
and aged (19 months) C57Bl/6] WT mice were analyzed three
months after intraperitoneal injection of LPS from E. coli or
S. typhimurium. In aged animals, E. coli LPS caused a reduction
of dendritic complexity of the CA1 proximal apical dendritic tree
(Fig. 3A) as well as the spine density of mid-apical dendrites
(WT 19 months CA1 apical one-way ANOVA F, 44y = 3.797;
p=0.0301: LPS E. coli Fisher’s LSD p=0.0333; LPS S. typhimu-
rium Fisher’s LSD p=0.0151; Fig. 3D). The granule cells of the
DG manifested an even higher dendritic complexity in response
to E. coli LPS (Fig. 3B). The treatment with LPS from S. typhimu-
rium resulted in significantly lower complexity of proximal basal
dendrites and spine densities of apical and basal CA1 dendrites
(WT 19 months CA1 basal complexity two-way ANOVA F 5 =
2.281; p=0.1222: LPS S. typhimurium Turkey’s distance 30 pm
p=0.0353; WT 19 months CAL1 apical two-way ANOVA F, 56 =
1.279; p=0.2954: LPS E. coli Turkey’s distance 60-110 pm
p<<0.022; LPS S. typhimurium Turkey’s distance 60-90 pum
p<0.03; WT 19months CAl basal spines one-way ANOVA
Fo39) = 2.877; p=0.0683: LPS S. typhimurium Fisher's LSD
p=0.0228; WT 19 months CALl apical spines one-way ANOVA
F(a,44) = 3.797; p=0.0301: LPS E. coli Fisher’s LSD p=0.0333; LPS
S. typhimurium Fisher’s LSD p=0.0151; Fig. 3A,C,D), while the
dendritic complexity of the granule cells was on control level (WT
19months DG two-way ANOVA F(, 45y = 2.179; p=0.1258:
LPS E. coli Turkey’s distance 150-170 pm p < 0.042; Fig. 3B).
Here, the spine density was only slightly reduced (WT
19 months DG one-way ANOVA F, 45y = 1.281; p=0.2878;
Fig. 3E). In adult mice, neither the dendritic architecture nor
the spine density of CA1 pyramidal neurons was altered on
immune stimulation with LPS from either E. coli or S. typhi-
murium (WT seven months CAl basal two-way ANOVA
Foe) = 0.4034; p=0.6722; CAl apical two-way ANOVA
Foo1y = 1.020; p=0.3778; WT seven months CA1 basal spines
one-way ANOVA Fp 43 = 0.1603; p=0.8524; WT seven
months CA1 apical spines one-way ANOVA F(; 43) = 0.4223;
p=0.6583; Fig. 3F,H,I). In contrast, the granule cells of the
DG display an even higher dendritic complexity on LPS
S. typhimurium treatment in the distal dendritic tree (Fig. 3G
WT seven months DG two-way ANOVA Fp, 4 = 1.988;
p=0.1496: LPS S. typhimurium Turkey’s distance 160 and 180 um
p<<0.02). The spine density is again not altered (WT seven
months DG one-way ANOVA F, 57y = 0.8299; p = 0.4440; Fig. 3]).

