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Abstract

Sepsis-associated encephalopathy represents an acute cerebral dysfunction caused
by systemic inflammation associated with sepsis. Emerging evidence suggests that
these neurological complications are common in patients with sepsis at the time of
hospital presentation and in elderly patients who survive sepsis for several years after
the initial onset of sepsis. However, previous preclinical studies reported mixed effects
of systemic inflammation on neuronal and synaptic damage. Likely confounds of these
findings are the use of juvenile mice and inconsistent use of bacterial strains of
lipopolysaccharide (LPS). On this basis, we intraperitoneally injected LPS either from
Salmonella or from E. coli into 14- to 16-month-old mice and compared acute and
chronic neuroinflammatory responses and cerebral damages in the LPS-tolerated
mice at 7 and 63 days post-injection (dpi). Our data suggested that LPS could induce
neuroinflammatory responses in aged mice for more than a week, and the extent of
neuroinflammation tended to be higher after the E. coli LPS injection than upon a
challenge by the Salmonella LPS injection. Cerebral damages caused by LPS
injections, however, seemed to be mild because the neuron density in the
hippocampus and global synaptic protein levels were found to indistinguishable from
the controls at 7 dpi and 63 dpi. We also presented that both LPS serotypes led to a
delayed reduction of excitatory, but not inhibitory, synaptic puncta in the CA3 subfield
of the hippocampus at 63 dpi. We postulated that this local synapse loss in CA3 might
increment the inhibitory tone of the Schaffer collaterals and a gradual decline of the
neuronal activity in the CA1 apical dendrites. Furthermore, when the complement
tagging at synapses was studied, both C3-coated synapses and synaptic C3 were
reduced only in the area CA3. Because our histological analysis did not reveal the
enhancement of synaptic pruning by microglia in CA3 at 7 dpi and 63 dpi, these results
may indicate that our analysis of synaptic pruning was too late to detect the changes

that caused the CA3 synapse loss.

Accumulating evidence suggests that several complement-independent molecular
mechanisms exist for synaptic pruning by microglia. One of these pathways is the
triggering receptor expressed on myeloid cells 2 (TREM2) pathway. Notably, loss of

synapse is one of the earliest pathological hallmarks in Alzheimer’s disease (AD), and



the animal models recapitulate the synaptic destruction from the early stage of disease
progression. The roles of microglia in synapse loss via synaptic pruning have been
recently found, and the loss-of-function mutation of the TREMZ2 gene can increase the
onset of sporadic AD. However, it remains unclear whether the absence of functional
TREM2 proteins can modify the synapse pathology in APP/PS1 mice. To this end,
using a T66M loss-of-function mutation of the Trem2 gene (associated with the
frontotemporal dementia-like syndrome), we found that the T66M mutation reduced
the AB plaque load but incremented the oligomer levels in the cortex of 12-month-old
APP/PS1 mice. These results indicated that TremZ2-mutated microglia failed to
compact the AB plaques, allowing for spreading the potentially synaptotoxic oligomeric
AB in the cortex. Yet, our data also demonstrated that the synaptic puncta density was
higher if APP/PS1 mice harboured this Trem2 mutation. This highlighted the possibility

that synaptic pruning by microglia was impeded during the disease progression.
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Chapter 1: Introduction

1.1 An introduction to the study

In 2016, a new definition of sepsis was introduced as the third international consensus
definitions for sepsis and septic shock (‘Sepsis-3’ criteria) and defined sepsis as “life-
threatening organ dysfunction caused by a dysregulated host response to infection”
(Singer et al. 2016b). Compared with the previous definitions (introduced as Sepsis-1
criteria in 1991 (Bone et al. 1992) and Sepsis-2 criteria in 2001 (Levy et al. 2003)), this
novel definition abandons systemic inflammatory response syndrome (SIRS)
(characterised by tachycardia, fever/hypothermia, tachypnoea and an abnormal
number of leukocytes) and places greater importance on the organ dysfunction as
measured by the sequential organ failure assessment (SOFA) (Vincent et al. 1996).
Sepsis is imposing a significant burden on the healthcare system worldwide because
49 million individuals were affected by sepsis, and 11 million patients died from sepsis
in 2017 (Rudd et al. 2020). In parallel, the age-standardised mortality rate gradually
declined from 1990 to 2017 with a concomitant increase in the number of sepsis
survivors (Rudd et al. 2020), indicating that improved quality of guidelines and cares
helps to reduce mortality in patients with sepsis. However, evidence is accumulating
for the long-lasting effects of sepsis among survivors because about half of those
survivors (56% of them are over 65 years old) develop new functional impairments
(Prescott and Angus 2018) and the inflammatory mediators in the plasma are found
to be higher than those who have never developed sepsis for up to one year (Yende
et al. 2019). Such functional impairments include neurological symptoms affecting
memory and attention (Widmann and Heneka 2014). Given that the central nervous
system (CNS) is no longer regarded as an immune-privileged organ (Louveau et al.
2015), it seems reasonable to speculate that the innate immunity in the CNS is
chronically affected for more than a month after the sepsis. This phenomenon requires
new research which investigates long-term consequences of sepsis on peripheral
organs and the CNS using relevant animal models, samples derived from patients and

clinical information.
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1.2 Long-term sequelae of sepsis

1.2.1 Acute phase: Cytokine storm

Many kinds of pathogenic infections can cause sepsis in humans. A large-scale
seminal work in the United States (n=10,319,418) from 1979 to 2001 showed that
bacterial infection represents almost all the cases of sepsis (90%) (consisting 52% of
gram-positive bacterial infection and 38% of gram-negative bacterial infection) with
4.7% of polymicrobial infection and 4.6% of fungal infection (Martin et al. 2003).
However, it should be noted that many (73%) of the cohort in this study did not meet
the current Sepsis-3 criteria due to the absence of organ failure and did not consider
viruses to be a causative pathogen of sepsis. In contrast, the importance of viral sepsis
has been suggested by a recent study in Southeast Asia (n=815, 56% of the study
cohort meeting the Sepsis-3 criteria), and the investigators found that bacterial
infections account for 72% of all the detected pathogens, whereas viral infections for
32% and co-infections for 7.5% (Southeast Asia Infectious Disease Clinical Research
Network 2017). Of note, commonly detected viruses in this study were Dengue virus
and influenza virus (accounting for 54% and 16% of all the detected viruses,
respectively) (Southeast Asia Infectious Disease Clinical Research Network 2017).
More recently, severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2)
can also cause viral sepsis in 59% of hospitalised patients with severe COVID-19
(n=191) (Zhou et al. 2020). Therefore, it is becoming increasingly clear that some
portion of patients with sepsis is caused by viral infections, which used to be

overlooked by both clinical and preclinical researchers (Lin et al. 2018).

As an initial immune response to these infections, excessive inflammation, a so-called
cytokine storm, is induced in patients with sepsis (Fig. 1A). This is characterised by
excess production of proinflammatory cytokines, acute phase proteins and
chemokines (for example, interleukin (IL)-1B, IL-6, interferon (IFN)-y, tumour necrosis
factor (TNF), complement factors, C-reactive protein (CRP), C-X-C motif chemokine
ligand (CXCL)) (Fajgenbaum and June 2020). This is orchestrated by the activation of
pattern recognition receptors (PRRs) for pathogen-activated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPSs), including but not
restricted to Toll-like receptors (TLRs) and nucleotide-binding and oligomerisation

domain-like receptors (NLRs), and the consequent activation of the innate immune
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system (Hotchkiss et al. 2016). Cytokine storm should be an immediate event within
minutes after DAMPs or PAMPs activation (Hotchkiss et al. 2016) and cause fever,
leucocytosis, multiple organ failure syndromes (MODS) and coagulation abnormality
in patients (Fajgenbaum and June 2020). Paradoxically, cytokine storm does not
threaten the lives of many patients with sepsis because less than 10% of all the
patients die during this acute phase (Hawkins et al. 2018). At the same time — instead
of in the next phase of sepsis — suppression of the immune system progressively
increases (Fig. 1A), and it is believed that this immunosuppression contributes to
hampering the onset of the additional cytokine storms caused by infections after the

sepsis onset (Hotchkiss et al. 2016).

1.2.2 Chronic phase: PICS

Whilst half of the patients with sepsis who survive the cytokine storm completely
recover, the other patients develop a chronic illness lasting for more than a year (Fig.
1A) (Prescott and Angus 2018; Stortz et al. 2018). This chronic condition seen in
patients with sepsis after the intensive care unit (ICU) discharge is denoted as
persistent inflammation, immunosuppression and catabolism syndrome (PICS) and
characterised by prolonged mild inflammation, a moderate immune suppression or
both of these immune alterations (Gentile et al. 2012). This first introduction of PICS
and a more recent follow-up study demonstrated that the sustained inflammation is
associated with the elevated levels of proinflammatory proteins in the plasma (for
instance, IL-6, IL-8 and CRP) compared with the healthy controls and the expansion
of myeloid-derived suppressor cell (MDSC) population for 28 days after the sepsis
onset (Stortz et al. 2018; Gentile et al. 2012). In contrast, the immunosuppression is
evidenced by higher levels of immunosuppressive proteins (for example, soluble
programmed death ligand-1 (sPD-L1) and IL-10) than the healthy controls and
lymphopaenia for more than 21 days after the sepsis onset (Stortz et al. 2018; Gentile
et al. 2012). A recent one-year longitudinal follow-up of sepsis survivors also showed
that CRP and sPD-L1 levels in the serum reduced from the initial cytokine storm but
stayed at higher levels than the healthy controls for a year (Yende et al. 2019). In
particular, IL-6 showed a unique inflammatory signature in 74% of these survivors
because IL-6 levels in this group of survivors started to increase at 3 months after the

initial hospital admission, continuing to raise until 12 months post-sepsis (Yende et al.
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2019). In addition, sepsis survivors are frequently readmitted to the hospital because
of recurrence of sepsis (Prescott et al. 2015) and present the increased risk of fungal
infections, opportunistic bacterial infections (Hotchkiss et al. 2009) and reactivation of
latent viruses (such as Herpes simplex virus (HSV), Epstein-Barr virus (EBV) and
cytomegalovirus (CMV)) (Walton et al. 2014). All of these findings support the
suppressed immune system among sepsis survivors after discharge from the hospital
or ICU. The underlying molecular or epigenetic mechanisms remain elusive, but one
highlighted pathway based on transcriptomic analysis of leukocytes and monocytes
from immunosuppressive patients with sepsis is the hypoxia-inducible factor 1 (HIF-1)
pathway (Davenport et al. 2016; Shalova et al. 2015).
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Figure 1. Clinical trajectory of sepsis and sepsis-associated encephalopathy.
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(A) Acute and long-lasting changes in the immune profiles after the onset of sepsis.
Excessive inflammation (cytokine storm) in the periphery is initially triggered after
the infections by various pathogens (most commonly, bacteria and viruses). Half of
the patients with sepsis who survive the initial cytokine storm develop chronically
altered inflammatory conditions (known as PICS) with increased mortality for a year
(Stortz et al. 2018; Gentile et al. 2012). PICS is characterised by the sustained
peripheral inflammation (elevated levels of peripheral proinfammatory mediators
(such as CRP, IL-6 and IL-8) and MDSC expansion) and the progressive increase
in the immunosuppression (elevated levels of the immune suppressive mediators
(such as sPD-L1 and IL-10), lymphopaenia and increased risk of infections and
latent viral reactivation) (Stortz et al. 2018; Yende et al. 2019; Gentile et al. 2012;
Prescott et al. 2015).

(B) A model of changes in the cognitive functions after sepsis. Many sepsis patients
present delirium and coma at ICU, and some appear to recover from these
neurological symptoms (Fritze et al. 2021; Yang et al. 2011). However, the rest show
prolonged cognitive impairments for several years after the onset (Iwashyna et al.
2010; Yang et al. 2011; Shah et al. 2013; Fritze et al. 2021).

Abbreviations: CRP, C-reactive protein; CNS, central nervous system; ICU,
intensive care unit; IL, interleukin; MDSC, myeloid-derived suppressor cell; PICS,
persistent inflammation, immunosuppression and catabolism syndrome; sPD-L1,

soluble programmed death ligand-1.

1.3 Sepsis-associated encephalopathy from a clinical perspective

1.3.1 Definition of sepsis-associated encephalopathy

A landmark study led by Eidelman et al. described the neurological abnormalities in
patients with sepsis and defines sepsis-associated encephalopathy (SAE) as acute
cerebral dysfunctions characterised by delirium and coma following the onset of sepsis
without evidence for CNS infection by pathogens (Eidelman et al. 1996). Despite there
being no diagnostic guideline of SAE as of now, frequently used methods to determine
SAE in the research settings is either DSM-5 (diagnostic and statistical manual of
mental disorders) or CAM-ICU (confusion assessment method for the intensive care
unit) to diagnose delirium (Inouye et al. 2015) and Glasgow coma scale (GCS) to

measure the levels of a patient’s consciousness (Eidelman et al. 1996).
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1.3.2 Progressive changes in cognitive disturbances

The incidence of SAE in patients with sepsis is high at the time of ICU admission, but
accumulating epidemiological analyses suggested that the changes in the cognitive
functions seemed to be dynamic after the onset of sepsis (Fig. 1B). A large-scale
multicentre analysis (n=2,513) showed that about half (53%) of patients with sepsis
displayed SAE at ICU (Sonneville et al. 2017), confirming the initial study of SAE
(Eidelman et al. 1996). As the definition of delirium implies the reversibility of SAE
(namely, acute disturbances of awareness, attention and cognition lasting for hours to
days) (Inouye et al. 2015), another study found that more than one-third (37%) of
patients with sepsis exhibited recovery from the neurological symptoms within a month
after the onset of sepsis (Yang et al. 2011). A recent retrospective analysis using the
German health claims data of patients with sepsis (n=161,567) provided further insight
on the trajectory of cognitive functions over time (Fritze et al. 2021). When the
investigators examined the incidence of dementia diagnosis for more than six years
after the onset of sepsis, they found that diagnosis of dementia was peaked at the
time of sepsis onset but sharply declined within the next six months (Fritze et al. 2021).
Nevertheless, a striking difference was noted among patients who were older than 85
years old because this elderly group of survivors displayed an elevated incidence of
dementia for two years after the initial diagnosis of sepsis (Fritze et al. 2021). This
finding is consistent with the earlier US Health and Retirement Study (n=1,194) and
the subgroup analysis of Cardiovascular Health Study (n=198). These studies
reported that the risk of developing cognitive impairments and dementia was higher in
patients who survived sepsis than in patients hospitalised for the other causes, and
this difference was observed for up to ten years after the initial hospital admission
(lwashyna et al. 2010; Shah et al. 2013). Of note, which type(s) of dementia are more
susceptible to the survivors require further investigations, and the reasons why some,
but not all, patients with sepsis recover SAE will need to be explored in the future. One
possible way to approach this question might be a genome-wide association study
(GWAS). Notably, a previous GWAS study did identify that survival from sepsis is
associated with the single nucleotide polymorphisms (SNPs) in the intronic region of
the FER gene (which encodes Fps/Fes related tyrosine protein kinase), and patients
with these SNPs increase their survival by 44% (Rautanen et al. 2015). Thus, it might
be possible that there might be genetic relationships between the risk of developing

SAE and genes associated with the survival from sepsis.
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1.3.3 Frontal cortex and medial temporal lobe under the risk of sepsis

Evidence for the damages to the CNS in patients with sepsis is accumulating based
on neuroimaging findings, abnormal electroencephalography (EEG) recordings and
circulating biomarker changes in patients with SAE. For instance, general cerebral
effects are evidenced by the frequent magnetic resonance imaging (MRI) findings of
cytotoxic oedema in patients with SAE, which likely represents ischaemia and the
consequent cellular damages (Stubbs et al. 2013). When 17 studies were
systematically reviewed, EEG abnormalities (such as slowing of the delta wave and
continuous theta wave) were also common in patients with SAE, suggesting the
alterations of the neuronal activity following the onset of sepsis (Hosokawa et al.
2014). However, it should be noted that cognitively normal patients with sepsis can
exhibit such abnormal EEG recordings, indicating that EEG findings are not specific
to the onset of SAE (Hosokawa et al. 2014). When the serum biomarkers were
assessed in ICU, S100B (a protein produced by astrocytes that indicates brain injury)
was found to be higher in patients with SAE than in cognitively intact patients with
sepsis (Wu et al. 2020).

Meanwhile, as the relevant cognitive domains are affected in patients with SAE, sepsis
seems to damage specific brain regions, particularly the frontal cortex and medial
temporal lobe. Previous studies of the affected cognitive domains in patients who
survived sepsis suggested that spatial recognition memory (Andonegui et al. 2018),
verbal learning and memory (Semmler et al. 2008), executive function and visual
attention (Gunther et al. 2012) were impaired after the hospital discharge. In line with
this, patients with SAE showed a reduced volume of the amygdala, hippocampus and
cortex during the ICU stay (Orhun et al. 2020), and those who died from sepsis
displayed apoptotic neurons in the amygdala, hypothalamus and medulla on a post-
mortem investigation (Sharshar et al. 2004; Sharshar et al. 2003). Further, patients
who survived from sepsis also showed a lower volume of the superior frontal cortex
and hippocampus than patients who were admitted to ICU for other causes within two
years after the hospital discharge (Semmler et al. 2013; Gunther et al. 2012). Although
some studies reported conflicting findings using animal models (Table 1), these
clinical data were corroborated by neuronal cell death observed in the hippocampus
of rats (Semmler et al. 2007; Semmler et al. 2008) and mice following the induction of

systemic inflammation (Lee et al. 2008).
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Table 1. Cerebral dysfunction in mouse models of systemic inflammation.

Type of Specific Age of Brain pathology
bacterial Protocol Reference
sepsis model mice observed
component
Gram- E. coli O55:B5 | 8 mg/kg via 2 months Impaired spatial (Zhang et
negative LPS i.p. route memory and al. 2017)
bacterial transient reduction
infection of NMDA and
AMPA receptor
expression without
neuronal cell death
in the hippocampus
E. coli O55:B5 | 1 mg/kg via 2-3 months | Normal neuron and | (Chen et
LPS i.p. route on 4 synapse density in al. 2012;
consecutive the hippocampus Chen et al.
days 2014)
E. coli O55:B5 | 0.25 mg/kg Unknown Neuronal apoptosis | (Lee et al.
LPS via i.p. route in the CA1 region of | 2008)
on7 the hippocampus
consecutive
days
E. coli 5 mg/kg via 5 months Increased working (Weberpals
0127:B8 LPS | i.p. route memory errors and | et al. 2009)
chronic reduction of
synaptic proteins
without neuronal
cell death in the
hippocampus at two
months post-
injection
Unknown 5 mg/kg via 2 months Impaired spatial (Ormerod
i.p. route memory at a month, | et al. 2013)
but not at a week,
post-injection with
the impaired
hippocampal
neurogenesis
E. coli 0.2 mg/kg via | 7 months Normal dendritic (Beyer et
0127:B8 LPS | i.p. route on 2 | (young) spine density in the | al. 2020)
and 19 hippocampus of
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and
Salmonella

enterica LPS

consecutive

days

months

(aged)

young mice but
chronic reduction in

the aged mice

Gram-positive
bacterial

infection

S.

pneumoniae

OD600 =
0.63, via
intratracheal

route

1-2 months

Monocyte infiltration
to the brain and
chronic spatial

memory deficits

(Andonegui
et al. 2018)

Polymicrobial

sepsis

Caecal

contents

Caecal
ligation and

puncture

1-2 months

Long-term spatial
memory deficits and
reduced dendritic
spine density in the

CA1 region

(Chavan et
al. 2012)

1-2 months

Long-term
impairments of
contextual fear
conditioning and
reduced dendritic
spine density in the
amygdala and
dentate gyrus, but
not CA1, of the

hippocampus

(Huerta et
al. 2016)

1-2 months

Persistently
impaired extinction
of fear conditioning
and monocyte
infiltration without
dendritic spine loss
or neuronal cell
death

(Singer et
al. 2016a)

Viral infection

Influenza A
virus subtypes
H3N2

10 FFUs via
intranasal

route

2-3 months

Impaired spatial
memory and
temporal reduction
of dendritic spine
density in the
hippocampus at 30
days post-infection

(Hosseini
et al. 2018)

Poly(I:C)

5 mg/kg via

i.p. route

1-2 months

Impaired motor

learning after the

(Garré et
al. 2017)
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rotarod training and
the elevated rate of
dendritic spine
elimination in the

motor cortex in vivo

Abbreviations: AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid; FFU, focus forming unit;
i.p., intraperitoneal; LPS, lipopolysaccharide; NMDA, N-methyl-D-aspartate; poly(l:C), polyinosinic-
polycytidylic acid.

1.4 Cerebral damages caused by sepsis

1.4.1 Evidence for the induction of neuroinflammation

Following the onset of sepsis, the innate immune system is activated by circulating
immune mediators that can cross the blood-brain barrier (BBB) (Dantzer and Kelley
2007) without neuroinvasion of the bacteria and viruses that cause sepsis (Sonneville
et al. 2013). Subsequently, as murine models of systemic inflammation suggest,
activated microglia, astrocytes and endothelial cells produce various inflammatory
proteins (such as IL-1B, IL-6, nitric oxide (NO) and TNF) in the brain (Widmann and
Heneka 2014). This microglial activation is inferred by the less ramified morphology of
microglia with the increased CD68 immunoreactivity in the brains of deceased patients
with sepsis (Zrzavy et al. 2019; Lemstra et al. 2007). Recent technical advancement
of positron emission tomography (PET) imaging allows us to longitudinally observe
the occurrence of neuroinflammation via a radioactively labelled glial translocator
protein (TSPO) (such as ['®F]FEPPA and [''"C]PBR28) (Sandiego et al. 2015; Chang
et al. 2021). Using these methods, systemic injection of lipopolysaccharide (LPS) (a
well-known gram-negative bacterial cell wall component) into healthy human
volunteers at low doses or rodents at high doses resulted in global increases in the
TSPO signals (that is, microglial and astrocytic activations) across the brain regions
(Sandiego et al. 2015; Chang et al. 2021). This provides unambiguous evidence for
the induction of neuroinflammation after the systemic inflammation without the brain
infection and indicates that the brain regions commonly affected by sepsis (i.e. the
medial temporal lobe and frontal cortex) may not be attributed to different degrees of

neuroinflammation in these brain regions.
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1.4.2 Elevated cytokines in the brain and their effects on the cognition

Altered cognition in patients with sepsis may result from cytokine toxicity in the brain.
This is because (1) various proinflammatory cytokines (such as TNF, IL-18 and IL-6)
can modulate learning and memory in mice and humans (Yirmiya and Goshen 2011),
and (2) peripheral IL-6 levels are elevated immediately after onset and during the
recovery of sepsis (Yende et al. 2019). Notably, many pieces of previous literature
suggested an association of circulating IL-6 levels with cognitive impairments in
humans. For instance, higher IL-6 levels were detected when the individuals
presented age-dependent cognitive decline when the same individuals were followed
up for ten years (Singh-Manoux et al. 2014). Others found that IL-6 levels were
correlated with the impaired episodic memory in healthy individuals who had been
challenged with low doses of LPS (Reichenberg et al. 2001). In patients with sepsis at
ICU, elevated IL-6 levels were detected in those cognitively impaired patients
compared with cognitively normal patients (Wu et al. 2020). Similar observations were
also documented in hospitalised patients with delirium associated with non-sepsis
causes (for example, hip fracture surgery) (van Munster et al. 2008; de Rooij et al.
2007). Intriguingly, patients with delirium symptoms for eight days displayed that the
peripheral cytokine levels were normalised at an earlier point of time (van Munster et
al. 2008). This indicated that the initial increase of IL-6 may be sufficient for impairing
cognitive functions in patients with delirium or SAE. Alternatively, despite the normal
levels in the blood circulation, the elevated levels of IL-6 may persist, thereby
disturbing the cognitive functions of the patients. The importance of IL-6 was further
confirmed in animal models showing that IL-6 deficiency rescued the onset of
endotoxin-induced spatial memory deficits without affecting the TNF and IL-1p
increase in the plasma (Sparkman et al. 2006). Although it remains largely unknown
how IL-6 negatively affects the cognitive functions in humans and mice, it seems
plausible that proinflammatory cytokines, particularly IL-6, can induce cognitive

disturbances.

1.4.3 Synaptic alterations after sepsis
Cerebral damages and the consistent cognitive disturbances following sepsis may be
a consequence of loss of synapses because the abundance of synapses in the brain

strongly correlate with cognitive functions across the species. For instance, patients
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with mild cognitive impairment (MCI) and Alzheimer’s disease (AD) displayed loss of
synapses in the hippocampus (Terry et al. 1991; Scheff et al. 2007; Vanhaute et al.
2020). Likewise, synapse loss is found in the hippocampus of aged mice and frontal
cortex of aged non-human primates, significantly correlated with behaviours indicating
the memory deficits (Shi et al. 2015; Dumitriu et al. 2010). Animal models of bacterial
and viral sepsis demonstrated that systemic inflammation (for example, endotoxin
challenge, viral dsRNA injection (namely, polyinosinic-polycytidylic acid (poly(l:C)),
influenza virus A infection) contributed to declining the synapse density in the brain
(Weberpals et al. 2009; Zhang et al. 2017; Beyer et al. 2020; Hosseini et al. 2018;
Garré etal. 2017; Chavan et al. 2012) (Table 1). Although some claimed the reversible
changes of synapse density within a week (Zhang et al. 2017), others found a chronic
reduction lasting for more than a month (Weberpals et al. 2009; Beyer et al. 2020;
Hosseini et al. 2018). This suggested that if the number of synapses decreases
following the onset of sepsis, synapse loss may persist for several months and
contribute to developing sustained cognitive impairments as observed in patients who

survived sepsis (Fritze et al. 2021).

However, to our best knowledge, studies about cerebral damages in patients with SAE
at the levels of synapses are not available. A recent analysis of the cerebrospinal fluid
(CSF) suggested that synapse-related proteins are downregulated in patients with
delirium caused by infection (Peters van Ton et al. 2020). This study indicated the
potential links of synapse degeneration to the cognitive alterations in patients with
sepsis. To confirm this, future investigations are required for testing whether synapse
loss might be induced over time in patients with sepsis and those who survive sepsis.
Preferably, this should be analysed using a new PET tracer to visualise the number of
synapses in living humans in vivo. This PET imaging method utilises a radiotracer for
synaptic vesicle glycoprotein 2A (SV2A) (known as [''CJUCB-J) (Nabulsi et al. 2016)
and successfully detected the synapse loss in patients with epilepsy and MCI
(Finnema et al. 2016; Vanhaute et al. 2020). This method allows the longitudinal
observations in the same patients but also eliminates the potential confounding factors
that can complicate the post-mortem analysis of synapses (such as post-mortem

delay, the onset of the lethal MODS and premorbid pathology).
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1.5 Endotoxin challenges to model the gram-negative bacterial infection

1.56.1 Heterogeneous structure of lipopolysaccharide

The biochemical compositions of LPS are highly varied, especially at O-antigen (that
is, repeating units of three to five sugar units), and such a structural heterogeneity
determines the bacterial serotypes (Lerouge and Vanderleyden 2002) (Fig. 2). Some
studies found that distinct bacterial strains can produce varying degrees of
inflammatory responses in vitro and in vivo as a result of activation of different
signalling cascades (Netea et al. 2001; Kayagaki et al. 2013). Recently, serotype-
related cerebral effects were also found, and these authors reported that Salmonella
LPS injection in 16-month-old mice tended to show a greater loss of the dendritic
spines in the CA1 hippocampal subfield and more severe induction of the long-term
potentiation (LTP) deficits (at three months post-injection) than E. coli LPS (Beyer et
al. 2020). To our knowledge, previous literature that examined the effects of different
LPS serotypes is currently sparse, and the effects of endotoxin challenge on neurons
and synapses are debated (Table 1). One possible explanation for this discrepancy
might be the inconsistent use of different bacterial serotypes across studies, and

standardisation of the injection paradigms is strongly encouraged in this field.
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Figure 2. Structural heterogeneity of lipopolysaccharide.

(See figure legend on next page.)
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(A) Schematic of the S (‘smooth’) LPS containing the O-antigen. The other type of
LPS without O-antigen is known as R (‘rough’) LPS (Lerouge and Vanderleyden
2002).

(B, C) Heterogeneous chemical compositions of the repeating units at O-antigen of
LPS. Structure of (B) Salmonella enterica serovar Typhimurium (Whitfield et al.
2020) and (C) Escherichia coli O55:B5 (Rodriguez-Loureiro et al. 2018) are shown
as an example.

This figure was created using BioRender (https://biorender.com/).

Abbreviations: Abe, abequose; Col, colitose; Gal, galactose; GalNAc, N-acetyl-
glucosamine; Glc, glucose; GIcNAc, N-acetyl-glucosamine; Kdo, keto-
deoxyoctulosonate; LPS, lipopolysaccharide; Man, mannose; O-Ac, O-acetylation;

Rha, rhamnose.

1.56.2 Systemic lipopolysaccharide injection as a model of sepsis

Endotoxin challenge has been widely used as an animal model of sepsis and the
related systemic inflammation. One of the most compelling pieces of evidence that
support the use of LPS to simulate sepsis is a case study of a middle-aged (unknown
exact age of this patient) man who self-administered high doses (1 mg via intravenous
route) of LPS and developed MODS (Taveira da Silva et al. 1993). At the hospital
presentation, this patient showed a severe cardiovascular dysfunction (SOFA score of
four), coagulation abnormality (SOFA score of two), respiratory dysfunction (estimated
SOFA score of two) and renal dysfunction (SOFA score of one) (Taveira da Silva et
al. 1993; Vincent et al. 1996). This indicated the onset of sepsis based on the current
Sepsis-3 criteria, which requires a total SOFA score of at least two points (Singer et
al. 2016b). Consistently, endotoxin injections into mice induced not only damages to
the brain (Table 1) but also various peripheral organ failures at the same time, which
include dysfunctions of the kidney (Ghaly et al. 2011), heart (Knuefermann et al. 2002)
and lung (Parsey et al. 1998; Mullaly and Kubes 2006) (Table 2). This reflects that
endotoxin injection recapitulates various pathology seen in patients with sepsis as

animal models.



26

Table 2. Endotoxin injection as a mouse model of sepsis.

Pathology related to organ
Specific
dysfunction
bacterial Protocol Age of mice Reference
[organs with the impaired
component )
functions]
E. coliO127:B8 | 3.5 mg/kgvia | 4 months [Kidney] Increased creatinine | (Ghaly et al.
LPS i.p. route levels in the plasma and 2011)
chronic renal fibrosis
E. coliO111:B4 | 25 mg/kg via 2 months [Heart] Reduced MAP and (Knuefermann
LPS i.p. route systemic vascular et al. 2002)
resistance; increased HR
E. coliO111:B4 | 0.5-25 mg/kg 1-3 months [Lung] Increased MPO (Parsey et al.
LPS via i.p. route activity 1998; Mullaly
and Kubes
2006)

Abbreviations: HR, heart rate; i.p., intraperitoneal; LPS, lipopolysaccharide; MAP, mean arterial

pressure; MPO, myeloperoxidase.

1.6 Adult sepsis mostly affecting the elderly individuals
1.6.1 Adult sepsis mostly affecting the elderly individuals

While children and juvenile humans (younger than 18 years old) can develop sepsis
(Southeast Asia Infectious Disease Clinical Research Network 2017), adult sepsis is
common especially among elderly patients as the majority of adult survivors (56%) are
older than 65 years old (Prescott and Angus 2018). This indicated that adult sepsis is
an age-related disease. Similarly, cognitive disturbances are associated with the age
of the patients with sepsis. A recent Fritze et al.’s (2021) study demonstrated that the
incidence rate of dementia was higher in elderly patients aged older than 85 years
both at the time of hospital presentation and for up to two years after the onset than in
younger groups of patients (namely, patients aged at 65-74 years and 75-84 years).
This suggested that age-related changes in the brain might act as predisposing factors

of cerebral damages caused by sepsis.

1.6.2 Age-related neuron and synapse loss with a possible role of synaptic pruning
Ageing can affect neurons and synapses in the hippocampus of mice and affect their
behaviours associated with the hippocampus-dependent memory. For instance, the

number of neurons and synapses is reduced in the area CA3 of the hippocampus of
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aged mice (at >16 months of age) (Shi et al. 2015; Linnartz-Gerlach et al. 2019).
Consistently, age-related spatial memory deficits became apparent even earlier (at 8-
12 months of age) (Shoji et al. 2016), and these behavioural changes were confirmed
using 16-month-old mice (Shi et al. 2015). These data indicated that the CA3 neurons
are highly vulnerable to ageing, thereby ultimately impairing the cognitive functions of
rodents. Nonetheless, during the ageing of humans, a stereological analysis
demonstrated that pyramidal cell density decreased in the hilus and subiculum, but
not in the CA3 subfield (West 1993). This suggested that the recent data obtained

from aged rodents may be less relevant for ageing of the human brains.

Notably, the complement pathway is associated with the age-dependent loss of CA3
neurons and synapses in mice, and the complement activation by systemic
inflammation may worsen the neuronal and synaptic damages. Indeed, it is known that
the complement pathway is progressively activated during normal ageing (Stephan et
al. 2013; Shi et al. 2015) and robustly stimulated in the CNS following an endotoxin
challenge in young mice (Li et al. 2020a; Jacob et al. 2007; Bodea et al. 2014).
Deficiency of a complement factor C3 prevented age-related reductions of neurons
and synapses in CA3, as well as deficits of LTP and behavioural changes at 16 months
of age (Shi et al. 2015). Similarly, endotoxin-induced inhibitory synapse loss in CA3 of
young mice was prevented by a prior treatment with C3 receptor (C3R) antagonist (Li
et al. 2020a).

However, the exact molecular and cellular mechanisms that confer the CA3-specific
vulnerability via C3 remain elusive. Because the complement pathway is frequently
required for synaptic pruning by microglia during development and in the presence of
additional pathology such as AD (Schafer et al. 2012; Hong et al. 2016), it is
reasonable to assume that this mode of microglia-synapse interactions is involved in
CAS3 synapse loss, and sepsis might enhance the synaptic pruning by microglia (Fig.
3A). Recent studies found that phosphatidylserine (PS) needs to be exposed on the
synaptic surface from the inner leaflet of the plasma membrane in order for microglia
to determine and eliminate specific, weakened synapses (Scott-Hewitt et al. 2020; Li
et al. 2020b). Given that this PS exposure is seen when primary neurons are exposed
to LPS-stimulated microglia in vitro (Fricker et al. 2012), and that neuronal apoptosis

(a potent inducer of PS exposure) has been documented following LPS injection in
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rodents (Lee et al. 2008; Semmler et al. 2008), PS may be exposed following systemic
inflammation in vivo. Consequently, PS on the synaptic surface recruits and
condenses C1q proteins at synapses (Scott-Hewitt et al. 2020) which cleave C3
proteins (released by reactive astrocytes) into active forms (C3a and C3b) (Stevens
et al. 2007). Finally, these C3 cleavage products activate C3R, expressed by
microglia, leading to the induction of synaptic pruning by microglia (Schafer et al.
2012). Of note, several studies reported that C3 can also be accumulated at synapses
(Hong et al. 2016; Shi et al. 2015), and it remains unclear what molecular mechanisms
are involved in this C3 accumulation. Furthermore, microglia do not always rely on the
complement pathway to remove synapses (Weinhard et al. 2018), and emerging
evidence identified that the exposed PS is recognised by other microglial receptors
(including triggering receptor expressed on myeloid cells 2 (TREM2) (Scott-Hewitt et
al. 2020; Filipello et al. 2018) and G protein-coupled receptor 56 (GPR56) (Li et al.
2020Db)).
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Figure 3. The complement and NLRP3 inflammasome pathways in microglia.

(A) The complement pathway playing a role in synaptic pruning by microglia.
Cytokine storm elicited by sepsis onset leads to the complement activation across
the body, including in the brain (Li et al. 2020a). If phosphatidylserine (PS) is
exposed on the outer synaptic membrane, C1qis recruited at synapses and induces
synaptic pruning by microglia (Scott-Hewitt et al. 2020) likely via C3 cleavage and
the consequent C3 receptor (C3R) activation on microglia (Stevens et al. 2007;
Litvinchuk et al. 2018; Li et al. 2020a). Some studies also found C3 accumulation at
synapses for unknown mechanisms (Hong et al. 2016; Shi et al. 2015). The exposed
PS can also be recognised by other microglial receptors (such as GPR56 (Li et al.
2020b) and TREM2 (Scott-Hewitt et al. 2020)).
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(B) The canonical NLRP3 inflammasome pathway activated by systemic
inflammation and ageing via the priming and activation steps. The priming step
involves activation of pattern recognition receptors (PRRs) and cytokine receptors
by cytokine storm or age-related accumulation of DAMPs (Franceschi et al. 2017;
Dantzer and Kelley 2007; Rivest 2009). This results in the nuclear translocation of
nuclear factor kB (NF-kB), which in turn induces the transcription of the NLRP3
monomer, interleukin (IL)-1B precursor (pro-IL-1B) and IL-18 precursor (pro-IL-18)
(He et al. 2016). The assembly of the NLRP3 inflammasome (activation step)
requires additional signals, and the proposed signals during ageing and sepsis
were: mitochondrial damages (Mecocci et al. 1993; Harland et al. 2020), K* efflux
via P2X7 purinergic receptor and other signals (Mufioz-Planillo et al. 2013; Choi et
al. 2007; Mingam et al. 2008) and lysosomal dysfunctions (Heneka et al. 2015;
Marschallinger et al. 2020). Consequently, the NLRP3 inflammasome activates
caspase 1 via its cleavage, which in turn produces IL-13 and IL-18 from pro-IL-1
and pro-IL-18, respectively (He et al. 2016). At the same time, the oligomerisation
of ASC generates ASC specks (He et al. 2016).

This figure was created using BioRender (https://biorender.com/).

Abbreviations: ASC, apoptosis associated speck-like protein containing a caspase
recruitment domain; DAMPs, damage-associated molecular patterns; GPR56, G
protein-coupled receptor 56; NLRP3, NOD-, LRR- and pyrin domain-containing

protein 3; TREMZ2, triggering receptor expressed on myeloid cells 2.