LPS of S. typhimurium leads to impairment of synaptic
plasticity in aged mice

Short-term as well as long-term plasticity were investigated at
the CA3-CALl Schaffer collaterals in hippocampal acute slices of
16- to 19-month-old C57Bl/6] WT mice three months after sys-
temic immune stimulation. While E. coli LPS did not affect LTP,
the induction as well as the maintenance of LTP was significantly
impaired at all time points of the recording after S. typhimurium
LPS treatment (WT 19months mean LTP two-way ANOVA
Fa,41y = v5.909; p=0.0056; last 10min LTP one-way ANOVA
Foa1y = 3.334; p=0.0455: LPS S. typhimurium Fisher's LSD
p=0.0704; t test t=2.456 df=31; p=0.0198; Fig. 4A). To exam-
ine whether the defect in LTP was caused by impaired basal
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Figure 2. Astrocyte and microglia phenotype of adult and aged WT mice after immune stimulation with 0.4 pg/g bodyweight LPS of E. coli or S. typhimurium. A, Immunohistochemical
staining of GFAP (red) and IBA-1 (green) in the CA1 stratum radiatum in overlay with DAPI (blue), scale bar large frame 100 ptm, smaller detail 10 um. B, Relative number of IBA-1-positive
cells of control-injected adult (seven months, white bar) and aged mice (1619 months, black bar), normalized to adult controls. €, Quantification of primary branches of IBA-1-positive cells of
control-injected adult and aged mice (seven vs 16—19 months). D, E, J, K, Relative number of IBA-1-positive cells of immune-stimulated mice (LPS E. coli blue, LPS S. typhimurium green) com-
pared with aged controls (black), 24 h (D), and three months (E) after immune stimulation and in adult mice after 24 h (J), three months (K), normalized to respective controls. F, G, L, M,
Number of primary branches of IBA-1-positive cells in control and immune-stimulated aged mice, 24 h (F) and three months (G) after immune stimulation and adult mice 24 h (L) and three
months (M). H, I, N, 0, Quantification of GFAP-positive cells in aged mice, 24 h (H) and three months (/) after immune stimulation, normalized to aged controls and 24 h (N) and three months
(0) in adult mice, normalized to the respective adult controls; N =3 mice per group (n=28-10), N=4 or 5 mice in E, G, I (n=12-15); n = number of samples; all data are presented as
mean = SEM; *p << 0.05, **p < 0.01, ***p < 0.001.

synaptic transmission, the input-output properties of the
hippocampal CA3-CA1l Schaffer collateral pathway were
evaluated. Here, with increasing stimulus intensities also
the negative fEPSP slope increased independently of the

different treatments. While there is a perfect overlap of
input-output (I/O) curves under control and LPS S. typhimu-
rium-treated conditions, surprisingly the slices of E. coli
LPS-treated animals showed significantly lower response at
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Figure 3.  Neuronal morphology of adult and aged WT mice three months after immune stimulation with 0.4 /g body weight LPS of £. cofi or S. typhimurium. A—E, Neuronal architecture of 16-
to 19-month-old WT mice, control (black), LPS E. coli (blue), and LPS S. typhimurium (green): tracings and Sholl analysis of (4) CA1 pyramidal neurons and (B) DG granule cells. Confocal microscopic
images and spine density analysis from (D) apical CA1 dendrites, (€) basal CA1 dendrites, and (E) granule cells from the DG. F-J, Neuronal architecture of seven-month-old WT mice, control (black),
LPS E. coli (blue), and LPS S. typhimurium (green): dendritic complexity and respective tracing of (F) CA1 hippocampal neurons and (G) DG granule cells. Spine density and confocal images of typical
dendrites from (/) apical CA1 dendrites, (H) basal CA1 dendrites, and (J) DG granule cells; N=3 (4, n=9-10; B, n =10-24; ¢, n=14; D, n=15-16; E, n=15-17; F, n=6-14; G, n=11-19; H-J,
n=13-16); n = number of samples, scale bar of tracings, 100 ptm; scale bar of confocal fluorescent images, 10 pm; all data are presented as mean %= SEM, *p << 0.05.

stimulus intensities of 200-600 LA in comparison to controls ~ however, it had no impact on LTP. To address the presynap-
(I/0 two-way ANOVA F(, 65y = 4.793; p=0.0114: LPS E. coli  tic properties of the pathway, PPF was measured. With both
Turkey’s 300-600 pA p <0.006; Fig. 4B). This might be  kinds of LPS, a PPF curve at control level was achieved (PPF
caused by a decreased apical CA1 complexity (Fig. 3A), but,  two-way ANOVA F(, 56y = 0.7372; p = 0.4882; Fig. 4C).
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Synaptic plasticity and spatial learning in immune-stimulated aged WT mice. A-C, Short-term and long-term synaptic plasticity at the CA3-CA1 pathway in hippocampal acute sli-

ces of aged WT mice three months after peripheral immune stimulation, controls (black), LPS E. coli (0.4 ug/g bodyweight, blue), and LPS . typhimurium (0.4 jg/g bodyweight, green): (4)
LTP induced via TBS after 20 min of baseline recordings and mean LTP fEPSP slope in % for 70—-80 min of recording. B, Input-output curve. C, PPF with increasing ISIs; N = 3—4 mice per group,
n=7-28; *p < 0.05, **p < 0.01. D-1, Nineteen-month-old WT were challenged in the Morris water maze navigation task, controls (black), LPS £. coli (blue), and LPS S. typhimurium (green):
(D) escape latency, mean values of four trials per mouse per day. E, F, Target quadrant preference in comparison to time spent in other quadrants during memory reference tests (probe trials)
on training day 3 (E) and day 9 (F). G, lllustration and quantification of the six different search strategies random search, scanning, chaining, directed search, focal search, and direct swimming
as mean of four trials per mouse per day. H, Quantification of the hippocampus-dependent search strategies for every single training day, mean value of four trials per mouse and day. /, Quantification of
the hippocampus-dependent search strategies for every single training day during the first trial; N =79, all data shown as mean == SEM; *p << 0.05, ***p << 0.001; n = number of mice.

Taken together, treatment with LPS of S. typhimurium leads
to an LTP defect, which cannot be explained with impaired basal
synaptic transmission or defects in PPF.

LPS S. typhimurium affects spatial learning of aged WT mice
The Morris water maze navigation task used in this study to eval-
uate the behavioral consequences of a peripheral immune stimu-
lation was designed to test spatial learning in rodents (Morris,
1984). Independently of the treatment, all 19-month-old WT

mice managed to learn the position of the hidden platform in the
Morris water maze arena as a decrease of the escape latency was
documented (WT 19 months escape latency two-way ANOVA
F220) = 2.089; p=0.1500: day 4 LPS S. typhimurium Turkey’s
p=0.0138; Fig. 4D). Interestingly, although the escape latencies
decreased in both controls and LPS S. typhimurium-treated mice
about the same degree during the whole training, the immune-
stimulated mice took a significantly longer time to find the hid-
den platform on day 4 of the training period. To test memory
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formation during the Morris water maze, memory reference
experiments (probe trials) were performed on the third and
ninth day of the training period. In absence of the hidden plat-
form, control as well as LPS-treated mice spent more time in the
target quadrant with the former platform, when compared with
the other quadrants which was statistically significant for the
control group (WT 19 months CTRL PT day 3: other quadrants;
target quadrant unpaired ¢ test t=2.681 df=12; p=0.0200; Fig.
4E). In the probe trial on day 9, all mice spent clearly and highly
significantly more time in the target quadrant (WT 19 months
CTRL PT day 9: other quadrants; target quadrant unpaired ¢ test
t=8.007 df=12; p<0.0001; LPS E. coli: other; target unpaired
t test t=8.686 df=12; p<<0.0001; LPS S. typhimurium: other;
target unpaired ¢ test t=7.792 df = 16; p < 0.0001; Fig. 4F).

To emphasize possible differences in the learning behavior of
the immune-stimulated mice, the search strategies during the
learning period were analyzed (Fig. 4G,H). In control mice, the
usage of all hippocampus-independent strategies decreased pro-
gressively, especially in favor of direct swimming. Also, the LPS
E. coli-treated mice showed a steady decrease of random search
and scanning and a steady increase of direct swimming, which
was less pronounced than in control mice. In the LPS S. typhimu-
rium-treated mice, however, although there was a slight increase
of hippocampus-dependent learning from day 1 to day 3 of the
training, on day 4 and 5, again there was no change in the propor-
tion of the six evaluated search strategies in comparison to day 1
(Fig. 4G, right diagram). Only from day 6 to day 8 of learning, ran-
dom search and scanning were used more seldom. Therefore, LPS
S. typhimurium-treated mice showed a less pronounced hippo-
campus-dependent learning progression. During the training pe-
riod, mice performed four trials per day. While the second, third,
and fourth trial assessed long-term as well as working memory,
only the first trial displays long-term memory formation. When
the first search trial per mouse was analyzed, the differences in the
use of hippocampus-dependent (HC) strategies between control
and the S. typhimurium LPS-treated mice were even more obvious
(HC: Hippocampus-dependent strategies, WT 19 months day 5
one-way ANOVA F, 50 = 5.217; p=0.0150: LPS E. coli Turkey’s
p=0.0325; LPS S. typhimurium Turkey’s p=0.0228; day 6 one-
way ANOVA F,0 = 3.928; p=0.0364: LPS E. coli Turkey’s
p=0.1786; LPS S. typhimurium Turkey’s p = 0.0307; Fig. 4I).