1.6.3 The NLRP3 inflammasome activation with a possible link to senescence
Ageing is associated with the imbalance of the proinflammatory and anti-inflammatory
equilibrium across the body, thereby generating persistent, low-grade proinflammatory
conditions (termed ‘inflammaging’) (Franceschi et al. 2007). This requires activation of
the innate immune system partly orchestrated by the NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3) inflammasome pathway (Franceschi et al. 2017). This is
because NLRP3 deficiency prevented the onset of age-related cognitive, metabolic
and motor dysfunctions, as well as glial activation in the hippocampus, in mice at 20-
24 months of age (Youm et al. 2013).
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In general, the canonical NLRP3 inflammasome pathway is divided into two steps:
priming and activation step (Fig. 3B). The priming step is initiated once DAMPs and
PAMPs activate PRRs (such as TLRs, NLRs and C-type lectin receptors (CLRs)) and
cytokine receptors (such as IL-1 receptors and TNF receptors), usually located on the
microglial or macrophage surface in the CNS (Venegas and Heneka 2017). This in
turn activates the myeloid differentiation factor 88 (MyD88) and the nuclear factor kB
(NF-kB) pathway (priming step), leading to the expression of cytokine precursors
(such as pro-IL-1B and pro-IL-18) and NLRP3 monomer (He et al. 2016). The
subsequent NLRP3 assembly requires additional signals (activation step), and various
molecules are known to act as activation signals (as reviewed by He et al. (2016)).
Such activation signals include a reduction of cytosolic K* concentration (caused by
ATP (via activation of the purinergic P2X7 receptor), nigericin and bacterial pore-
forming toxins) (Muioz-Planillo et al. 2013) and mitochondrial reactive oxygen species
(ROS) and oxidised mitochondrial DNA (caused by mitochondrial dysfunctions) (He et
al. 2016). As a consequence, caspase-1 is cleaved and activated, leading to the
maturation of IL-1B and IL-18 from the respective precursors (He et al. 2016). At the
same time, apoptosis associated speck-like protein containing a caspase recruitment

domain (ASC) protein is oligomerised as ASC specks (He et al. 2016).

Nevertheless, less is clear about how the NLRP3 inflammasome pathway contributes
to inflammaging. The priming step during ageing is likely linked to a progressive
accumulation of so-called ‘molecular garbage’ in the brain. Notably, the clearance
mechanism of cell debris and misfolded proteins (such as autophagy and the ubiquitin-
proteasome system (UPS)) gradually decline over time (Franceschi et al. 2017). Some
are known to activate the PRRs (for example, ceramide, cholesterol crystals, ROS,
urate crystals and AB), which should aid the maintenance of low-grade inflammation
(Goldberg and Dixit 2015; Heneka et al. 2015). By comparison, the activation step can
be mediated by distinct pathways from molecular garbage. For instance, while aged
microglia express similar levels of inward rectifier K* channels to young microglia in
mice, outward rectifier K* channels are found upregulated in the aged microglia,
increasing the propensity to K* efflux from these cells (Schilling and Eder 2015).
Accumulation of lipid droplets, cell debris and damaged proteins in lysosomes was
found in the aged microglia with altered functions (such as impaired phagocytosis and

producing elevated levels of proinflammatory cytokines and ROS) (Marschallinger et
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al. 2020; Safaiyan et al. 2016). Since lysosomal damages caused by AB can activate
the NLRP3 inflammasome in AD (Heneka et al. 2015), it is plausible that age-related
dysfunctions of lysosomes might contribute to the inflammasome activation. In
parallel, age-dependent mitochondrial damages are widely acknowledged owing to
the downregulation of genes responsible for mitochondrial functions and robust
increase in the oxidised mitochondrial DNA in aged human brains (Lu et al. 2004;
Mecocci et al. 1993). In addition, emerging evidence highlighted the role of NLRP3
acetylation as a predisposing factor to the NLRP3 inflammasome activation (He et al.
2020). The authors found that expression of sirtuin 2 (SIRT2) (cytosolic deacetylase)
was halved in bone-marrow derived macrophages from aged mice (He et al. 2020).
This promotes NLRP3 acetylation and makes it more prone to form the NLRP3

assembly when the isolated cells were treated with LPS and nigericin (He et al. 2020).

The NLRP3 inflammasome pathway is activated in microglia and macrophages in the
CNS following systemic inflammation. Proinflammatory cytokines produced in the
periphery are known to pass through the BBB and consequently activate the cytokine
receptors on microglia (Dantzer and Kelley 2007). Alternatively, circulating LPS and
other TLR ligands should have access to the brain regions where the BBB is absent
(for example, the circumventricular organs, leptomeninges and choroid plexus) and
activate microglia and macrophages in these regions (Rivest 2009). Subsequently,
TNF and other proinflammatory mediators are synthesised and simulate microglia
across the parenchyma in an autocrine and paracrine manner (Rivest 2009).
Endotoxin challenge into young mice impaired neuronal mitochondrial functions (as
evidenced by the shorter length) (Harland et al. 2020) and promoted the lipid droplet
formation inside microglia (Marschallinger et al. 2020). While systemic LPS challenge
upregulated the P2X7 receptor in the rat brain (Choi et al. 2007), endotoxin injection
into P2X7 receptor-deficient mice attenuated the proinflammatory cytokine production
in the brain (Mingam et al. 2008). These data collectively indicated that systemic
inflammation can prime the NLRP3 inflammasome but also produce various activation
signals for the assembly. In line with the hypothesis that neuroinflammation
contributes to the cerebral damages in patients with sepsis, a recent study showed
that treating mice with an NLRP3 inflammasome inhibitor before the endotoxin
challenge hindered the loss of dendritic spines in the hippocampus of aged mice at

three months post-injection (Beyer et al. 2020).
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On a separate note, there exists another pathway where LPS generates the NLRP3
inflammasome, called the non-canonical NLRP3 inflammasome pathway. A major
difference from the canonical pathway is the requirement of intracellular LPS (Yang et
al. 2015). Once LPS enters cells via infection or transfection, caspase-11 is activated
by LPS to cleave the pannexin-1 channel (Yang et al. 2015). This allows for ATP
release and the subsequent P2X7 receptor activation on the same or neighbouring
cells, leading to the K* release and the NLRP3 assembly (Yang et al. 2015). However,
it is important to emphasise that this non-canonical pathway is less relevant to SAE
because the cerebral damages are mediated by neuroinflammatory responses to
systemic inflammation, rather than the direct infection of CNS cells by pathogens
(Eidelman et al. 1996; Widmann and Heneka 2014).

In the meantime, cellular senescence is defined as the proinflammatory fate of aged
cells when their cell cycles are permanently arrested, but they produce a collection of
proinflammatory cytokines, chemokines, growth factors and proteases (known as
senescence-associated secretory phenotype (SASP)) (Baker and Petersen 2018). In
the CNS, previous studies found that many cell types can adapt this senescent
phenotype (including neurons, microglia and astrocytes), and their roles in
neuropathology have been proposed (Baker and Petersen 2018). Notably, some of
the cytokines that characterise SASP are released by the NLRP3 inflammasome
pathway (for instance, IL-1pB, IL-18, high-mobility group box 1 (HMGB1)) (He et al.
2016; Lamkanfi et al. 2010; Gorgoulis et al. 2019). As discussed earlier, deletion of
Nirp3 prevented the onset of inflammaging in the hippocampus (Youm et al. 2013) and
increased the proliferative capacity of splenic T lymphocytes in aged mice (indicative
of the rescue of T cell senescence) (Youm et al. 2012). Therefore, it is likely that
cellular senescence in the CNS may be induced or promoted by activation of the
NLRP3 inflammasome pathway following sepsis in the aged brains, and senescent

cells may contribute to the sustained inflammation thereafter.
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1.7 Aims

The main aims of the present study are as follows:

1. To investigate whether sepsis-like systemic inflammation can produce acute or
chronic cerebral damage in the hippocampus of aged (14-16 months old) mice
with an interest in the induction of global or region-specific changes in excitatory
and inhibitory synapses

2. To explore whether different bacterial strains of LPS may produce varying
degrees of the neuroinflammatory responses and cerebral damage

3. To study whether the synapse loss may be associated with the increased
synaptic pruning by microglia

4. To examine whether the complement and NLRP3 inflammasome pathway may
be activated following systemic inflammation and whether their activations are
associated with the cerebral damage

5. To investigate whether the systemic inflammation in aged mice can drive
cellular senescence in the wake of the NLRP3 inflammasome activations

6. To study whether the absence of functional TREM2 proteins in microglia may
modify the synapse pathology in aged (12 months old) APP/PS1 mice (animal

model of AD) possibly via the impaired synaptic pruning
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Chapter 2: Materials and Methods

2.1 Materials

2.1.1 Animals and husbandries

2111 C57BL/6N mice for endotoxin injection

Female C57BL/6N mice (Charles River, RRID: IMSR_JAX:000,664) were housed
together in the University of Bonn Medical Center animal facility. Up to five mice were
maintained in the same cage with ad libitum access to water and food. All the animals
were housed on 12-hour light/dark cycles at the temperature of 21 £+ 1°C and relative
humidity of 55 £ 10%.

2.1.1.2 APP/PS1 mice and APP/PS1; Trem2™®M mice

The following transgenic and knock-in lines were bred and maintained at an external
breeding facility (Taconic Biosciences, Silkeborg, Denmark) until 11-12 months of age,
transported to the University of Bonn Medical Center and housed in the same room

as the C57BL/6N mice. Both male and female mice were used.

APP/PS1 mice are a transgenic mouse line harbouring human APP (amyloid
precursor protein) Swedish mutations (K595N/M596L) and a PSEN1 (presenilin 1)
mutation (AE9) under the mouse prion protein promoter (Jankowsky et al. 2001). At
the age of 12 months, AR depositions become abundant in the cortex (Venegas et al.
2017). Meanwhile, Trem2™®™ mutant mice are a knock-in mouse line containing a
T66M mutation associated with frontotemporal dementia (FTD)-like syndromes
(Kleinberger et al. 2017). Since this mutation is a loss-of-function point mutation
(Guerreiro et al. 2013a), Trem2™®™ mutant mice are functionally equivalent to the

Trem2 knockout mice.
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2.1.2 Drugs injected into mice
The following LPS were used at the respective dosages to model systemic
inflammation in mice in vivo while Dulbecco’s phosphate-buffered saline (DPBS) was

injected into the control group (Table 3).

Table 3. Drugs injected into mice.

Drugs Dosage Manufacture Cat. no.
LPS from Salmonella enterica | 2x, 4x, 7x Sigma-Aldrich (Munich, L6511
serotype Typhimurium 1.5 mg/kg Germany)
LPS from E. coli 055:B5 2X Sigma-Aldrich (Munich, L2880
1.5 mg/kg Germany)
DPBS 2x, 4x, 7x Gibco 14190-094
1.5 mg/kg (Darmstadt, Germany)

Abbreviations: DPBS, Dulbecco’s phosphate-buffered saline; LPS, lipopolysaccharide.

2.1.3 Antibodies

The following primary and secondary antibodies were used for immunohistochemistry

(Table 4) and western blot (Table 5).

Table 4. Antibodies used for the histological analysis.

Antibody Dilution Manufacture Cat. no. (RRID)
Mouse monoclonal | 1:500 Chemicon MAB377
anti-NeuN (Munich, Germany) (AB_2298772)
Mouse monoclonal | 1:500 Millipore MAB1572
anti-PV (Munich, Germany) (AB_2174013)
Guinea pig polyclonal | 1:500 Synaptic Systems 135 404
anti-VGLUT2 (Géttingen, Germany) (AB_887884)
Mouse monoclonal | 1:250 Millipore MAB1596
anti-PSD95 (Munich, Germany) (AB_2092365)
Guinea pig polyclonal | 1:1000 Synaptic Systems 131 004
anti-VGAT (Géttingen, Germany) (AB_887873)
Mouse monoclonal | 1:100 Santa Cruz  Biotechnology | sc25311
anti-gephyrin (Heidelberg, Germany) (AB_627670)
Rat monoclonal anti- | 1:250 Abcam ab11862
C3 (Cambridge, UK) (AB_2066623)
Mouse monoclonal | 1:250 Santa  Cruz  Biotechnology | sc166172
anti-MOG (Heidelberg, Germany) (AB_2145540)
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Rabbit polyclonal anti- | 1:1000 Wako Chemicals 019-19741
Iba1 (Neuss, Germany) (AB_839504)
Rat monoclonal anti- | 1:200 Bio-Rad Laboratories MCA1957
CD68 (Feldkirchen, Germany) (AB_322219)
Rat monoclonal anti- | 1:1000 Invitrogen 13-0300
GFAP (Darmstadt, Germany) (AB_2532994)
Mouse monoclonal | 1:500 Proteintech 66095-1-Ig
anti-lamin B1 (Chicago, IL, USA) (AB_11232208)
Rabbit polyclonal anti- | 1:500 Millipore AB2286
amyloid fibrils OC (Munich, Germany) (AB_1977024)
Rabbit polyclonal anti- | 1:250 Thermo Fisher Scientific AHB0052
oligomer A11 (Darmstadt, Germany) (AB_2536236)
Goat anti-rabbit Alexa | 1:500 Invitrogen A-11008
Fluor 488 (Darmstadt, Germany) (AB_143165)
Goat anti-rabbit Alexa | 1:500 Invitrogen A-11072
Fluor 594 (Darmstadt, Germany) (AB_2534116)
Goat anti-rabbit Alexa | 1:500 Invitrogen A-21244
Fluor 647 (Darmstadt, Germany) (AB_2535812)
Goat anti-rat Alexa | 1:500 Invitrogen A-11006

Fluor 488 (Darmstadt, Germany) (AB_2534074)
Goat anti-rat Alexa | 1:500 Invitrogen A-11007

Fluor 594 (Darmstadt, Germany) (AB_10561522)
Goat anti-rat Alexa | 1:500 Invitrogen A-21247

Fluor 647 (Darmstadt, Germany) (AB_141778)
Goat anti-mouse Alexa | 1:500 Invitrogen A-11017

Fluor 488 (Darmstadt, Germany) (AB_2534084)
Goat anti-mouse Alexa | 1:500 Invitrogen A-11032

Fluor 594 (Darmstadt, Germany) (AB_2534091)
Goat anti-mouse Alexa | 1:500 Invitrogen A-21236

Fluor 647 (Darmstadt, Germany) (AB_2535805)
Goat anti-guinea pig | 1:500 Invitrogen A-11073
Alexa Fluor 488 (Darmstadt, Germany) (AB_2534117)
Goat anti-guinea pig | 1:500 Invitrogen A-21450
Alexa Fluor 647 (Darmstadt, Germany) (AB_2735091)

Abbreviations: GFAP, glial fibrillary acidic protein; MOG, myelin oligodendrocyte glycoprotein; PSD95,
postsynaptic protein density 95; PV, parvalbumin; VGAT, vesicular GABA transporter; VGLUT2,

vesicular glutamate transporter 2.
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Table 5. Antibodies used for western blot analysis.

Antibody Dilution Manufacture Cat. no. (RRID)
Mouse monoclonal 1:2000 R&D Systems AB401-NA
anti-IL-18 (Wiesbaden-Nordenstadt, (AB_354347)

Germany)
Rabbit polyclonal anti- | 1:1000 Abcam ab18258
PSD95 (Cambridge, UK) (AB_444362)
Mouse monoclonal 1:10,000 Millipore MAB5258
anti-synaptophysin (Munich, Germany) (AB_2313839)
Rabbit polyclonal anti- | 1:1000 Millipore AB5062P
VGAT (Munich, Germany) (AB_2301998)
Mouse monoclonal 1:1000 Santa Cruz Biotechnology sc25311
anti-gephyrin (Heidelberg, Germany) (AB_627670)
Mouse monoclonal 1:1000 Cell Signaling Technology 4967L
anti-B actin (Frankfurt am Main, Germany) (AB_330288)
Rabbit polyclonal anti- | 1:1000 Millipore CPO06
a tubulin (Munich, Germany) (AB_2617116)
Mouse monoclonal 1:1000 AdipoGen AG-20B-0042
anti-caspase-1 (p20) (Adipogen, Liestal, Switzerland) | (AB_2490248)
Rabbit polyclonal anti- | 1:1000 AdipoGen AG-25B-0006
ASC (Adipogen, Liestal, Switzerland) | (AB_2490440)
IRDye 800CW donkey | 1:20,000 LI-COR Biosciences 926-32212
anti-mouse (Lincoln, NE, USA) (AB_621847)
IRDye 680RD donkey | 1:20,000 LI-COR Biosciences 926-68072
anti-mouse (Lincoln, NE, USA) (AB_10953628)
IRDye 800CW donkey | 1:20,000 LI-COR Biosciences 926-32213
anti-rabbit (Lincoln, NE, USA) (AB_621848)
IRDye 800CW goat 1:20,000 LI-COR Biosciences 926-32219
anti-rat (Lincoln, NE, USA) (AB_1850025)

Abbreviations: ASC, apoptosis-associated speck-like protein containing a C-terminal caspase
recruitment domain; IL, interleukin; PSD95, postsynaptic protein density 95; VGAT, vesicular GABA

transporter.



2.1.4 Buffers

Name of buffers and their constitutes used in the present study were summarised

below in table 6.

Table 6. List of buffers.
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Buffers Concentration Reagent Manufacture Cat. no.
Immunohistochemistry
Citrate buffer 100 mM Trisodium Carl Roth 3580.3
(pH 6.0) citrate (Karlsruhe, Germany)
PBST 0.1% (v/v) Triton X-100 | Carl Roth 3051.3
(pH 7.4) (Karlsruhe, Germany)
0.01M PBS Millipore L182-10
(Munich, Germany)
01 M 0.019M Monobasic Carl Roth T879.1
phosphate NaP (Karlsruhe, Germany)
buffer 0.081 M Dibasic NaP | Carl Roth X987.2
(pH 7.2) (Karlsruhe, Germany)
Western blot
TBST 15 mM NaCl PanReac AppliChem 131659
(pH 7.5) (Darmstadt, Germany)
5 mM Tris Carl Roth 5429.3
(Karlsruhe, Germany)
0.01% (v/v) Tween 20 Carl Roth 91271
(Karlsruhe, Germany)
RIPA 75 mM NaCl PanReac AppliChem 131659
(pH 7.2) (Darmstadt, Germany)
3.5mM SDS MP Biomedicals 811030
(Eschwege, Germany)
16 mM NP-40 USBiological N3500
(Swampscott, MA, USA)
12 mM Na-DOC Sigma-Aldrich D6570
(Munich, Germany)
25 mM Tris Carl Roth 5429.3
(Karlsruhe, Germany)
Synaptosome isolation
0.32 M sucrose | 0.32 M Sucrose Carl Roth 4621.11
buffer (Karlsruhe, Germany)
(pH 7.4) 2 mM EDTA Carl Roth 8043.1
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(Karlsruhe, Germany)

2mM EGTA Carl Roth 6054.2
(Karlsruhe, Germany)

2mM Na3zVO4 PanReac AppliChem A2196
(Darmstadt, Germany)

5 mM NaF Carl Roth P756.1
(Karlsruhe, Germany)

5 mM NazH2P207 Sigma-Aldrich P8135
(Munich, Germany)

10 mM HEPES Carl Roth 9105.2
(Karlsruhe, Germany)

Abbreviations: PBS, phosphate buffered saline; PBST, phosphate buffered saline with Triton X-100;

RIPA, radioimmunoprecipitation assay; TBST, Tris-buffered saline with Tween 20.

2.1.5 Other materials

The following table 7 described all the other materials used in this study.

Table 7. List of materials.

Materials Manufacture Cat. no.

Endotoxin injection and tissue collection

Insulin syringe BD Medical 324826
(Le Pont-de-Claix, France)

Injekt-F (1 ml) B. Braun 9166017V
(Hessen, Germany)

BD Microlance 25 G syringe BD Biosciences 300600
(Drogheda, Ireland)

Ketamine Ratiopharm 4089014
(Ulm, Germany)

Xylazine Serumwerk Bernburg 779-636
(Bernburg, Germany)

Immunohistochemistry

PFA Sigma-Aldrich P6148
(Munich, Germany)

Agarose Carl Roth 2267.4
(Karlsruhe, Germany)

Normal goat serum Abcam ab7481

(Cambridge, UK)

SuperFrost microscope slides Thermo Scientific 12372098
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(Rockford, IL, USA)

Immu-Mount mounting medium Thermo Fisher Scientific 9990402
(Darmstadt, Germany)

High precision microscope cover | Paul Marienfeld 0117580

glasses (Lauda-Koénigshofen, Germany)

Coverglass (24 x 60 mm) Duran Group 235503704
(Mainz, Germany)

CoverGrip coverslip sealant Biotium 23005
(Fremont, CA, USA)

In situ Cell Death Detection Kit, TMR | Roche Applied Science 12156792910

red (Mannheim, Germany)

Methoxy X04 Tocris Bioscience 4920
(Bristol, UK)

Biochemistry

EDTA-free Pierce protease inhibitor | Thermo Fisher Scientific A32965

tablet (Darmstadt, Germany)

Polypropylene tube with snap-on cap | Beckman Coulter 357448

(11 x 39 mm) (1.5 ml) (Krefeld, Germany)

Protease/phosphatase inhibitor | Cell Signaling Technology 5872S

cocktail (Frankfurt am Main, Germany)

Pierce BCA protein assay kit Thermo Scientific 23225
(Rockford, IL, USA)

NuPAGE LDS sample buffer Invitrogen NP0007
(Darmstadt, Germany)

10x Bolt sample reducing agent Invitrogen B0009
(Darmstadt, Germany)

NuPAGE 4-12% Bis-Tris protein 10- | Invitrogen NP0321BOX

well gels (Darmstadt, Germany)

NuPAGE 4-12% Bis-Tris protein 10- | Invitrogen WG1402BOX

well gels (Darmstadt, Germany)

NuPAGE MOPS running buffer Invitrogen NP0001
(Darmstadt, Germany)

NuPAGE MES running buffer Invitrogen NP0002
(Darmstadt, Germany)

PageRuler prestained protein ladder | Thermo Scientific 26617
(Rockford, IL, USA)

Trans-Blot Turbo transfer system Bio-Rad Laboratories 1704150

(Feldkirchen, Germany)




42

Trans-Blot Turbo mini 0.2 pum | Bio-Rad Laboratories 170-4158

nitrocellulose transfer packs (Feldkirchen, Germany)

Trans-Blot Turbo midi 0.2 pum | Bio-Rad Laboratories 170-4159

nitrocellulose transfer packs (Feldkirchen, Germany)

Bovine serum albumin — fraction V Rockland Immunochemicals BSA-50
(Limerick, PA, USA)

V-PLEX proinflammatory panel 1 | Meso Scale Discovery K15048D

(mouse) kit (Rockville, MD, USA)

Abbreviations: BCA, bicinchoninic acid; BSA, bovine serum albumin; PFA, paraformaldehyde.

2.1.6 Software

All the software used in the present study was summarised below in table 8.

Table 8. List of software.

Software Manufacture / original article / URL

Fiji (Schindelin et al. 2012) https://imagej.net/Fiji

Fiji Figured 1.35 plugin (Mutterer and Zinck 2013)
https://imagejdocu.tudor.lu/plugin/utilities/figurej/start

Fiji ComDet 0.3.6.1 plugin https://github.com/ekatrukha/ComDet/wiki

Fiji Skeletonize (2D/3D) plugin (Doube et al. 2010)
https://imagej.net/Skeletonize3D

Fiji Analyze Skeleton (2D/3D) plugin (Arganda-Carreras et al. 2010)
https://imagej.net/AnalyzeSkeleton

Imaris version 9.1.2 Bitplane (Zurich, Switzerland)

Imaris Viewer version 9.5.1 Bitplane (Zurich, Switzerland)

Image Studio software version 5.2.5 LI-COR Biosciences (Lincoln, NE, USA)

GraphPad Prism software version 9 GraphPad Software (La Jolla, CA, USA)

G*Power software version 3.1.9.6 (Faul et al. 2007)

2.2 Endotoxin injection and sample collection

2.2.1 LPS injection into C57BL/6N mice

Endotoxin injection, monitoring of animals following the treatment and sample
collection were partly performed by Dr lldik6 Racz and Ms Stephanie Schwarz. Power
analysis (power = 0.80, estimated effect size = 0.40) estimated the sample sizes of
each treatment group using the G*Power software version 3.1.9.6 (Faul et al. 2007),

and this was performed by Dr lldiké Racz.



43

Endotoxin was intraperitoneally injected into female 14- to 16-month-old C57BL/6N
mice (25-40 g) at 1.5 mg/kg on two consecutive days (2xLPS) (Fig. 4A). The following
LPS derived from two bacterial strains was compared: Escherichia coli (E. coli)
055:B5 (cat. no. L2880; Sigma-Aldrich, St. Lois, USA) or Salmonella enterica serotype
Typhimurium (cat. no. L6511; Sigma-Aldrich). Of note, since these LPS shared the
same endotoxin levels (3,000,000 endotoxin units/mg), extraction method (phenol
extraction) and solubility, effects of different preparation methods on the immune
reactions in vivo should be relatively small. Control groups were given DPBS as a
vehicle. The treated mice were monitored by recording the body weights and clinical
symptom scores three times per day and observing the behaviours from outside the
cage twice per day from the dates of injections to 6 days post-final injection (dpi) (every
2 h from 8:00 to 20:00). In the following week, the monitoring frequency was reduced
to twice and once a day from 7 to 10 dpi and from 11 to 13 dpi, respectively. Then, the
animals were monitored on a weekly basis until the samples were collected at 63 dpi.
During this animal health monitoring, in case that the highest clinical symptom score
was rated, or the weight loss exceeded 25% of their baseline body weight for 48 hours,

the animals were killed by CO..

At 7 or 63 dpi, a lethal dose of anaesthesia solution (100 mg/kg ketamine and 16
mg/kg xylazine) was intraperitoneally injected into mice, and transcardial perfusion
was performed using ice-cold phosphate-buffered saline (PBS). A half brain
hemisphere was immediately frozen in liquid nitrogen. The other hemisphere without
the cerebellum was soaked in 4% (w/v) paraformaldehyde (PFA) in PBS at 4°C.
Following overnight fixation, PFA was washed out in PBS twice, and the brains were
stored in 0.01% (w/v) NaNs in PBS at 4°C until use.

Additional cohorts of aged mice (14-16 months old) received prolonged periods of
endotoxin injections in order to investigate the effects of the sustained inflammation
on the CNS in aged animals. To this end, 1.5 mg/kg Salmonella LPS was
intraperitoneally administered into 14- to 16-month-old mice on four (4xLPS) and
seven consecutive days (7xLPS), and the samples were collected at 7 dpi (Fig. 4B,
C). The same animal monitoring protocol, euthanasia criteria and killing method were

used as the 2xLPS group. All these animal experiments using 14- to 16-month-old
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C57BL/6N mice were approved by the local ethical committee (LANUV NRW 81-
02.04.2020.A324) and adhered to the Declaration of Helsinki.
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Figure 4. LPS injection paradigms in aged C57BL/6N mice.

(A) 2xLPS group. Either Salmonella or E. coli LPS was intraperitoneally (i.p.)
injected in aged mice (14-16 months old) on two consecutive days. Samples were
collected at 7 and 63 dpi (red lines).

(B, C) 4xLPS and 7xLPS groups. Only Salmonella LPS was injected (i.p.) into aged
mice (14-16 months old) on either four or seven consecutive days. Samples were
collected at 7 dpi (red line).

In all the injection paradigms, DPBS was injected as a vehicle at the same time, and
each dosage was 1.5 mg/kg.

Abbreviations: DPBS, Dulbecco’s phosphate-buffered saline; dpi, days post-final

injection; LPS, lipopolysaccharide.

2.2.2 Sample collection of APP/PS1 and APP/PS1; Trem27%M mice
Sample collection and genotyping of animals were performed by Ms Stephanie

Schwarz. Of note, LPS injection into these animals was not performed.

At 12 months of age, animals were killed by an intraperitoneal injection of 10 ul/g body
weight of an anaesthesia solution (100 mg/kg ketamine and 20 mg/kg xylazine). A
hemibrain was fixed in 4% (w/v) PFA in PBS at 4°C overnight, washed in PBS for 5
min twice and placed in 30% (w/w) sucrose solution in PBS at 4°C for 2-3 days. If the
brains were not found to be floating in the solution, the brains were frozen by 2-

methylbutane immersion and stored at -80°C until use. The other brain hemisphere



45

was collected for other experiments performed by Dr Nadia Villacampa-Pérez, and
these data were not described in this thesis. These procedures of animal
experimentation were approved by the local ethical committee (LANUV NRW 81-
02.04.2017.A451).

2.3 Immunohistochemistry on free floating sections

2.3.1 Vibratome sectioning of the C57BL/6N mouse brains

Coronal 40-pm-thick brain sections were produced by a vibratome (Leica VT1000S,
Leica Biosystems, Wetzlar, Germany). These sections were sequentially collected in
0.01% (w/v) NaNs in PBS in a way that each microcentrifuge tube contains three or
four brain sections equally separated by 400 um. These sections were stored at 4°C

until use.

2.3.2 Cryostat sectioning of the APP/PS1 transgenic mouse brains

This cryostat sectioning was performed by Dr Nadia Villacampa-Pérez. Coronal 30-
pm-thick brain sections were generated using a cryostat (Leica CM3050S, Leica
Biosystems) and stored in cryoprotectant solution (0.58 M sucrose, 0.25 mM PVP-40,
30% (v/v) ethylene glycol in 0.2 M phosphate buffer) at -20°C. Prior to the histological

experiments, the cryoprotectant solution was washed out in PBS for 30 min.

2.3.3 Immunohistochemistry

Three equidistant brain sections per animal were exposed to a permeabilisation buffer
(0.1% (v/v) Triton X-100 in PBS (PBST)) for 5 min three times, a blocking buffer (10%
(v/v) normal goat serum (Abcam, cat. no. ab7481; RRID: AB_2716553) in PBST) for
an hour and an antibody solution diluted in the blocking buffer at 4°C overnight. On
the next day, the sections were washed in PBST for 5 min three times, incubated with
the appropriate secondary antibodies (Invitrogen, Darmstadt, Germany) in the
blocking buffer for 1.5 hours in dark. Of note, these secondary antibodies were
centrifuged at 13,0009 for 1 min at 4°C to allow the crystals to sink to the tube bottom
in advance (Eppendorf 5424R, Eppendorf AG, Hamburg, Germany). Then, the
sections were washed in PBS for 5 min three times in dark and mounted on the
SuperFrost microscope slides (Thermo Scientific, Rockford, IL, USA) using Immu-

Mount mounting medium (Thermo Fisher Scientific, Darmstadt, Germany). Thickness
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of the coverslip was determined by the type of microscopes. A high precision
coverglass (#1.5H thickness) (Paul Marienfeld, Lauda-Konigshofen, Germany) was
used for the super-resolution imaging, while a standard coverslip (#1.5 thickness)

(Duran Group, Mainz, Germany) for the confocal imaging.

Depending on the antigens of interest, antigen retrieval was either performed or
avoided. Some antigens, such as PSD95 and gephyrin, required heat mediated
antigen retrieval by boiling the sections in 10 mM citrate buffer (pH 6) at 95°C for 15
min and cooling down to room temperature for 20-30 min. In contrast, antigen retrieval
can completely eliminate signals of some protein targets (e.g. CD68) (Nakagawa et
al. 2017). In order to preserve immunoreactivity of these proteins, some experiments
were performed sequentially. Namely, once the staining was completed without the
antigen retrieval, the antigen retrieval was performed, followed by repeating the same

staining protocol.

2.4 Confocal imaging and image analysis

2.4.1 Stereological analysis of neuron and microglia density

Stereology was performed to estimate density of neurons and microglia in a unbiased
way (West and Gundersen 1990). Brain tissue sections were stained for NeuN-
positive neurons, parvalbumin (PV)-positive interneurons, Iba1-positive microglia and
DAPI-positive nuclei. For NeuN and Iba1 staining, confocal images were taken using
a Leica TCS SP8 confocal microscope (Leica Microsystem) with a 40x/NA1.1 water
objective. In contrast, PV-stained sections were acquired using the same microscope
with a 25x/NA0.95 water objective. Eleven serial optical images were obtained at 1
pMm intervals. To analyse the density of NeuN-positive neurons, fifteen 50 um x 50 um
optical fractionators were manually placed on the images in the Fiji software, and
NeuN/DAPI-positive nuclei inside the fractionators were counted every three z plane
(Schindelin et al. 2012). Meanwhile, because microglia and interneurons are less
abundant than neurons in the pyramidal cell layers, a larger size of fractionator (300
pgm x 300 ym or 500 ym x 240 ym) was placed on the maximum intensity projection
images, and Iba1/DAPI- and PV/DAPI-positive nuclei were counted in the Fiji software.

During the image analysis, the experimenter was blinded to the treatment groups. The
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representative figures were created using a Fiji FigureJ 1.35 plugin

(https://imagejdocu.tudor.lu/plugin/utilities/figurej/start) (Mutterer and Zinck 2013).

2.4.2 Histological analysis of microglial senescence

Vibratome sections were stained for nuclear envelop proteins (lamin B1), microglia
(Iba1) and nuclei (DAPI). Confocal micrographs were acquired using the Leica TCS
SP8 confocal microscope with the 40x objective (step size of 1 ym and 10 optical
planes) (Leica Microsystem). At least 25 non-overlapping microglial nuclei were
selected and outlined on the maximum intensity projection images in the Fiji software.
Subsequently, the integrated density of individual lamin B1 signals was measured.
The corrected total cell fluorescence (CTCF) of lamin B1 was then calculated by
subtracting the product of mean background signals and the area of microglial nuclei
from the integrated density. The circularity of microglial nuclei was measured to study
the nuclear architecture using a Fiji circularity built-in function by the following
equation: circularity = 411 x (area/perimeter)?. The circularity index equal to one means

the perfect roundness of a circle (Barascu et al. 2012).

2.4.3 TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining
followed Deng et al’s (2001) recommendations. In brief, three brain sections per
animal were incubated in 0.5% (v/v) PBST at 80°C for 20 min. These sections were
immediately mounted on the SuperFrost microscope slides (Thermo Scientific). After
the sections became dry, samples were incubated in 50 pl of reaction mixtures (in situ
Cell Death Detection Kit, TMR red, cat. no. 12156792910, Roche Applied Science,
Mannheim, Germany) at 37°C for 1 h. This was followed by washing in PBS for 5 min
twice and water for 5 min once. Sections were cover-slipped with a standard
coverglass (#1.5 thickness) (Duran Group) using 1 mg/ml DAPI-supplemented Immu-
Mount (Thermo Fisher Scientific). Ten serial 25x confocal z-stacks were acquired at

1-um intervals using the Leica TCS SP8 confocal microscope (Leica Microsystem).

2.4.4 Analysis of AB fibrillar oligomers and plaques
Cryostat sections were stained for fibrillar AR oligomers (OC) and plaques (methoxy

X04). Four serial confocal z-stacks were taken at 4 ym intervals using a Zeiss LSM880



48

microscope (Carl Zeiss, Oberkochen, Germany) with a 20x/NA0.8 air objective. The
entire hippocampus and parietal cortex were acquired. Number and area that were
positive for the oligomer and plaque staining were measured on the maximum intensity

projection images using a Fiji “Analyze Particles” function.

2.5 Super-resolution imaging and image analysis

2.5.1 Super-resolution imaging and deconvolution

Super-resolution microscope was used to perform the analysis involving the synaptic
puncta and myelin proteins (myelin oligodendrocyte glycoprotein (MOG)). Following
the staining experiments, optical images were serially taken at 0.5 ym intervals over a
depth of 8-10 ym using a Zeiss LSM980 microscope with Airyscan 2 (Carl Zeiss).
During the image acquisition, a digital zoom of 1.8 and a 63x/NA1.4 oil immersion

objective were used.

Synaptic pruning by microglia was also assessed in the super-resolution images. The
z-stacks were acquired at 0.5 um intervals at the digital zoom of 1.8 using the Zeiss
LSM980 microscope with Airyscan 2 (Carl Zeiss). A 40x/NA1.4 oil objective was
alternatively used in order to ensure that the whole structure of the microglial cell was
visible. For this purpose, all the cells, part of which was not observed, were excluded

from the analysis. This limited the number of cells to eight or nine per region of interest.

The Wiener filter-based deconvolution was applied on all the super-resolution images
using a built-in 3D Airyscan processing algorithm on Zen Blue version 3.1 software
(Carl Zeiss).

2.5.2 Analysis of synaptic puncta and C3 puncta in the hippocampus of C67BL6/N
mice

Synaptic puncta were quantified according to Sauerbeck et al.’s (2020) methods with

several modifications. Three vibratome sections of C57BL6/N mice (400 um apart)

were stained for excitatory synaptic proteins (vesicular glutamate transporter 2

(VGLUTZ2) and postsynaptic protein density 95 (PSD95)), inhibitory synaptic proteins

(vesicular GABA transporter (VGAT) and gephyrin) and complement factor (C3).

Following the super-resolution imaging, automatic detection of excitatory synaptic
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puncta was performed on a Fiji ComDet 0.3.6.1 plugin
(https://github.com/ekatrukha/ComDet/wiki). Colocalisation of excitatory synaptic
puncta (i.e. excitatory synapses) and colocalisation of C3 puncta with excitatory
synaptic puncta (i.e. synaptic C3) were determined if the distance of two punctum
centres was shorter than 200 nm. Of note, this distance was previously measured
using the similar super-resolution microscope with the Airyscan detector and verified

as synapses using an electron microscope (Sauerbeck et al. 2020).

However, applying the same methods to quantify the inhibitory synapses were
hindered because larger, non-punctum fluorescent signals of VGAT were observed.
This fluorescent pattern might reflect that VGAT is densely accumulated at the nerve
endings of inhibitory neurons (Chaudhry et al. 1998). Instead of quantifying the number
of puncta, VGAT-positive area was measured using the Fiji “Analyze Particles”
function on binary images. In contrast, gephyrin signals showed clear puncta staining
pattern, thus they were quantified on the Fiji ComDet 0.3.6.1 plugin. Following the
analysis, the representative figures were created using Imaris version 9.1.2 (Bitplane,

Zurich, Switzerland).