Neuronal morphology and function are altered on
stimulation with E. coli and S. typhimurium LPS in APP/PS1
mice

We further investigate the question how a brain with pathologic
hallmarks of AD reacts to a peripheral immune challenge. In
order to investigate whether an immune stimulation of a murine
AD model serves as a second proinflammatory stimulus to the
already challenged and proinflammatory primed brain, together
leading to an even more severe neurodegenerative phenotype,
adult and aged APP/PS1 mice (Borchelt et al., 1997; Jankowsky
et al., 2004a) were peripherally immune stimulated as described
above for WT mice. In the basal compartment of CA1 neurons
of the hippocampus, LPS from E. coli and S. typhimurium both
caused a reduction in dendritic complexity (APP/PS1 19 months
CALl basal two-way ANOVA F; 59 = 1.355; p=0.2739: LPS E.
coli Turkey’s distance 20-70 pm p < 0.03; LPS S. typhimurium
Turkey’s distance 30-70 pm p < 0.015 and distance 120-160 pm
p<<0.05; APP/PS1 19months CAl apical two-way ANOVA
F230) = 0.1667; p=0.8472; Fig. 5A). Architecture of apical den-
drites was not altered. In contrast to the dendritic level, the more
severe changes on the synaptic level occurred in the apical
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dendritic tree. Here, the spine density was highly significantly
reduced with both kinds of LPS when compared with control
conditions (APP/PS1 19 months CA1 apical one-way ANOVA
F233) = 11.36; p=0.0002: LPS E. coli Fisher’s LSD p=0.0010;
LPS S. typhimurium Fisher’s LSD p < 0.0001; Fig. 5D). The basal
spine density was significantly reduced only on stimulation with
LPS from E. coli in aged APP/PS1 mice (APP/PS1 19 months
CALl basal one-way ANOVA F(;3;) = 2.948; p=0.0673:LPS E.
coli Fisher’s LSD p = 0.0402; Fig. 5C). The granule cells of the DG
exhibited a reduced number of intersections in the Sholl analysis
on treatment with either LPS from E. coli or S. typhimurium
(APP/PS1 19months DG two-way ANOVA Fp,;) = 4.149;
p=0.0268: LPS E. coli Turkey’s distance 140-200 pm p < 0.03;
LPS S. typhimurium Turkey’s distance 140-160 pm p < 0.028;
Fig. 5B), and also the spine density of these cells was significantly
reduced (APP/PS1 19 months DG one-way ANOVA F, 35 =
5.378; p=0.0097: LPS E. coli Fischer’s LSD p=0.0707; t test
t=2.115 df=18; p=0.0486; LPS S. typhimurium Fischer’s LSD
p=0.0025; ¢ test ¢ = 3.251 df = 23; p = 0.0035; Fig. 5E).

The dendritic complexity of the CA1 pyramidal neurons of
seven-month-old APP/PS1 mice showed no differences on
immune stimulation with E. coli or S. typhimurium LPS (Fig. 5I),
and only the basal CA1 spine density was significantly reduced
by S. typhimurium LPS (APP/PS1 seven months CA1 basal one-
way ANOVA F 36 = 6.803; p=0.0031: LPS S. typhimurium
Fisher’s LSD p=0.0072; Fig. 5K). The DG showed a reduced
spine density with both kinds of LPS (APP/PS1 seven months
DG one-way ANOVA F(,35) = 6.381; p=0.0041: LPS E. coli
Fischer’s LSD p=0.0954; t test t=2.190 df=23; p=0.0389; LPS
S. typhimurium Fisher’s LSD p=0.0010; ¢ test t=3.427 df=29;
p=0.0018; Fig. 5M). Changes in neuronal morphology in adult
APP/PS1 mice after immune stimulation with LPS were less dra-
matic than in aged APP/PS1. However, the adult AD mice show
a stronger phenotype than their adult WT counterparts making
them more sensitive to the additional inflammatory challenge
with LPS.

The long-term consequence of a peripheral immune stimula-
tion with LPS on neuronal function in the hippocampal circuitry
was examined in aged APP/PS1 mice. LTP was successfully
induced and maintained stable under all experimental condi-
tions. The induction and maintenance of LTP was significantly
lower three months after treatment with both LPS-types from E.
coli and from S. typhimurium when compared with control-
injected APP/PS1 mice (APP/PS1 19 months mean LTP two-way
ANOVA F 56 = 5.535; p=0.0064; APP/PS1 19 months last
10min LTP one-way ANOVA F, 5 = 5.806; p=0.0051: LPS
E. coli Fisher’s LSD p =0.0045; LPS S. typhimurium Fisher’s LSD
p=0.0061; Fig. 5F). Basal synaptic transmission was not altered
in the LPS S. typhimurium-treated group, but surprisingly, in sli-
ces from LPS E. coli-treated old APP/PS1 mice, the fEPSP slope
was significantly higher than control signals (APP/PS1
19 months I/0 two-way ANOVA F, g0 = 4.567; p=0.0143: LPS
E. coli Turkey’s 200-600 pA p < 0.025; Fig. 5G). Values of the
PPF paradigm were on control level with both types of LPS
(APP/PS1 19 months PPF two-way ANOVA F, 4y = 0.7965;
p=0.4578; Fig. 5H). Taken together, these data support the view
that APP/PS1 mice are more susceptible to an additional sys-
temic inflammatory insult.

The detrimental effects of LPS S. typhimurium in aged WT
mice are NLRP3 inflammasome dependent

As the absence of the NLRP3 inflammasome was shown to res-
cue the neurodegenerative phenotype seen in APP/PS1 mice
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Figure 5.  Long-term effects of LPS on neuronal morphology and synaptic plasticity in adult and aged APP/PS1 mice. A—E, Neuronal architecture of 19-month-old APP/PS1 mice, CTRL (gray), LPS
E. coli (0.4 ng/g bodyweight, dark blue), and LPS S. typhimurium (0.4 pg/g bodyweight, light blue): Sholl analysis and typical tracing of (4) CA1 pyramidal neurons and (B) granule cells of the DG.
Number of spines per m and confocal microscopic image of Dil-stained () basal CA1 dendrites, (D) mid-apical CA1 dendrites, and (E) DG granule cells; N=3, n=8-15. F-H, Changes in short-
term and long-term synaptic plasticity in the hippocampus of 19-month-old APP/PS1 mice three months after peripheral immune stimulation: (F) LTP at Schaffer collateral pathway measured at
stimulus intensity of 40% maximal fEPSP slope, LTP induction after 20 min of baseline recording via TBS, mean LTP as fEPSP slope % of baseline of the last 10 min of recording (minutes 70-80). G,
Input-out-relationship, fEPSP slope measured at increasing stimulus intensities. H, PPF at 40% of the maximal fEPSP slope; n = number of hippocampal acute slices; N =3-6, n=11-22. I-M,
Neuronal morphology of seven-month-old APP/PS1 mice, CTRL (gray), LPS E. coli (dark blue), and LPS S. typhimurium (light blue): Sholl analysis and tracing of (/) CA1 pyramidal neurons and
() granule cells of the DG. Spine density and representative confocal microscopic images of (K) basal CA1 dendrites, (L) mid-apical CA1 dendrites, and (M) of DG granule cells. Tracing scale bars,
100 pmy; scale bar for confocal microscopic images, 10 pm; n = number of cells; N =3, n=10-15 all data are presented as mean = SEM, *p << 0.05, **p << 0.01; ***p << 0.001.
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(Heneka et al., 2013), we hypothesized that it could also be bene-
ficial in the context of a peripheral immune stimulation with LPS
of S. typhimurium in aged mice. Therefore, 16-month-old
NLRP3 KO mice were immune stimulated via peripheral admin-
istration of S. typhimurium LPS, and neuronal architecture as
well as synaptic plasticity at the Schaffer collaterals were analyzed
three months later. Indeed, Sholl analysis and quantification of
the spine density of CAl and DG neurons show neuronal mor-
phology of immune-stimulated NLRP3 KO mice on control lev-
els (NLRP3 KO 19 months CA1 basal two-way ANOVA F(; 31y =
3.032; p=0.0916: LPS S. typhimurium Fisher’s LSD distance 40—
100 pm p < 0.015; CA1 apical two-way ANOVA F(; 55y = 1.402;
p=0.2463: LPS S. typhimurium Fisher’s LSD distance 220-230
um p<<0.048; DG two-way ANOVA Fq33 = 0.04,838;
p=0.8273; Fig. 6A-E). Analysis of synaptic plasticity revealed
that the NLRP3 KO fully protected aged mice from S. typhimu-
rium LPS-induced LTP suppression (NLRP3 KO 19 months
mean LTP two-way ANOVA F(, 35 = 0.1337; p=0.7167; NLRP3
KO 19 months last 10 min LTP unpaired ¢ test t=0.4395 df=38;
p=0.6628), which was shown in aged WT animals (Fig. 6, also
see Fig. 4A-C; mean LTP two-way ANOBA F ;) = 8.512;
Pp=0.0065; last 10min LTP unpaired ¢ test t=2.456 df = 31;
p=0.0198; Fig. 6F). Also, in these mice, the basal synaptic trans-
mission within the CA3-CA1 pathway was not affected by S.
typhimurium LPS (Fig. 6G,J). The presynaptic properties were
not affected either as there was no change in the PPF paradigm
(Fig. 6H,K).