2.5.3 Analysis of synaptic puncta in the cortex of APP/PS1 transgenic mice

Three cryostat sections of APP/PS1 transgenic mouse brains were stained for
excitatory synaptic proteins (VGLUT2 and PSD95) and AR plaques (methoxy X04).
Once the super-resolution images were acquired, six circles were manually drawn at
2.5, 5,10, 20, 40 and 80 um from the centre of 8-9 plaques in the Fiji. Then, synaptic
puncta density in each area was calculated using the Fiji ComDet 0.3.6.1 plugin. The
maximum distance of the punctum centres was 200 nm to determine the colocalisation

of pre- and postsynaptic puncta.

2.5.4 Analysis of myelin protein coverage in the hippocampus
Three vibratome sections of C57BL6/N mice were stained for myelin proteins (MOG).
After the image acquisition, the super-resolution images were thresholded on the Fiji.

The MOG-positive area was quantified using the Fiji “Analyze Particles” function.
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2.5.5 Analysis of synaptic pruning by microglia in the hippocampus

Quantification of microglial synaptic pruning was based on Schafer et al’s (2014)
methods. Three vibratome sections were stained for synaptic puncta (PSD95),
microglia (Iba1) and lysosomes (CD68). The super-resolution images were further
processed in the Fiji by applying the mean filter (radius of 1.5 pixels) to smoothen the
PSD95 and CD68 signals and subtracting the background based on a rolling ball
algorithm. Noise in the Iba1 signals was also reduced by applying the median filter
(radius of 10 pixels). Isolation of one microglial cell from each z-stack was performed
using a Fiji “Find Connected Regions” built-in plugin. This followed the surface
rendering of each microglial cell and lysosomes on Imaris version 9.1.2 (Bitplane). The
volumes of microglia and microglial lysosomes were calculated. Further, the Imaris
spot function detected the PSD95 puncta inside the lysosomes, and the number of
synaptic puncta per lysosome volume was calculated to infer the levels of synaptic

pruning by microglia.

2.5.6 Skeleton analysis of microglial morphology in the hippocampus

Following the isolation of microglia from the super-resolution z-stacks, morphology of
each cell was assessed using skeleton analysis (Young and Morrison 2018). Each
microglial cell was skeletonised using “Skeletonize (2D/3D)” and “Analyze Skeleton
(2D/3D)” plugins in the Fiji software (Arganda-Carreras et al. 2010; Doube et al. 2010).
The branch lengths shorter than 0.4 um were considered to be artefacts and thus

excluded from the analysis.

2.6 Biochemistry

2.6.1 Synaptosome preparation

Synaptosomes were isolated from the frozen brains using the protocols with several
modifications (Wijasa et al. 2020). All the steps of this purification were performed at
4°C. The brains were homogenised in a 0.32 M sucrose buffer (0.32 M sucrose, 2 mM
EDTA, 2 mM EGTA, 2 mM NazVO4, 5 mM NaF, 5 mM NaxH2P.07, 10 mM HEPES and
EDTA-free Pierce protease inhibitor tablet (cat. no. A32965, Thermo Fisher Scientific)
(pH 7.4)) by applying 15-20 strokes in an ice-cold Teflon-glass homogeniser. Some of
the homogenates (150 pl) were reserved to obtain the brain lysates for western blot

and enzyme-linked immunosorbent assay (ELISA) and frozen at -80°C. Samples were
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centrifuged at 800g for 10 min to collect the post-nuclear supernatant (Eppendorf
5424R, Eppendorf AG), and this was repeated twice to ensure to reduce the
contamination of cell debris. This supernatant was centrifuged at 10,000g for 15 min
in a TLA-55 fixed rotor (Optima MAX-XP ultracentrifuge, Beckman Coulter, Krefeld,
Germany). The pellet (i.e. crude synaptosome) was resuspended in 500 ul 0.32 M
sucrose buffer (pH 7.4). Samples were slowly applied onto discontinuous sucrose
gradients of 1.18 M, 1.0 M and 0.85 M sucrose buffers in buffer A (pH 7.4). After being
accurately balanced, they were centrifuged at 82,0009 for 60 min in an MLS-50
swinging-bucket rotor (Optima MAX-XP ultracentrifuge, Beckman Coulter).
Synaptosome fraction at 1.18 M/1.0 M gradient boundary was collected and
resuspended in three-fold volume of 0.32 M sucrose buffer. Subsequently, the
synaptosomes were centrifuged at 10,0009 for 15 min in a TLA-55 fixed rotor (Optima
MAX-XP ultracentrifuge, Beckman Coulter). The pellet was resuspended in 100 ul
0.32 M sucrose buffer, aliquoted and frozen at -80°C. The purity of synaptosome was
verified by enrichment of synaptic proteins compared with total brain lysates by

western blot.

2.6.2 Protein extraction from the frozen brain homogenates

The tissue lysates were purified from the brain homogenates reserved during the
synaptosome purification. All the subsequent procedures were performed at 4°C. The
homogenates were slowly thawed and mixed with an equal volume of 2x
radioimmunoprecipitation assay (RIPA) buffer (3.5 mM SDS, 12 mM Na-DOC, 16 mM
NP-40, 25 mM Tris base, 75 mM NaCl, protease/phosphatase inhibitor cocktail (cat.
no. 5872S, Cell Signaling Technology, Frankfurt am Main, Germany), pH 7.2).
Samples were sonicated for 10 sec, incubated for 30 min in dark and centrifuged at
100,000g for 30 min in a TLA-55 fixed rotor (Optima MAX-XP ultracentrifuge, Beckman

Coulter). The supernatants (i.e. lysates) were collected and frozen at -80°C until use.

2.6.3 Bicinchoninic acid (BCA) assay to determine the total protein levels

Total protein levels in the synaptosome fractions and tissue lysates were determined
by a BCA assay (Pierce BCA protein assay kit, cat. no. 23225, Thermo Scientific). In
accordance with the manufacture guideline, the BCA protein reagents A and B were

mixed at 50:1 ratio, and this mixture was applied on 2.5 yl of samples and 25 ul of
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protein standards (water and bovine serum albumin (BSA) solutions at six different
concentrations from 0.0625 to 2 mg/ml). Following the incubation at 37°C for 30 min,
the absorbance was measured at 562 nm using an Infinite M200 plate reader (Tecan,

Crailsheim, Germany). Protein levels were estimated using the protein standard curve.

2.6.4 Immunoblot and its densitometric analysis

Equal amounts of proteins (20-40 ug) in synaptosome fractions or tissue lysates were
added to a NUPAGE LDS sample buffer (cat. no. NPO0O7, Invitrogen) supplemented
with 50 mM dithiothreitol (cat. no. BO009, Invitrogen). Then, samples were heated at
70°C for 10 min and loaded into NUPAGE 4-12% Bis-Tris protein gels (Invitrogen).
Protein separation was performed in either a NUPAGE MES or MOPS SDS running
buffer (cat. no. NPO001, NP0002, Invitrogen), and the buffer type was determined by
molecular weight of protein of interest. This was followed by transference to a 0.2 um
nitrocellulose membrane using a Trans-Blot Turbo transfer system (cat. no. 1704150,
Bio-Rad Laboratories, Feldkirchen, Germany). Membranes were blocked in blocking
solution (3% (w/v) BSA in Tris-buffered saline with Tween-20 (TBST) (15 mM NacCl, 5
mM Tris, 0.01% (v/v) Tween-20)) for an hour and exposed to the primary antibodies
in the blocking solution at 4°C overnight. On the next day, the membranes were
washed in TBST for 5 min three times, incubated in the secondary antibodies (LI-COR
Biosciences, Lincoln, NE, USA) diluted in 1% (w/v) BSA/TBST for an hour and washed
in TBST for 5 min three times. The protein bands were imaged using an Odyssey
infrared imaging system (LI-COR Biosciences). Signal intensity of each band was

calculated in Image Studio software version 5.2.5 (LI-COR Biosciences).

2.6.5 ELISA to quantify proinflammatory cytokine levels in the brain

This experiment was performed by Mr Francesco Santarelli. The following
proinflammatory cytokines were measured in the brain lysates using V-PLEX
proinflammatory panel 1 (mouse) kit (cat. no. K15048D, Meso Scale Discovery,
Rockville, MD, USA): CXCL1, TNF-a, IFN-y, IL-18, IL-2, IL-4, IL-5, IL-6, IL-10 and IL-
12p70. Briefly, the samples were mixed with an equal volume of diluent 41 using a 96-
well plate in this kit and incubated for 2 h with shaking. The samples were washed
three times, incubated for the detection antibody for 2 h and washed three times.

Following the subsequent reaction with a read buffer, all the cytokine levels were
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measured using a SECTOR Imager 2400 reader (Meso Scale Discovery). All the raw
data which were lower than the lowest level of quantification described in the
manufacture guideline were excluded. Finally, cytokine levels were normalised by the

total protein levels.

2.7 Statistical analysis

Each dot in all figures depicted a biological replicate. An error bar in most of the bar
charts expressed mean + standard error of measurement (SEM), while some median
t interquartile range (IQR) or 95% confidence intervals (Cls). All the violin plots and

whisker plots showed the median and IQR.

Overall, the normality of the data distribution was assessed using a Shapiro-Wilk test
for all the statistical analyses. As detailed below, if the data followed the Gaussian
distribution, parametric tests were used. Otherwise, a Grubbs’ test (alpha of 0.05) was
employed to identify and remove one outlier of the samples in order to reach the
normality. In special cases, data that did not pass the Shapiro-Wilk test even after

eliminating the outlier were analysed by non-parametric tests (discussed below).

In chapter 3, survival after the LPS injections was assessed by the Kaplan-Meier
method (a log-rank test). Weight loss was analysed using a two-way repeated
measures analysis of variance (ANOVA) with a Tukey post-hoc test. Effects of three
drug treatments (namely, vehicle, Salmonella LPS and E. coli LPS) on most of the
parameters, including cytokine levels, microglial morphology and puncta
quantification, at two points in time (at 7 dpi and 63 dpi) were analysed by either a two-
way ANOVA with a Tukey post-hoc test or a non-parametric Kruskal-Wallis test with a
Dunn’s post-hoc test. If the analysis of three treatment groups focused on 7 dpi only,
one-way ANOVA with a Tukey post-hoc test was performed. Data derived from the
parametric tests were expressed as mean = SEM in the main text, while data derived
from the non-parametric tests were summarised in tables as median [IQR] (See
Tables 9, 10).

In chapter 4, the effects of four injection paradigms of drugs (4xLPS, 4xVeh, 7xLPS

and 7xVeh (See Fig. 4)) on neuron density were studied using a non-parametric
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Kruskal-Wallis test with a Dunn’s post-hoc test. Additionally, effects of two drug
treatments (namely, vehicle and Salmonella LPS) on parameters indicating the
microglial senescence at 7 dpi and 63 dpi were analysed by a two-way ANOVA with a
Sidak post-hoc test. Alternatively, effects of ageing (namely, 14 and 16 months old)
on the mean circularity of microglial nuclei in the vehicle-treated mice were tested

using a two-tailed Student’s t-test.

In chapter 5, the effects of two genotypes (that is, APP/PS1 and APP/PS1; Trem2T6¢M)
on the amyloid pathology in two regions of interest (that is, the parietal cortex and
hippocampus) were assessed using a two-way ANOVA with a Sidak post-hoc test.
Effects of two genotypes and the distance from plaque centre on synaptic puncta
density were assessed using a Kruskal-Wallis test with a Dunn’s post-hoc test. The
effects of two genotypes on synaptic puncta density in the parietal cortex alone were

tested using a two-tailed Mann-Whitney test.

The statistical software used was GraphPad Prism software version 9 (GraphPad
Software, La Jolla, CA). Differences between groups were considered to be significant
if p <0.05.
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Chapter 3: Cerebral Effects of Systemic Inflammation in

Old Mice

3.1 An introduction to a rationale behind the LPS injection paradigm

This chapter aims to evaluate for acute and chronic effects of endotoxin injections in
middle-aged (14-16 months old) mice at 7 dpi and 63 dpi. As described in Fig. 4A,
either Salmonella or E. coli LPS was intraperitoneally injected on two consecutive

days.

The reason for using aged mice was to simulate the systemic inflammation occurring
in patients with sepsis because the majority of patients are over 65 years old (Prescott
and Angus 2018). Given that aged brains displayed less ramified morphology of
microglia and higher levels of IL-1p than young mice at baseline (Tejera et al. 2019;
Youm et al. 2013), we expected that inflammatory responses to the endotoxin
challenge might be exacerbated in old animals. Consistently, LPS injection into
middle- and advanced-aged mice (12-24 months old) resulted in higher mortality,
weight loss and production of inflammatory mediators in the brain and serum than
young mice (3-6 months old) (Mouton et al. 2012; Kohman et al. 2010; Godbout et al.
2005). Notably, LPS-induced impairments of spatial memory and learning were more

pronounced in old mice than in young mice (Kohman et al. 2010; Chen et al. 2008).

Meanwhile, cerebral effects of systemic inflammation were assessed at two points in
time (i.e. 7 dpi and 63 dpi) because we were interested in modelling the long-term
sequelae of sepsis in the brain as observed in sepsis survivors. Since not all the
injected animals did not survive after the injection, as shown later in Fig. 5A, it was
likely that data collected at the earlier timepoints would include non-surviving animals.
The chronic effect was examined at two months post-injection due to the previous
findings of synaptic destruction and loss of cortical dendritic spines in young animals
(Kondo et al. 2011; Weberpals et al. 2009).

Regarding the bacterial strains of LPS used in this study, Salmonella and E. coli LPS
were compared because a recent study demonstrated that Salmonella LPS tended to

show more significant changes in pyramidal cell morphology in the hippocampus,
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dendritic spine density and electrophysiological recordings than E. coli LPS at three
months post-injection (Beyer et al. 2020). Since this study injected a lower
concentration of endotoxin (0.2 mg/kg on two consecutive days), we hypothesised that

higher dosages might aggravate these neuronal effects at 63 dpi.

Lastly, emerging evidence suggests that LPS injection on two consecutive days can
enhance the neuroinflammatory responses without generating the immune tolerance
in young mice in the wake of epigenetic modifications (Wendeln et al. 2018). Further,
when young (2-3 months old) mice were challenged by the same dosage of
Salmonella LPS on two consecutive days, hypothermia and increased mortality rate
to approximately 10% within 7 dpi were previously documented (Mei et al. 2018). On
this basis, we aimed to characterise the acute and chronic cerebral effects of systemic

inflammation elicited by LPS prepared from two structurally distinct bacterial strains.

3.2 Increased mortality rate and weight loss after the endotoxin injection

Both Salmonella and E. coli LPS injections increased a mortality rate to 27.78% and
28.57% at 63 dpi, respectively (Salmonella LPS vs. Veh: p = 0.025; E. coli LPS vs.
Veh: p = 0.023, log-rank (Mantel-Cox) test) (Fig. 5A). Importantly, deaths caused by
LPS injections were not found from 7 dpi to 63 dpi, indicating that all the animals
studied at 7 dpi and 63 dpi were survivors of the endotoxin challenge. Weight loss was
observed in surviving animals from the day of the second injection to 7 dpi (Salmonella
LPS vs. Veh: p < 0.0001 from the day of the second injection to 3 dpi, p = 0.0002 at 4
dpi, 0.045 at 5 dpi; E. coliLPS vs. Veh: p <0.0001 from the day of the second injection
to 5 dpi, p = 0.0004 at 6 dpi, p =0.038 at 7 dpi, two-way repeated measures ANOVA)
(Fig. 5B). Of note, the highest weight loss from the baseline weight was found at 1 dpi
(Salmonella LPS: 85.79 £ 1.01% (mean £ SEM), E. coli LPS: 85.40 + 0.69%, Veh:
98.11 £ 0.73%). From 7 dpi to 63 dpi, the weight was normalised to the baseline levels
in both LPS-treated groups (Fig. 5C).
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Figure 5. Increased mortality and weight loss until 7 dpi of 2xLPS.

(A) An increase in the mortality after the endotoxin challenge (vehicle (Veh) (black),
n=16 mice; Salmonella LPS (red), n=18 mice; E. coli LPS (blue), n=14 mice, log-
rank (Mantel-Cox) test, Salmonella (red) or E. coli LPS (blue) vs. Veh: *p < 0.05).
(B) Immediate weight changes after the LPS injections (n=10 mice/treatment, two-
way repeated measures ANOVA with a Tukey post-hoc test, Salmonella (red) or E.
coli LPS (blue) vs. Veh at the respective timepoints: *p < 0.05, ***p < 0.001, ****p <
0.0001). Data were mean + SEM.

(C) Absence of the chronic weight changes from 14 dpi to 63 dpi (n=4 mice/
treatment, two-way repeated measures ANOVA with a Tukey post-hoc test). Data
were mean + SEM.

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide.

3.3 Sustained neuroinflammation until 7 dpi of 2xLPS

3.3.1 Elevated cytokine levels and the NLRP3 inflammasome activation in the brain
Proinflammatory cytokine levels in the brains were assessed using western blot and
ELISA to investigate whether some cytokines might be persistently elevated. The
immunoblot analysis of IL-18 showed a trend of higher IL-1 levels in the E. coli LPS
group than the vehicle and Salmonella LPS groups at 7 dpi (Salmonella LPS: 93.93 +
7.97%, E. coli LPS: 124.70 + 9.97%, Veh: 100.00 + 6.74%; E. coli LPS vs. Veh: p =
0.054, E. coli LPS vs. Salmonella LPS: p = 0.012, two-way ANOVA, Fig. 6A, B).
Because there was no such an increase at 63 dpi, it would be plausible that IL-13
levels were nearly normalised by 7 dpi in the brain. Another proinflammatory cytokine,
CXCL1, was found to be elevated at 7 dpi of LPS, irrespective of the serotypes
(Salmonella LPS: 40.69 £ 4.80 pg/mg, E. coli LPS: 59.26 £ 3.76 pg/mg, Veh: 26.91
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1.99 pg/mg; 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, Fig. 6C). Furthermore, IL-
6 levels were detected in all the samples, and high levels were found only in the E.
coli LPS group at 7 dpi (Salmonella LPS: 126.83 + 4.46 pg/mg, E. coli LPS: 148.45 +
5.30 pg/mg, Veh: 126.34 £ 5.52 pg/mg; E. coli LPS vs. Veh: p =0.019, E. coli LPS vs.
Salmonella LPS: p = 0.023, two-way ANOVA) and at 63 dpi (Salmonella LPS: 135.10
t 5.52 pg/mg, E. coli LPS: 158.84 + 3.52 pg/mg, Veh: 129.15 + 8.65 pg/mg; E. coli
LPS vs. Veh: p = 0.007, E. coli LPS vs. Salmonella LPS: p = 0.024, two-way ANOVA,
Fig. 6D). Meanwhile, IL-5 levels were found to be normal at 7 dpi and 63 dpi (data not
shown). Some cytokines, such as IL-1p3, IL-4 and IFN-y, were detected at borderline
levels of the quantification using ELISA, thus the reliability of the data was considered
to be low. The other cytokines (namely, TNF-q, IL-2, IL-10 and IL-12p70) were not

detected.

In order to verify the increase in IL-1( levels at 7 dpi, additional indicators of the NLRP3
inflammasome pathway were examined using western blot. While the cleaved
caspase-1 levels were found to be normal, ASC protein levels were elevated after the
E. coli LPS injection (Salmonella LPS: 134.33 £ 11.84%, E. coliLPS: 160.20 + 15.20%,
Veh: 100.00 + 11.83%; E. coli LPS vs. Veh: p = 0.015, one-way ANOVA, Fig. 6E-G),
supporting that the E. coli LPS injection might have produced greater or longer

activation of the NLRP3 inflammasome than the Salmonella LPS.

Overall, a few cytokine levels were maintained at relatively higher levels in the brain
at 7 dpi, indicating that neuroinflammation persisted by 7 dpi. Of note, the E. coli LPS
injection seemed to produce the strongest effects on the IL-13, CXCL1, IL-6 and ASC
levels in the brain. Except for IL-6 in the E. coli LPS group at 63 dpi, all the cytokine
levels were normalised or found below the limits of reliable detection. This suggested

that neuroinflammation may not have lasted for two months after the injection.
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Figure 6. Cytokine increase and NLRP3 inflammasome activation.

(A, B) Western blot analysis of mature IL-1B levels in the brain. There was an
increasing trend at 7 dpi of E. coli LPS. No such findings were observed at 63 dpi
(n=5-6 mice, two-way ANOVA with a Tukey post-hoc test, *p < 0.05).

(C, D) Quantification of proinflammatory cytokine levels in the brain using ELISA. A
temporal increase in CXCL1 levels was observed at 7 dpi of both LPS serotypes. A
persistent serotype-related increase in IL-6 levels was also found at 7 dpi and 63
dpi of E. coli LPS (n=4-6 mice, two-way ANOVA with a Tukey post-hoc test, *p <
0.05, **p <0.01, ****p < 0.0001). Data were expressed as mean + SEM.

(E-G) Western blot analysis of NLRP3 inflammasome activation in the brain at 7 dpi.
Whilst cleaved caspase-1 levels were normal, ASC levels were found to be elevated
after E. coli LPS injections (n=5-6 mice, one-way ANOVA with a Tukey post-hoc
test, *p < 0.05). Data were expressed as mean + SEM.

Abbreviations: ASC, apoptosis-associated speck-like protein containing a C-
terminal caspase recruitment domain; CXCL1, C-X-C motif chemokine ligand 1; dpi,
days post-final injection; ELISA, enzyme-linked immunosorbent assay; IL,
interleukin; LPS, lipopolysaccharide; NLRP3, nucleotide-binding domain, the

leucine-rich repeat, and the pyrin domain containing protein 3.
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3.3.2 Observations of less ramified microglia at 7 dpi

To complement the persisting neuroinflammation at 7 dpi, microglial morphology was
studied at the single-cell level in the hippocampus using skeleton analysis. During
image acquisition using a super-resolution microscope, the Iba1-positive microglial
cells, of which complete structure was visible in z-stacks, were individually located to
the centre of the field of view. The resulting 8-9 cells per animal in the CA1 or CA3

hippocampal subfields were manually isolated from the image stacks.

At 7 dpi, microglia in CA1 showed shorter branch length and fewer junctions, branches
and process end-points after both Salmonella and E. coli LPS injections, indicating the
morphological alterations persisting by 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, Fig. 7A-E, |, Table 9).

Microglia in CA3 region also demonstrated similar, but less significant, differences of
morphology after LPS injections, indicating that there might be regional differences of
microglial morphology between CA1 and CAS3 subfields (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 process endpoints — E. coli
LPS vs. Veh: p = 0.029, Kruskal-Wallis test, Fig. 7A, B, F-H, J, Table 9).

Meanwhile, none of the morphological parameters of CA1 and CA3 microglia
significantly differed from the control group at 63 dpi (Fig. 7C-J, Table 9). Given that
many of the comparisons between 7 dpi and 63 dpi among LPS-treated mice showed
a normalising tendency, these results confirmed that the morphological changes did
not persist in old mice and were normalised by 63 dpi in CA1 (Total branch length —
Salmonella LPS at 7 dpi vs. Salmonella LPS at 63 dpi: p <0.0001, E. coli LPS at 7 dpi
vs. E. coli LPS at 63 dpi: p = 0.004; Total branch number — Salmonella LPS at 7 dpi
vs. Salmonella LPS at 63 dpi: p = 0.0003, E. coli LPS at 7 dpi vs. E. coli LPS at 63 dpi:
p = 0.0003; Total junction number — Salmonella LPS at 7 dpi vs. Salmonella LPS at
63 dpi: p = 0.0009, E. coli LPS at 7 dpi vs. E. coli LPS at 63 dpi: p < 0.0001; Total
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process endpoints — Salmonella LPS at 7 dpi vs. Salmonella LPS at 63 dpi: p <
0.0001, E. coli LPS at 7 dpi vs. E. coli LPS at 63 dpi: p = 0.051, Kruskal-Wallis test,
Fig. 7C-E, |, Table 9) and in CA3 (Total branch number — E. coli LPS at 7 dpi vs. E.
coli LPS at 63 dpi: p = 0.024; Total junction number — E. coli LPS at 7 dpi vs. E. coli
LPS at 63 dpi: p = 0.019, Kruskal-Wallis test, Fig. 7F-H, J, Table 9).

Microglial density was quantified in CA1 and CA3 subregions because the presence
of a higher number of microglia can cumulatively contribute to increasing cytokine
levels and removing synaptic structures, even if the phagocytic activity may not be
heightened at the single-cell levels. Nevertheless, this analysis did not uncover clear
differences from the control groups in CA1 and CA3 at 7 dpi and 63 dpi (Fig. 7K),
suggesting that the number of microglia was not chronically altered in the
hippocampus and did not produce additive neurotoxic effects due to the higher density

of microglia.
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(See figure on previous page.)

Figure 7. Transient morphological changes of microglia in CA1 and CA3 at 7
dpi.

(A, B) Representative images of the isolated microglia in CA1 and CA3 at 7 dpi and
63 dpi. Less ramified morphology of microglia was seen at 7 dpi of LPS. Scale bar
=20 um.

(C-J) Violin plots with median and interquartile range obtained from the skeleton
analysis of microglia in (C-E, 1) CA1 and (F-H, J) CA3 at 7 dpi and 63 dpi. The total
length of branches (C, F) and the total number of (D, G) branches, (E, H) junctions
and (I, J) process end-points indicated that the less ramified morphology of microglia
was observed in CA1 and CA3 at 7 dpi but later returned to the normal by 63 dpi
(n=24-36 cells from 3-4 mice, Kruskal-Wallis test with a Dunn’s post-hoc test, *p <
0.05, **p <0.01, **p < 0.001, ****p < 0.0001).

(K) The normal density of microglia in CA1 and CA3 subfields at 7 dpi and 63 dpi
(n=4-5 mice, two-way ANOVA with a Tukey post-hoc test). Data were expressed as
mean + SEM.

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide.

Table 9. Summary of the skeleton analysis of microglia.

7 dpi 63 dpi
Salm. E. coli Salm. E. coli
Veh Veh
LPS LPS LPS LPS
CA1 microglia
Total branch 778.80 566.59 562.13 837.56 861.25 780.68
length (um) [644.79, [453.03, [439.63, [731.73, [721.12, [631.75,
1012.08] 722.79] 666.59] 1051.22] 980.81] 950.32]
Total branch 306.50 205.00 181.50 337.00 323.50 312.00
number [277.75, [154.50, [141.00, [283.25, [263.00, [227.00,
393.00] 273.00] 241.50] 442.50] 378.00] 387.50]
Total junction 173.00 113.00 96.00 188.50 182.00 179.00
number [125.00, [83.00, [74.00, [156.50, [146.00, [127.00,
223.00] 159.00] 128.00] 248.50] 215.25] 218.75]
Total process 89.50 63.00 65.50 94.00 92.50 84.50
end-points [83.00, [63.50, [61.75, [81.25, [82.00, [65.25,
113.75] 74.50] 83.25] 112.75] 104.75] 102.00]
CA3 microglia
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Total branch 745.29 546.22 535.24 666.85 640.76 665.45
length (um) [499.47, [487.59, [414.89, [526.54, [544.62, [541.01,
891.82] 663.85] 686.70] 853.61] 701.19] 756.65]
Total branch 277.00 192.00 166.50 266.00 223.00 252.00
number [176.00, [157.00, [147.25, [178.50, [194.00, [194.00,
306.00] 227.00] 229.50] 310.00] 265.75] 304.50]
Total junction 158.00 106.00 91.50 147.00 121.00 145.00
number [98.00, [89.00, [76.00, [93.50, [107.25, [105.75,
173.00] 124.00] 127.75] 175.50] 146.50] 172.25]
Total process 79.00 63.00 61.00 77.00 72.50 70.00
end-points [60.00, [54.00, [48.75, [64.50, [60.00, [59.50,
91.00] 73.00] 73.00] 90.00] 82.50] 83.75]

Data were expressed as median [interquartile range].

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide.

3.4 No LPS effects on neuron and myelin density in the hippocampus

The stereological analysis of pyramidal cell density in CA1 and CA3 was performed.
This revealed that both of the LPS serotypes did not decrease the neuron density in
CA1 and CA3 at 7 dpi and 63 dpi (Fig. 8A, E). We also sought for LPS-induced
selective interneuron death or myelin loss, but the PV-positive interneuron density and
MOG-positive area remained unchanged in CA1 and CA3 at 7 dpi and 63 dpi (Fig. 8B,
C, F, G). Finally, apoptosis of every cell type was examined by TUNEL staining of the
hippocampus. We found that less than two apoptotic nuclei per 40x confocal
micrographs were only observable in CA1 at 7 dpi (Fig. 8D). This provided evidence
against the increased apoptosis rate in CA1 at 7 dpi, which supported the earlier data

concerning the neuron and myelin density in the same regions.
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Figure 8. Normal neuron and myelin density in CA1 and CA3 at 7 dpi and 63
dpi.
(A, B) Representative images of the (A) NeuN-positive neurons and (B) PV-positive
interneurons in the hippocampus at 7 dpi and 63 dpi. Cell nuclei were counted in the
rectangles. Scale bar = 100 um.
(C) Representative images of MOG-positive signals in CA3 at 7 dpi and 63 dpi.
Scale bar = 20 pm.
(D) A rare observation of TUNEL-positive apoptotic nuclei in CA1 at 7 dpi. Scale bar
= 50 ym (middle) and 10 pym (right).
(E, F) Normal (E) neuron and (F) interneuron density in CA1 and CA3 at 7 dpi and
63 dpi (n=4-5 mice).
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(G) Normal MOG-positive area in CA1 and CA3 at 7 dpi and 63 dpi (n=4 mice).

All the statistical analysis presented here used a Kruskal-Wallis test with a Dunn’s
post-hoc test. Data were expressed as median + interquartile range.
Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide; MOG, myelin
oligodendrocyte glycoprotein; PV, parvalbumin; TUNEL, terminal deoxynucleotidyl

transferase dUTP nick end labelling.

3.5 Local, rather than global, synapse loss after systemic inflammation
3.5.1 Little evidence for global synapse loss at 7 dpi and 63 dpi

We isolated synaptosomes from the hemibrains and performed immunoblot analysis
to study the synaptic protein changes after the systemic inflammation. Our findings
indicated that there were no dramatic changes in excitatory and inhibitory synaptic
proteins at 7 dpi and 63 dpi. The only difference we observed was PSD95 protein
levels between Salmonella LPS and E. coli LPS at 7 dpi (PSD95: 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, Fig. 9).
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(See figure on previous page.)

Figure 9. No overt changes in global synaptic proteins at 7 dpi and 63 dpi.

(A, B) Immunoblot images for excitatory (PSD95), inhibitory (VGAT and gephyrin)
and non-specific synaptic proteins (synaptophysin) in synaptosomes isolated from
the hemibrains at 7 dpi and 63 dpi.

(C, D) No overt reduction of synaptic proteins at 7 dpi and 63 dpi (n=4-6 mice, two-
way ANOVA with a Tukey post-hoc test, *p < 0.05). Data were expressed as mean
+ SEM.

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide; PSD95,
postsynaptic protein density 95; VGAT, vesicular GABA transporter.

3.5.2 Delayed reduction of excitatory synaptic puncta in CA3 at 63 dpi

Because the analysis of synaptosomes, prepared from the hemibrains, was only able
to assess global changes of synaptic proteins, we then moved on to histological
analysis of synaptic puncta, proteins accumulated at synaptic structures, in the
hippocampus. Due to the point spread function elongation, the immunofluorescent
signals of the synaptic puncta became an ellipsoid shape at the diameter of 300-600
nm on microscopic z-stacks (Broadhead et al. 2016). A recently developed super-
resolution microscope with an Airyscan detector has sufficient axial and lateral spatial
resolutions (ry, = 140 nm and r; = 400 nm) for imaging these fluorescent signals (Huff

2015), and hence this microscope was chosen for the synaptic puncta analysis.

We observed normal density of the excitatory synaptic puncta (VGLUT2 and PSD95)
in CA1, dentate gyrus (DG) and CAS3 regions of the hippocampus at 7 dpi (Fig. 10A,
C-E). Likewise, the synaptic puncta density in CA1 and DG were normal at 63 dpi (Fig.
10C-E). In contrast, the CA3 subfield demonstrated a clear reduction of both
presynaptic and postsynaptic puncta and their colocalisation at 63 dpi (VGLUT2
— Salmonella LPS: 48.53 + 2.67 puncta/100 um?, E. coli LPS: 41.81 + 1.35
puncta/100 uym?, Veh: 75.14 + 0.75 puncta/100 um?; Salmonella LPS vs. Veh: p <
0.0001, E. coli LPS vs. Veh: p < 0.0001; PSD95 — Salmonella LPS: 25.13 = 0.27
puncta/100 um?, E. coli LPS: 21.40 + 0.68 puncta/100 um?, Veh: 35.91 + 1.40
puncta/100 um?; 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 +
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0.17 puncta/100 ym?, E. coli LPS: 1.96 + 0.11 puncta/100 uym?, Veh: 4.82 + 0.35
puncta/100 ym?; Salmonella LPS vs. Veh: p <0.0001, E. coli LPS vs. Veh: p <0.0001,
two-way ANOVA, Fig. 10B-E).
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Figure 10. Reduced CA3 excitatory synaptic puncta density at 63 dpi.

(A, B) Representative super-resolution images of VGLUT2 (green) and PSD95 (red)
puncta in CA3 at (A) 7 dpi and (B) 63 dpi. The three-dimensional reconstructions of
two adjacent z-planes indicated colocalisation of pre- and post-synaptic puncta
(white circles). It should be noted that some of the synaptic puncta were counted
multiple times if being detected in adjacent z-planes. Scale bar = 2 uym.

(C-E) Delayed reduction of excitatory synaptic puncta density in CA3, but not CA1
and DG, at 63 dpi (n=3-4 mice, 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-final injection; DG, dentate gyrus; LPS,
lipopolysaccharide; PSD95, postsynaptic protein density 95; VGLUT2, vesicular

glutamate transporter 2.
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In the meantime, inhibitory synapses (VGAT and gephyrin) were similarly studied in
the hippocampus. Results showed that there were little changes in the VGAT area and
gephyrin puncta denisty in CA1, CA3 and DG at 7 dpi and 63 dpi (Fig. 11). This implied

that the synapse loss in CA3 at 63 dpi might be specific to excitatory synapses.
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Figure 11. Normal inhibitory synaptic puncta density at 7 dpi and 63 dpi.

(A, B) Representative super-resolution images of gephyrin puncta (green) and
VGAT signals (red) in CA3 at (A) 7 dpi and (B) 63 dpi. Scale bar =2 uym.

(C, D) Normal gephyrin puncta density and VGAT-positive area in CA1, CA3 and
DG at 7 dpi and 63 dpi (n=4 mice, two-way ANOVA with a Tukey post-hoc test).
Data were expressed as mean + SEM.

Abbreviations: dpi, days post-final injection; DG, dentate gyrus; LPS,
lipopolysaccharide; VGAT, vesicular GABA transporter.
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3.56.3 No enhancement of synaptic pruning by microglia in CA3 at 7 dpi and 63 dpi

Synaptic pruning by microglia was studied so as to elucidate how excitatory synapses
were reduced in CA3. To this end, we reconstructed microglial cells and CD68-positive
microglial lysosomes in the three-dimension from the super-resolution image stacks
and finally isolated the PSD95-positive synaptic puncta inside the lysosomes (Fig.
12A). We found that the mean volume of the lysosomes elevated in CA1 and CA3
microglia only at 7 dpi, compared with the control microglia (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, Fig. 12B, E; Table 10). However, the total volume of
lysosomes remained normal at 7 dpi and 63 dpi of LPS (Fig. 12C, F; Table 10),
indicating that the higher mean lysosome volumes at 7 dpi might have resulted from

the clustering of lysosomes.

In order to investigate the synaptic pruning by microglia, the engulfed PSD95 puncta
density per lysosome volume was assessed. This analysis showed that fewer synaptic
puncta were detected at 7 dpi and 63 dpi of LPS, indicating that the synaptic pruning
by CA1 microglia might have been attenuated by the LPS injection (7
dpi: Salmonella LPS vs. Veh: p= 0.0005; 63 dpi: Salmonella LPS vs. Veh:p
=0.010, E. coli LPS vs. Veh: p =0.017, Kruskal-Wallis test, Fig. 12A, D, G; Table 10).
On the other hand, little changes of synaptic pruning were observed in CA3 at 7 dpi
and 63 dpi (Fig. 12A, D, G; Table 10), highlighting that the CA3 excitatory synapse
loss might not be attributed to the changes in synaptic pruning by microglia in the same

region.
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(See figure on previous page.)

Figure 12. Normal or reduced synaptic pruning by microglia at 7 dpi and 63
dpi.

(A) Representative three-dimensional reconstruction of the single microglia in CA3
(red), microglial lysosomes (blue) and engulfed PSD95 puncta inside lysosomes
(green). Scale bar = 3 um.

(B, E) Higher volumes of mean CD68-positive lysosomes in (B) CA1 and (E) CA3
microglia at 7 dpi, but not at 63 dpi (except for Salmonella LPS in CA1) (n=24-36
cells from 3-4 mice).

(C, F) Normal volume of total CD68-positive lysosomes in (C) CA1 and (F) CA3
microglia at 7 dpi and 63 dpi (n=24-36 cells from 3-4 mice).

(D, G) Normal or reduced levels of synaptic pruning by (D) CA1 and (G) CA3
microglia at 7 dpi and 63 dpi (n=24-36 cells from 3-4 mice).

All the statistical analyses shown in panels B-G used a Kruskal-Wallis test with a
Dunn’s post-hoc test (*p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001). Violin plots
indicated the median and interquartile range.

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide; PSD95,
postsynaptic protein density 95.

Table 10. Summary of microglial lysosomes and synaptic pruning.