Taken together, the lack of NLRP3 prevented detrimental
effects on synaptic plasticity and neuronal architecture caused by
peripheral immune stimulation with S. typhimurium LPS in aged
mice. This might be due to a decreased activation of microglia.
While the number of microglia is significantly increased by S.
typhimurium LPS in aged NLRP3 KO as well as WT mice three
months after immune stimulation (NLRP3 KO 19 months cell
number unpaired t test t=2.097 df=19; p=0.0496; WT
19 months cell number ¢=3.324 df =27; p = 0.0026; Fig. 6M), the
strong activation of microglia, quantified by a decreased number
of primary processes, as seen in WT mice, is absent in NLRP3
KO mice (NLRP3 KO 19months primary processes unpaired
t=0.6535 df=19; p=0.6535 WT 19 months primary processes
t=6.827 df =26; p < 0.0001; Fig. 6N).

Hypothesizing a long-lasting activation of the NLRP3 inflam-
masome (Christ et al., 2018) due to LPS injection, we further an-
alyzed whether also the acute inhibition of the NLRP3
inflammasome after the immune stimulation and the formation
of neuroinflammation is beneficial for neuronal morphology and
function in aged mice. Therefore, 16-month-old C57Bl/6] WT
mice were peripherally immune stimulated with S. typhimurium
LPS as before. After three months, the small NLRP3 inhibitor
MCC950 (Coll et al., 2015) was applied via intraperitoneal injec-
tion for two consecutive days directly before the analysis of neu-
ronal architecture and synaptic plasticity. The dendritic
complexity as well as spine density of CAl pyramidal neurons
and DG granule cells were on control levels or even increased de-
spite the immune stimulation with S. typhimurium LPS (WT
19months MCC950 CA1l basal two-way ANOVA F( .7 =
0.4138; p=0.5255: LPS S. typhimurium Fisher's LSD distance
100-120 pm p < 0.044; CA1 apical two-way ANOVA F(j 56 =
0.7709; p=0.3880: LPS S. typhimurium Fisher's LSD distance
70-130 um p <0.044; DG two-way ANOVA F(; ,7) = 0.01,674;
p=0.8980; Fig. 7A-E). Likewise, also the magnitude of LTP at
the CA3-CA1 pathway was comparable between immune-stimu-
lated and control mice (WT 19 months MCC950 mean LTP:
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CTRL 139.8 + 9.1; LPS S. typhimurium 140.9 * 8.1, p=0.9289;
Fig. 7F). Interestingly, also the number of microglia cells was on
control level after NLRP3 inflammasome inhibition, and micro-
glia activation was at least diminished (WT 19 months MCC950
cell number: CTRL 1.00 =% 0.10; LPS S. typhimurium 0.88 = 0.07,
p=0.2942; primary processes: CTRL 7.81 & 0.48; LPS S. typhi-
murium 6.63 = 0.23, p=0.0378; Fig. 7J,K). In a control experi-
ment, MCC950 was applied to aged WT mice which were not
immune stimulated via LPS S. typhimurium to quantify possible
side and off target effects in the aged mouse brain. Here, no dif-
ferences in synaptic plasticity between the MCC950-treated and
control group were visible (Fig. 7L-N).