7 dpi 63 dpi
. Salm. E. coli . Salm. E. coli

LPS LPS LPS LPS
CA1 microglia
Mean lysosome | 0.99 1.36 1.61 0.93 1.20 1.17
volume (um?) [0.86, 1.15] | [1.06, 1.73] | [1.31, 1.97] | [0.80, 1.09] | [0.97, 1.46] | [0.99, 1.39]
Total lysosome | 150.56 137.24 159.49 137.94 130.30 137.83
volume (um?®) [96.04, [103.50, [130.46, [106.39, [114.84, [111.41,

204.79] 186.01] 198.31] 172.68] 159.64] 150.72]

Engulfed puncta | 0.56 0.38 0.47 0.54 0.43 0.43
(puncta/umd) [0.47,0.68] | [0.31, 0.50] | [0.38, 0.64] | [0.47, 0.63] | [0.34, 0.50] | [0.34, 0.53]
CA3 microglia
Mean lysosome | 1.00 0.87 1.26 0.87 1.04 0.92
volume (um?) [0.75, 1.20] | [0.77, 1.45] | [1.07, 1.87] | [0.71, 1.00] | [0.74, 1.42] | [0.67, 1.26]
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Total lysosome | 119.52 101.62 137.01 85.57 78.05 96.32
volume (um?) [90.85, [82.73, [109.34, [73.41, [62.83, [61.53,
149.10] 160.70] 164.23] 115.76] 117.62] 120.60]
Engulfed puncta | 0.48 0.55 0.45 0.50 0.41 0.43
(puncta/um3) [0.44, 0.60] | [0.45, 0.64] | [0.37, 0.51] | [0.43, 0.56] | [0.35, 0.52] | [0.33, 0.53]

Data were expressed as median [interquartile range].
Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide.

3.56.4 Reduction of synaptic complement factor C3 in CA3 at 63 dpi

To investigate whether the complement pathway may be involved in synapse loss and
synaptic pruning, the density of complement factor C3, was analysed in the
hippocampus. Similar to the data on excitatory synaptic puncta, the total C3 puncta
density was normal in CA1, CA3 and DG subfields at 7 dpi; and CA1 and DG at 63 dpi
(Fig. 13A-C). However, the density significantly reduced in CA3 at 63 dpi (Salmonella
LPS: 17.63 £ 1.15 puncta/100 ym?, E. coli LPS: 15.81 + 0.46 puncta/100 uym?, Veh:
29.29 + 2.60 puncta/100 uym?; Salmonella LPS vs. Veh: p < 0.0001, E. coli LPS vs.
Veh: p < 0.0001, two-way ANOVA, Fig. 13A-C). Similarly, fewer synaptic C3 puncta
colocalised with one of excitatory synaptic puncta (VGLUT2 or PSD95) were found in
CA3 at 63 dpi (C3 colocalised with VGLUT2: Salmonella LPS: 3.54 + 0.02 puncta/100
um?, E. coli LPS: 3.20 + 0.14 puncta/100 ym?, Veh: 6.67 + 0.57 puncta/100 ym?;
Salmonella LPS vs. Veh: p < 0.0001, E. coli LPS vs. Veh: p < 0.0001; C3 colocalised
with PSD95 — Salmonella LPS: 0.89 + 0.05 puncta/100 um?, E. coli LPS: 0.76 + 0.04
puncta/100 uym?, Veh: 1.91 + 0.20 puncta/100 ym?; Salmonella LPS vs. Veh: p <
0.0001, E. coli LPS vs. Veh: p < 0.0001, two-way ANOVA, Fig. 13D, E). In contrast,
the synaptic C3 puncta density was found to be normal in CA1, CA3 and DG at 7 dpi,
and CA1 and DG at 63 dpi (Fig. 13D, E).

Furthermore, the proportions of C3-coated excitatory synaptic puncta were quantified
at 7 dpi and 63 dpi (Fig. 13F, G). Results indicated that the proportion of C3-coated
VGLUT2 and PSD95 decreased in CA3 at 63 dpi (Ratio of C3-tagged VGLUT2 over
total VGLUT2 — Salmonella LPS: 7.91 £ 0.53%, E. coli LPS: 7.47 + 0.07%, Veh: 9.16
1 0.32%; E. coli LPS vs. Veh: p = 0.010; Ratio of C3-tagged PSD95 over 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,
Fig. 13F, G).
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Altogether, these data suggested that the number of C3-tagged synapses declined
over time in CA3 between 7 dpi and 63 dpi, and assuming that microglia recognised
and eliminated these C3-tagged synapses, these data supported the hypothesis for
the role of microglia in CA3-specific synapse loss following endotoxin injection.
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Figure 13. Reduced synaptic C3 puncta density in CA3 at 63 dpi.

(See figure legend on next page.)
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(A, B) Representative super-resolution images of complement factor C3 (white),
together with VGLUT2 (green) and PSD95 (red) in CA3 at (A) 7 dpi and (B) 63 dpi.
The three-dimensional reconstruction of two adjacent z-planes demonstrated
colocalisation of C3 puncta with either VGLUT2 (green circles) or PSD95 (red
circles). Scale bar = 2 pym.

(C-E) Decrease of (C) total C3 puncta and (D, E) synaptic C3 puncta colocalised
with VGLUT2 or PSD95 in CA3 at 63 dpi (n=3-4 mice).

(F, G) Reduction of the C3-coated excitatory synaptic puncta out of the total synaptic
puncta in CA3 at 63 dpi (n=3-4 mice).

All the statistical analyses presented in panels C-G were based on a two-way
ANOVA with a Tukey post-hoc test (**p < 0.01, ***p < 0.001, ****p < 0.0001). Data
were expressed as mean + SEM.

Abbreviations: dpi, days post-final injection; DG, dentate gyrus; LPS,
lipopolysaccharide; PSD95, postsynaptic protein density 95; VGLUT2, vesicular

glutamate transporter 2.
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Chapter 4: Neuron Density and Senescence after

Prolonged Inflammation

4.1 Effects of 4xLPS and 7xLPS injections on neurons in the hippocampus
Previous reports about neuronal loss following LPS injection used either higher
concentrations of LPS (e.g. 5 or 10 mg/kg) (Semmler et al. 2007; Qin et al. 2007) or
prolonged exposures to lower doses of LPS (e.g. injections on four or seven
consecutive days) (Lee et al. 2008; Bodea et al. 2014). Thus, we postulated that the
negative results observed at 7 dpi of 2xLPS might be due to insufficient dosing of LPS.
To test this hypothesis, we injected Salmonella LPS on four and seven consecutive
days and quantified the neuronal cell density in the CA1 region of the hippocampus at
7 dpi. Nevertheless, this analysis demonstrated the neuron density remained normal
after 4xLPS and 7xLPS injections (Fig. 14). This indicated that the neuronal cell death
might not be acutely induced in CA1 by these injection paradigms at 7 dpi.

A Veh Salmonella LPS B cA1 Neuron Density (7 dpi)

150+

100+

4x injections

(4
o
1

7 dpi
NeuN+ Cell Density (%Veh)

0=

7x

7x injections

[ Veh Il Salmonella LPS
Figure 14. Normal neuron density in CA1 at 7 dpi of 4xLPS and 7xLPS.

(A) Representative figure of NeuN staining (green) in CA1 subfield of the
hippocampus at 7 dpi of 4xLPS and 7xLPS. Scale bar = 50 ym.

(B) Normal neuron density in CA1 at 7 dpi of 4xLPS and 7xLPS (n=3 mice, Kruskal-
Wallis test with a post-hoc Dunn’s test). Data were expressed as median + 95%
confidence intervals.

Abbreviations: dpi, days post-final injection; LPS, lipopolysaccharide.



77

4.2 Microglial and astrocytic senescence

4.2.1 Age-dependent, but treatment-independent, microglial senescence at 63 dpi
Previous studies reported that the NLRP3 inflammasome is required for low-grade
inflammation in the hippocampus during ageing (Youm et al. 2013) and implicated in
glial senescence (Heneka et al. 2018). Because its activation in the brain is peaked at
3 dpi of LPS injection (Tejera et al. 2019), and our immunoblot analysis provided some
evidence that the NLRP3 inflammasome might have been activated before 7 dpi (Fig.
6B, E-G), we sought to address whether the LPS injection might induce the glial
senescence. To this end, a decline of nuclear lamin B1 immunoreactivity, a hallmark
of cellular senescence (Freund et al. 2012), was tested in microglia at 7 dpi and 63 dpi
(Fig. 15A, B). Quantification of CTCF showed that there was no effect of the LPS
injection on the lamin B1 signal intensity at 7 dpi and 63 dpi (Fig. 15A, B). However,
this analysis indicated an overall age-dependent reduction of lamin B1 signals from 7
dpi to 63 dpi (7 dpi — Salmonella LPS: 1968.47 + 147.44 arbitrary unit (AU), Veh:
1798.28 + 75.59 AU; 63 dpi: Salmonella LPS: 1296.14 + 95.02 AU, Veh: 1422.65 +
231.82 AU; pooled analysis of 7 dpi vs. 63 dpi: p = 0.005, two-way ANOVA, Fig. 15B),
indicating the progressive induction of the microglial senescence from 14 to 16 months
of age. Given that lamin B1 is a nuclear envelop protein regulating the nuclear
architecture of cells (Freund et al. 2012), the size of microglial nuclei and circularity
were measured. Consistent with the age-dependent, treatment-independent, changes
in the lamin B1 immunoreactivity, the microglial nuclei were enlarged in an age-
dependent manner (7 dpi — Salmonella LPS: 39.20 + 1.45 ym?, Veh: 38.06 + 1.48
um?; 63 dpi — Salmonella LPS: 45.99 + 2.99 um?, Veh: 47.78 + 2.74 um?; pooled
analysis of 7 dpi vs. 63 dpi: p =0.005, two-way ANOVA, Fig. 15C). Likewise, the mean
circularity was declined in the vehicle group from 7 dpi to 63 dpi (7 dpi: 0.75 + 0.003
AU, 63 dpi: 0.70 £ 0.01 AU; p = 0.041, two-way ANOVA, Fig. 15D). Furthermore, there
was a treatment effect of LPS on mean circularity at 7 dpi (Salmonella LPS: 0.69 +
0.02 AU, Veh: 0.75 £ 0.003 AU; p = 0.002, two-way ANOVA, Fig. 15E). Because there
found no changes in lamin B1 immunoreactivity and nuclear size due to the LPS
injection, this reduction of mean circularity may not be attributed to the induction of
senescence. An alternative explanation might be the prior induction of proliferation

and migration to the blood vessels following LPS injections.
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Figure 15. Little 2xLPS effects on microglial senescence at 7 dpi and 63 dpi.
(A) Representative maximum intensity projection images of lamin B1 signals
colocalised with Iba1-positive microglia in CA1 at 7 dpi and 63 dpi of Salmonella
LPS on two consecutive days (2xLPS). Signals in red indicated the higher
fluorescent intensity of lamin B1, while those in blue lower intensity. A value in the
bottom left corner of each image was the circularity of the microglial nucleus. Scale
bar =5 ym.

(B) CTCF of microglial lamin B1 in CA1 at 7 dpi and 63 dpi. Age-dependent
reduction of lamin B1 immunoreactivity was observed, but these changes were not
dependent on LPS injection (n=4 mice/treatment).

(C) Area of microglial nuclei in CA1 at 7 dpi and 63 dpi. Age-dependent increase in
nuclear size in microglia was found from 7 dpi to 63 dpi (n=4 mice).

(D) Mean circularity of microglial nuclei in CA1 in vehicle-injected mice at 7 dpi
(mean age of 14.8 mo) and 63 dpi (mean age of 16.6 mo). Age-related reduction
was observed at 16 months of age (n=3-4 mice, Student’s f-test, **p <0.01).

(E) Mean circularity of microglial nuclei in CA1 at 7 dpi and 63 dpi. A reduction was
observed at 7 dpi of LPS (n=3-4 mice).

Statistical analysis presented in panels B, C and E used a two-way ANOVA with a
Sidak post-hoc test (*p < 0.05, **p <0.01). Data were mean + SEM.



Abbreviations: AU, arbitrary unit; CTCF, corrected total cell fluorescence; dpi, days

post-final injection; LPS, lipopolysaccharide.

4.2.2 No effects on glial senescence at 7 dpi of 4xLPS and 7xLPS

In order to investigate whether the glial senescence might occur in astrocytes and
whether the endotoxin challenges for longer periods than two consecutive days may
be required for inducing glial senescence, an observational study was performed at 7
dpi of 4xLPS and 7xLPS. As a result, lamin B1 immunoreactivity appeared to be
unchanged both in microglia (Fig. 16A) and astrocytes (Fig. 16B) after the 4xLPS and
7XLPS injections. This indicated that microglial and astrocytic senescence was not

induced by LPS injections at 7 dpi in old mice.

A Lamin B1/lba1/DAPI B Lamin B1/GFAP/DAPI

7XLPS 4xVeh 4xLPS

7xVeh

Figure 16. Little effects of 4xLPS and 7xLPS on glial senescence at 7 dpi.

(A, B) No apparent changes in lamin B1 (green) immunoreactivity in microglia (A)
and astrocytes (B) at 7 dpi of 4xLPS and 7xLPS. Scale bar =5 um.

Abbreviations: dpi, days post-final injection; GFAP, glial fibrillary acidic protein; LPS,

lipopolysaccharide.
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Chapter 5: Roles of TREM2 in Synapse Loss of Aged

APP/PS1 Mice

5.1 A brief introduction of this chapter

In animal models of amyloid pathology, including the one used in the present study
(thatis, APP/PS1 mice), synapse loss is detected as early as at 4 months of age (Hong
et al. 2016). Some studies showed that synapse loss is spatially correlated with the
distance from the plaque centre, suggesting the synaptotoxic nature of the oligomeric
AB (Sauerbeck et al. 2020; Koffie et al. 2009). Other studies demonstrated this
synapse loss may be mediated by microglia because pharmacological depletion of
microglia or normalisation of microglial density (using colony stimulating factor 1
receptor (CSF1R) inhibitors) prevented synapse loss in APP transgenic mice (Olmos-
Alonso et al. 2016; Spangenberg et al. 2016). Microglial synaptic pruning was also

implicated via the complement activation (Hong et al. 2016).

Previously, several loss-of-function mutations of TREM2 have been linked to patients
with neurodegenerative diseases, such as the R47H mutation for sporadic AD
(Guerreiro et al. 2013b; Jonsson et al. 2013) and the T66M mutation for FTD-like
syndromes (Guerreiro et al. 2013a). TREM2 seems to modify the amyloid pathology
because compartmentalisation of AB plaques was impaired by TREM2-deficient
microglia in animal models of AD (Yuan et al. 2016). Recently, TREM2 has also been
required for microglial synaptic pruning in vitro and in the presence of amyloid
pathology (Scott-Hewitt et al. 2020; Filipello et al. 2018) (Fig. 3A).

On this basis, we hypothesised that microglia in APP/PS1 mice with the loss-of-
function T66M mutation of the Trem2 gene might impair their capacity of synaptic
pruning. To this end, we analysed the plaque and oligomer density in the hippocampus

and cortex, followed by the synaptic puncta density in the same regions.

5.2 Altered AB plaque and oligomer loads with the Trem2 mutation

Analysis of methoxy X04-positive AB plaque load revealed that the plaque density was
reduced in the cortex of 12-month-old APP/PS1 mice with the Trem2 mutation,
compared with the age-matched APP/PS1 mice (APP/PS1; Trem2™®M: 931.90 +
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196.32 plaques/mm?, APP/PS1: 4446.13 + 1074.03 plaques/mm?; p = 0.004, two-way
ANOVA, Fig. 17A, C). Similarly, the coverage was also found to be reduced in the
cortex in the Trem2 mutant mice (APP/PS1; Trem2TM: 0.83 + 0.06%, APP/PS1: 2.70
1+ 0.51%; p = 0.007, two-way ANOVA, Fig. 17A, D).

An abundance of fibrillar oligomeric AR species was quantified on brain sections
stained for a conformation-specific antibody OC. Results indicated that the cortex of
Trem2 mutant possessed higher density of AR oligomers (APP/PS1; Trem2T66M:
723.18 + 37.60 plaques/mm?, APP/PS1: 583.92 + 64.08 plagues/mm?; p = 0.044, two-
way ANOVA, Fig. 17B, E). Consistently, the coverage also increased in the cortex of
Trem2 mutant (APP/PS1; Trem2™®M: 8.54 + 0.62%, APP/PS1: 5.73 + 0.78%; p =
0.005, two-way ANOVA, Fig. 17B, F). We also tried to quantify prefibrillar AB
oligomers in the brain using an A11 antibody. However, numerous A11-positive puncta
were observed in both an APP/PS1 and its wild-type littermate (data not shown), and
thus this analysis was not performed. This positive staining in the wild-type brain is
likely due to the staining of homooligomers that many proteins can form (Hashimoto
and Panchenko 2010). Together with the previous study showing fewer microglia
around the plaques, these results indicated that loss of functional TREM2 proteins in
microglia failed to compartmentalise AB into plaques, resulting in the spreading of the

AB oligomers in the cortex.
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Figure 17. Altered amyloid pathology in the presence of Trem2 mutation.

(A, B) Representative figures showing the distinct abundance of (A) methoxy-X04-
positive A plague and (B) OC-positive A oligomers in 12-month-old APP/PS1 and
APP/PS1; Trem2™® mice. Scale bar = 500 ym. Images on the right half in panels
(A) and (B) were the magnified part of the cortex (rectangles). Scale bar = 200 ym.
(C, D) AB plaque density and area in the CA1 hippocampal region and the parietal
cortex (CTX). The plaque density and area were reduced in the cortex of APP/PS1;
Trem2™M mice compared with APP/PS1 mice (n=3 mice).

(E, F) Oligomer density and area in CA1 and CTX. A higher oligomer density and
area were found in the cortex of APP/PS1; Trem27M mice than APP/PS1 mice (n=4
mice).