The NLRP3 inflammasome therefore seems to be an impor-
tant player for persisting cerebral changes after systemic
inflammation.

Discussion

In the case of sepsis-induced encephalopathy, peripheral inflam-
mation can cause acute cerebral dysfunction without direct CNS
injury or infection (Pine et al., 1983; Sprung et al., 1990; Wilson
and Young, 2003; Widmann and Heneka, 2014). In rodent mod-
els, an immune challenge with peripheral administration of LPS,
a component of the Gram-negative bacterial cell wall, can mimic
sepsis-induced impairments in cognition and memory as it
increases the production of brain proinflammatory cytokines
and immune cell activation in the brain which leads to learning
and memory deficits in certain behavioral tasks and impairs LTP
in an acute manner (Arai et al., 2001; Commins et al., 2001; Jo et
al, 2001; Hennigan et al, 2007; Semmler et al, 2007;
Cunningham et al., 2009; Di Filippo et al., 2013; Strehl et al.,
2014). However, long-term effects of a stimulation of the periph-
eral immune system on neuronal structure and function are
highly unexplored.

We hypothesized that peripheral immune stimulation can
cause persisting dysfunction of learning and memory processes,
in particular when brain immune cells are already in a “primed
state” as found with age and in mouse models of AD. Indeed, we
are able to demonstrate that aged mice exhibit a decrease in neu-
ronal complexity and spine density of hippocampal neurons
whereas adult mice do not show any overt changes three months
after a peripheral immune stimulation with LPS. We further
observed that the type of LPS is relevant for the magnitude of
decline. While alterations in neuronal architecture are visible
with LPS from E. coli as well as S. typhimurium, impairment in
LTP three months after immune stimulation is only detectable
with S. typhimurium LPS. Also, disturbance of spatial learning in
the Morris water maze task is only obvious with this unconven-
tional LPS. Explanation for this might be the different strength of
peripheral immune cell or local microglia/macrophage activa-
tion. LPS of S. typhimurium results in a higher number of micro-
glia and a stronger activation than E. coli LPS. Since the exposure
to bacteria and systemic inflammation is a frequent event in an
aging population, our study helps to further improve modeling
of neurodegenerative disease in murine models.

In rodents, about half of the genes upregulated with age are
associated with inflammation and oxidative stress (Prolla, 2002).
Also, in our hands, aged mice show a higher activation of micro-
glia already under basal conditions. A similar outcome was
shown in a CD200-deficient mouse stimulated with LPS, where a
hyperactivation of microglia impaired LTP (Costello et al., 2011).
In line with this, inhibition of microglia rescues LTP deficits
induced by chronic systemic inflammation seen in middle aged
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Figure 6.  Neuronal morphology and synaptic plasticity of aged NLRP3 KO mice after immune stimulation with S. typhimurium LPS. A—E, Neuronal architecture of 19-month-old NLRP3 KO
mice; CTRL (gray), LPS S. typhimurium (orange): tracings and Sholl analysis of (4) CA1 pyramidal neurons and (B) DG granule cells. Spine density and exemplified confocal microscopic images
from (D) mid-apical CA1 dendrites, (€) CA1 basal dendrites, and (E) of granule cells from the DG. F-H, Short-term and long-term synaptic plasticity at the CA3-CA1 pathway in hippocampal
acute slices of aged NLRP3 KO mice three months after peripheral immune stimulation: (F) LTP induced via TBS shown as fEPSP slope % of baseline and mean LTP as fEPSP slope % of baseline
for minutes 70-80 of recording. G, Input-output curve. H, PPF with increasing ISIs. /-K, Short-term and long-term synaptic plasticity at the CA3-CA1 pathway in hippocampal acute slices of
aged WT mice three months after peripheral immune stimulation: (/) LTP induced via TBS shown as fEPSP slope % of baseline and mean LTP as fEPSP slope % of baseline for minutes 70-80
of recording. J, Input-output curve. K, PPF with increasing ISIs. L-N, Astrocyte and microglia phenotype in the stratum radiatum of the CA1 area of aged NLRP3 KO mice three months after pe-
ripheral immune stimulation: (L) quantification of GFAP-positive cells in aged NLRP3 KO mice (CTLR gray, LPS S. typhimurium orange) and WT mice (CTRL black, LPS S. typhimurium green). M,
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rats, whereas young rats do not show any LTP impairment in this
model (Liu et al., 2012). The expression of proinflammatory cyto-
kines is increased in aged mice and immune stimulation with LPS
enhances this production even further (Chen et al., 2008).

Like in aged individuals, also the brains of AD mice are in an
already challenged condition (Glass et al., 2010). We saw an even
higher vulnerability of aged APP/PS1 mice toward a systemic
inflammation and impaired LTP with S. typhimurium as well as
E. coli LPS. Already younger AD mice show negative effects on
neuronal architecture on immune stimulation. And again, these
mice are not protected from LPS of E. coli.

To our knowledge, only one study ever showed a difference
in the inflammatory signaling on recognition of LPS from E. coli
and S. typhimurium. Here, S. typhimurium LPS induces higher
concentrations of IL-18 and IFN-vy in a TNFa-independent
way. In contrast, response to E. coli LPS involves TNFa and leads
to lower IL-18 and IFN-+y production (Netea et al., 2001). Only
6 h after immune stimulation, we saw a strong increase in IL-6
and IL-18 in blood plasma with both LPS types, but higher con-
centrations of IL-18 in the brains of S. typhimurium LPS-treated
mice when compared with E. coli LPS fitting the above-men-
tioned study.

Therefore, we checked whether the neurodegenerative pheno-
type seen in aged WT mice on LPS S. typhimurium treatment
can be rescued by a genetic NLRP3 inflammasome KO or phar-
macological inhibition. Recent published data showed that
NLRP3 KO mice are persistent against peripheral immune chal-
lenge and showed no morphologic changes in microglia pheno-
type (Tejera et al., 2019). Loss of the NLRP3 inflaimmasome can
improve LTP and cognitive dysfunction observed in APP/PS1
mice in the absence of a peripheral immune challenge (Heneka
et al,, 2013). Here, it is important to note that NLRP3 inflamma-
some-generated cytokines such as IL-18 and Il-18 have been
repeatedly shown to negatively impact on synaptic plasticity
(Curran and O’Connor, 2001; Pickering and O’Connor, 2007;
Lynch, 2015). In the present study, immune challenged mice are
protected from alterations of neuronal morphology and dysfunc-
tion on genetic deletion of NLRP3, indicating that downstream
effectors of NLRP3 inflammasome activation, including IL-1.
and IL-18, contribute to the sustained cerebral changes in
response to systemic immune stimulation. Of note, not only
genetic ablation of NLRP3 but acute pharmacological inhibition
by the NLRP3 inhibitor MCC950 rescued the neurodegenerative
phenotype observed in aged WT mice. Moreover, when S. typhi-
murium LPS-stimulated mice were treated with MCC950 for
only 2 d, neuronal morphology and function were indistinguish-
able from control mice. This neuroprotective phenomenon was
associated with a profound decrease of microglia number and
activation in comparison to untreated mice, which showed a
long-lasting activation of microglia cells, comparable to long-
lasting consequences of an LPS-independent stimulus (Western
diet), which also showed a long-lasting activation of microglia
cells (Christ et al., 2018).

The present study provides new evidence for an age- and
NLRP3-dependent cerebral vulnerability toward a systemic
immune challenge with S. typhimurium LPS. The precise site of
interference with the NLRP3 inflammasome, locally in micro-
glia/macrophages or alternatively in peripheral immune cells,
cannot be answered. However, the positive effects of pharmaco-
logical NLRP3 inhibition on brain structure and function opens
new avenues for preventing long-term brain dysfunction after
systemic inflammatory events such as a severe systemic bacterial
infection.
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