All the statistical analysis presented in panels C-F used a two-way ANOVA with a
Sidak post-hoc test (*p < 0.05, **p < 0.01). Data were mean + SEM.
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5.3 Quantification of synaptic puncta in relation to the AB plaques

In order to test whether the diffused area of AR oligomers may worsen the synapse
loss in APP/PS1 mice, or whether a lack of functional TREM2 proteins may mitigate
the synapse loss due to the impaired synaptic pruning, synaptic puncta density was
compared in the proximal region from the AB plaques with that in the distal region.
Because the difference of oligomer density and coverage between Trem2 wild-type
and mutant mice were more evident in the cortex, quantification of synaptic puncta
focused on the parietal cortex. Circles were drawn at the increasing radius from 2.5
pm to 80 pym around 8-9 plaques in the cortex (Fig. 18A). Overall, both genotypes
demonstrated that synapse loss was the highest in the plaque proximal regions (0-2.5
pm from the plaque centre). Using the synaptic puncta density in the plaque distal
regions (40-80 um from the plaque centre) of the same plaque as internal controls,
colocalised synaptic puncta density in each plaque decreased by 82.27 + 1.42%
(VGLUT2: 56.27 + 6.82%, PSD95: 67.03 + 4.39%) in APP/PS1 mice and 60.08 +
10.58% (VGLUT2: 49.45 + 10.58%, PSD95: 49.58 + 9.89%) in APP/PS1; Trem2T6tM
mice (Fig. 18B-E). Both genotypes showed a clear normalising tendency away from
the plaque centre, reaching the normal levels at 20-40 um from the plaque centre (Fig.
18B-E). When the synaptic puncta density was compared with the internal controls
(that is, puncta density in the most distal area of interest at 40-80 um from the same
plaque centre), there found no difference between the genotypes (Fig. 18B-E).
However, when the absolute synaptic puncta density was compared between the
genotypes, both proximal (0-5 um area) and distal regions (20-40 um area) detected
a higher synaptic puncta density in APP/PS1; Trem2™®™ mice than APP/PS1 mice in
the proximal regions (median [IQR]: VGLUT2 — APP/PS1: 10.00 [6.43, 21.45]
puncta/100 um?, APP/PS1; Trem2T™®M: 23.45 [12.10, 40.83] puncta/100 uym?, p =
0.003; PSD95 — APP/PS1: 6.90 [2.10, 9.90] puncta/100 um?, APP/PS1; TremZ2T6M:
12.90 [6.08, 19.63] puncta/100 um?, p = 0.005; VGLUT2/PSD95 colocalisation —
APP/PS1: 0.00 [0.00, 0.40] puncta/100 um?, APP/PS1; Trem27®M: 0.70 [0.00, 2.03]
puncta/100 ym?, p = 0.011, Mann-Whitney test, Fig. 18F-H) and the distal regions
(median [IQR]: VGLUT2 — APP/PS1: 20.00 [15.18, 45.60] puncta/100 um?, APP/PS1;
Trem2T6®M: 37 25 [25.95, 58.93] puncta/100 um?, p = 0.0005; PSD95 — APP/PS1:
12.75 [9.55, 19.75] puncta/100 uym?, APP/PS1; Trem2™®M: 18.00 [12.88, 26.10]
puncta/100 um?, p = 0.034; VGLUT2/PSD95 colocalisation — APP/PS1: 0.55 [0.30,
1.53] puncta/100 uym?, APP/PS1; Trem2TM: 1,50 [0.63, 2.50] puncta/100 ym?, p =
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0.011, Mann-Whitney test, Fig. 18F-H). Taken together, these results suggested that
Trem2 mutation ameliorated the synapse loss in APP/PS1 mice even in the presence
of more abundant AB oligomers in the cortex. Given that the Trem2 mutation did not
have an effect on the relative abundance of synaptic puncta to the internal controls,
these data implied that other mechanisms were involved in the synapse loss in the

proximal to the AB plaques.
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(See figure on previous page.)

Figure 18. Effects of the Trem2 mutation on synapse loss in APP/PS1 mice.
(A) Maximum intensity projection of super-resolution images of VGLUTZ2 (green),
PSD95 (red) and methoxy-X04 (blue) staining. A clear loss of synaptic puncta
staining was observed in the vicinity of AR plaques in the cortex of a 12-month-old
APP/PS1 mouse. White lines indicate the distance from the plaque centre in ym,
and the synaptic puncta density was quantified by drawing circles at the radius of
2.5,5,10, 20, 40 and 80 um around the 8-9 plaques per animal. Scale bar = 10 pm.
(B) Three-dimensional reconstructions of VGLUT2 (green), PSD95 puncta (red) and
their colocalisation (white circles) in 0-5 ym, 10-15 ym and 35-40 um from the plaque
centre. Methoxy-X04-positive plaques were confirmed in the 0-5 ym areas. A robust
synapse loss was found nearby the plaques, but the normalisation of synapses was
conceivable away from the plaque centre both in APP/PS1 and APP/PS1;
Trem27%M mice. Scale bar = 1 ym.

(C-E) AQuantification of (C) VGLUT2, (D) PSD95 and (E) colocalised
VGLUT2/PSD95 puncta in the cortex of APP/PS1 and APP/PS1; Trem2™®™ mice.
Raw data were normalised by the synaptic puncta density at the distance of 40-80
pMm area (n=3-4 mice, Kruskal-Wallis test with a Dunn’s post-hoc test).

(F-K) Synaptic puncta density in the (F-H) plaque-proximal (0-5 um from the plaque
centre) and (I-K) plaque-distal regions (20-40 um) in APP/PS1 and APP/PS1;
Trem27%M mice. Density of (F, 1) VGLUT2, (G, J) PSD95 and (H, K) colocalised
VGLUT2/PSD95 puncta indicated the higher synaptic puncta density in the
presence of the Trem2 mutation (n=26-28 plaques from 3-4 mice/genotype, two-
tailed Mann-Whitney test, *p < 0.05, **p < 0.01, ***p < 0.001).

In panels C-K, data were presented as median * interquartile range.
Abbreviations: PSD95, postsynaptic protein density 95; VGLUTZ2, vesicular

glutamate transporter 2.
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Chapter 6: Discussion

6.1 Findings from the endotoxin project

6.1.1 Induction and persistence of neuroinflammation for more than a week

The present study confirmed that peripheral injections of Salmonella LPS and E. coli
LPS into aged mice resulted in neuroinflammation lasting for at least seven days, but
almost fully resolved by two months post-injection. It is intriguing to note that CXCL1
and IL-6 levels seemed to maintain at the higher levels after E. coli LPS injections,
indicating that this LPS serotype may be able to produce longer neuroinflammatory
responses than Salmonella LPS. This trend was also seen in several other data (for
example, ASC protein levels, microglial morphology and mean lysosome volume in
microglia). Many of our data about neuroinflammatory responses are consistent with
the Tejera et al.’s (2019) study which examined the acute effects of Salmonella LPS
injection (at 1 mg/kg via i.p. route) into 15-month-old mice. For instance, the authors
found that changes in microglial morphology and cytokine levels were normalised by
10 dpi (Tejera et al. 2019). Microglial proliferation and CD68 immunoreactivity
increased at 2 dpi, but returned to the normal levels at 10 dpi (Tejera et al. 2019),
supporting our data of microglial density and total lysosome volume at 7 dpi. Similarly,
the investigators found the increased ASC speck formation using histology at 2 dpi
and 10 dpi (Tejera et al. 2019), which was again confirmed by our immunoblot analysis
at 7 dpi.

6.1.2 Local and delayed loss of the CA3 excitatory synapses and complements

Our histological data suggested that systemic inflammation can lead to a local,
delayed synapse loss in CA3 at 63 dpi with preserving the global synaptic protein
levels in the brain at 7 dpi and 63 dpi. We presented that this synapse loss was specific
to the excitatory synapses in CA3 because the inhibitory synaptic proteins remained
unchanged. This indicated that systemic inflammation may produce a chronic
imbalance between excitatory and inhibitory synaptic transmissions at CA3 and then
affect the neuronal activity in CA1 via Schaffer collaterals. In order to test whether the
CA3 excitatory synapse loss is associated with long-term disturbances of cognitive
functions, behavioural experiments will be needed at two or more months after the

endotoxin injection. Plus, biochemical analysis of synaptic proteins in the
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hippocampus and electrophysiological recordings of LTP will provide further evidence

for the synapse loss and impaired synaptic transmission within the hippocampus.

It is worth noting that the E. coli LPS group showed elevated levels of IL-6 at 7 dpi and
63 dpi. Since we did not observe a similar increase in the Salmonella LPS group, this
may highlight another serotype-related difference in neuroinflammatory responses. As
mentioned earlier, many groups reported a correlation between higher IL-6 levels in
the plasma and delirium (van Munster et al. 2008; Wu et al. 2020; de Rooij et al. 2007;
Singh-Manoux et al. 2014). Admittedly, our analysis of synaptic puncta density did not
uncover serotype-related differences, but persistently high IL-6 levels in the brain may
imply that the E. coli LPS-treated group display poorer performance of behavioural
experiments than Salmonella LPS. If a similar rise is also detected in the serum at 63
dpi, the E. coli LPS injection into old mice may serve as a better model for the

inflammatory responses elicited by the bacterial infection than Salmonella LPS.

Recently, Beyer et al. (2020) injected either Salmonella or E. coli LPS into 16-month-
old mice and found a distinct microglial morphology and a reduced dendritic spine
density in CA1 at three months post-injection of LPS. Importantly, both of the bacterial
serotypes of LPS equally affected the pyramidal cell morphology and the spine density
in the apical dendrites of CA1, but not in the basal dendrites (Beyer et al. 2020). These
results in the apical dendrites of CA1 were not consistent with our data demonstrating
the normal microglial morphology and synaptic puncta density in CA1 stratum
radiatum at two months post-injection. However, this discrepancy can be explained by
the timing of analysis after the endotoxin challenge, meaning that one more month
may have been required for detecting the synapse loss in CA1 in this study. Because
our data suggested the increased inhibitory tone of the Schaffer collaterals, the
neuronal activity should be declined over time, and this likely affects the microglia-
synapse interactions. Notably, abrogation of neuronal activity via light deprivation
induced the morphological alterations of microglia (consistent with Beyer et al.’s study
(2020)) and decreased the contact frequency with dendritic spines in the visual cortex
as a result of a lowered motility of microglial processes (consistent with the reduced
synaptic pruning by CA1 microglia in this study) (Tremblay et al. 2010). Further, this
light deprivation reduced the size of dendritic spines, with which microglia did not

contact during the in vivo imaging periods (Tremblay et al. 2010). It is reasonable to
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speculate that this change in the spine size affects the manual counting of dendritic
spines in the fixed tissues as performed in Beyer et al.’s study (2020). Since microglia
can also contribute to synaptogenesis (Miyamoto et al. 2016; Weinhard et al. 2018),
systemic inflammation may reduce the microglia-synapse interactions with a

consequence of declining the synaptogenesis in CA1 apical dendrites.

Other as yet answered questions from our study are why the CA3 excitatory synapses
were only targeted by the systemic inflammation and what molecular mechanisms
resulted in the delayed synapse loss between 7 dpi and 63 dpi. We initially
hypothesised that because the complement system can be acutely activated by the
endotoxin challenge (Jacob et al. 2007; Bodea et al. 2014), synaptic pruning by
microglia may be enhanced as observed during development and in the presence of
amyloid pathology (Hong et al. 2016; Schafer et al. 2012). However, we found neither
the accumulation of C3 proteins nor an expected increase in the synaptic pruning by
microglia in CA3 at 7 dpi and 63 dpi. Our histological data about the normal C3 puncta
density can be explained by the rapid normalisation of C3 levels by 7 dpi. In support,
previous studies reported elevated C3 levels at earlier timepoints (Jacob et al. 2007,
Bodea et al. 2014). Given that the number of both synaptic C3 and C3-coated
excitatory synapses were simultaneously lowered in CA3 at 63 dpi, one can argue that
synaptic pruning by CA3 microglia may be increased between the two points in time

that we analysed.

From the data presented in this thesis, our results ruled out two possible explanations
for this CA3-specific synapse loss. First, our analysis of microglial density did not
reveal clear regional differences in CA1 and CA3 at 7 dpi and 63 dpi, indicating that
the net synaptic pruning did not account for the CA3-specific synapse loss. With higher
sample sizes than the present study, previous studies found that microglial density
was even higher in CA1 than in CA3 (Filipello et al. 2018; Jinno et al. 2007). Thus, it
seems unlikely that increasing the sample sizes and number of fields to count
microglia in our study can help to provide explanations based on the total synaptic
puncta inside the entire microglial populations in CA1 and CA3. Second, although the
LPS-induced morphological differences were more significant in CA1 than in CA3, the
morphology in LPS-injected animals were found to be indistinguishable. This means

that whereas the baseline microglial morphology may be more ramified in CA1 than in
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CA3, the levels of LPS-induced microglial activation may be similar in these

hippocampal subfields.

An alternative hypothesis to account for the CA3 synapse loss may be related to the
effects of LPS injections on the peripheral organs such as the kidney (Table 2). As
detailed later, the renal dysfunctions are closely associated with the cognitive
disturbances (as observed in patients with chronic kidney disease (CKD)) (Viggiano
et al. 2020) and the persistence of peripheral inflammation in patients who survived
sepsis (Hawkins et al. 2018). Thus, uraemic toxins that the damaged kidneys fail to
eliminate may accumulate over time and eventually induce the PS exposure at
synapses, promoting synaptic pruning by microglia after a delay of more than a week
after the endotoxin challenge. This raises a need for further studies to investigate
whether the renal functions may be chronically impaired in the old animals and
whether synaptic pruning may be enhanced at an intermediate timepoint such as 30
dpi. Moreover, C5a anaphylatoxin receptor (C5aR) has been previously found at
synapses in the mossy fibres of rats (Crane et al. 2009) and is activated downstream
of the C3-dependent complement pathway (Veerhuis et al. 2011). Although little is
known about whether C5aR is more abundant in excitatory synapses than in inhibitory
synapses, such potential differences in accumulations at different types of synapses
may help to explain the propensity for excitatory synapse loss. It should be noted that
previous studies highlighting the roles of C3 in synaptic pruning did not examine its
downstream pathway, including the C5a-C5aR axis (Schafer et al. 2012; Hong et al.
2016). Hence, it remains possible that activation of this downstream signalling can

promote synaptic pruning by microglia selectively in the area CA3.

6.1.3 No effects of 2x, 4x, 7xLPS on glial senescence

On the contrary to the NLRP3 inflammasome activation in the brain, our histological
analysis of microglial senescence produced negative results. Endotoxin injections on
four and seven consecutive days did not induce the microglial and astrocytic
senescence in CA1 at 7 dpi. Nevertheless, independent of the LPS injections, we
observed a reduction of lamin B1 signals in microglia at 16 months of age compared
with that at 14 months of age, indicating the gradual onset of microglial senescence

between these ages. Although the difference of lamin B1 immunoreactivity is clear in
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this study, it is noteworthy that downregulation of lamin B1 is not sufficient to conclude
that microglia in 16-month-old mice are senescent because there exists no single
specific marker for cellular senescence (Gorgoulis et al. 2019). Thus, it is important to
examine other markers of senescence to confirm this result in the future (for example,
p16, p21 and senescence-associated p-galactosidase activity (Baker and Petersen
2018)).

Given that NLRP3-dependent senescence in the CNS was suggested in mice at an
advanced age (23 months old) (Youm et al. 2013), the endotoxin challenge may be
too early to induce the microglial senescence. Alternatively, both amyloid and tau
pathologies can chronically activate the NLRP3 inflammasome pathway (Heneka et
al. 2013; Ising et al. 2019), and cellular senescence has been recently reported in
microglia around AB plaques in 12-month-old APP/PS1 mice (Hu et al. 2021) and
neurons bearing neurofibrillary tangles (NFTs) in >16-month-old human APP and
MAPT (microtubule-associated protein tau) transgenic mice (Musi et al. 2018). On this

ground, the NLRP3 inflammasome activation by the LPS injection might be too short.

6.1.4 Limitations of the present study as animal models of sepsis

The LPS injection paradigm (2xLPS) in this study was intended to maximise the
inflammatory responses to prevent immune tolerance in the brain (Wendeln et al.
2018). However, in patients who survived sepsis, sustained immunosuppression is a
common observation especially after the hospital discharge (Stortz et al. 2018; Gentile
et al. 2012) (Fig. 1A). Similar immunosuppression in the CNS remains to be
determined, but our injection paradigm in this sense may be less relevant for the
observation in patients with sepsis. Furthermore, LPS injections on four or more
consecutive days, rather than a single injection, produced more pronounced cerebral
damages (for example, neuron density in the substantia nigra (Bodea et al. 2014) and
the BBB permeability changes (Haruwaka et al. 2019)), thereby requiring further
considerations of the choice of injection paradigm in the future. To regard our
endotoxin challenge as animal models of sepsis, analysis of peripheral organ
damages should have been investigated. The present study could also be improved
by using other animal models of sepsis (such as caecal ligation and puncture (CLP)

and gram-positive bacterial infection) to confirm the reproducibility of our findings.
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6.2 Findings from the TREM2 project

6.2.1 Reduced plaque load and elevated oligomer load in Trem2 mutants

Our data demonstrated that a loss-of-function mutation of the Trem2 gene lowers the
APB plaque load but increases the fibrillar oligomer load in the cortex of 12-month-old
APP/PS1 mice. Although these results need to be re-evaluated using APP/PS1 mice
with a more relevant Trem2 mutation for AD (namely, the R47H and R62H mutations)
(Guerreiro et al. 2013b; Jonsson et al. 2013; Jin et al. 2014; Sims et al. 2017), our
data confirm recent studies of TREM2-deficient APP transgenic mice showing that the
plaque load was reduced as the animals got older (Parhizkar et al. 2019; Meilandt et
al. 2020), but the soluble OC-positive AB oligomers increased in the hippocampus
(Meilandt et al. 2020). However, these investigators also found that the amyloid
pathology was increased in female mice at a younger age (6-7 months old), and the
reduced plaque load in male mice was only detectable at an advanced age (19-22
months old) (Meilandt et al. 2020). This indicated that the genotype effect of Trem2
knockout on the plaque load may be dependent on sex and show a fluctuating course
of changes during ageing. Indeed, using different APP transgenic mouse models,
some investigators showed that the plaque density remained normal at 4 months of
age but increased at 8 months (Wang et al. 2015; Wang et al. 2016), while others
claimed normal or lower levels at 4 months, followed by the higher plaque density at
8 months (Jay et al. 2017; Jay et al. 2015). Importantly, on a post-mortem investigation
of the R47H mutation heterozygous careers who developed AD, the amyloid pathology
remained unchanged (Yuan et al. 2016). One possible explanation of these
inconsistent results is the artefacts caused by the overexpression of different
transgenes in these APP transgenic mouse lines. Thus, the use of App knock-in
mouse models, which overcome this problem by expressing humanised App
mutations under the mouse endogenous promoter (Saito et al. 2014; Xia et al. 2021),
may yield more consistent data about the plaque load. In addition, the Trem2 knockout
mice or mice homozygous for the Trem2 loss-of-function mutations may contribute to
adding less relevant pathologies to animal models of AD. Homozygous loss-of-
function mutations in genes to encode TREM2 or its adaptor protein, DNAX-activating
protein of 12 kDa (DAP12), cause Nasu-Hakola disease in humans, characterised by
dementia and frontal lobe syndrome at a very early age (<30 years old), basal ganglia

calcification, bone cysts and fractures (Paloneva et al. 2002; Paloneva et al. 2001).
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Individuals homozygous for the T66M mutation in the TREMZ2 gene develop FTD-like
syndromes (with atypical seizure) (Guerreiro et al. 2013a). Hence, whether the
observed effects of TREM2 on amyloid pathology in mouse models truly recapitulates

the pathology in patients with AD requires further investigations.

6.2.2 Increased synaptic puncta density in the cortex of Trem2 mutants

From the analysis of synaptic puncta density in this study, the most severe synapse
loss was found in the immediate vicinity of AR plaques (0-5 pm from the plaque centre)
and showed a progressive normalisation away from the plaque centre. This confirms
previous studies showing the spatial correlation between synapse loss and distance
from the plaques in APP transgenic mice (Sauerbeck et al. 2020; Koffie et al. 2009).
Compared with synaptic puncta in the plaque distal regions (40-80 pym from the plaque
centre), the synaptic puncta density in both genotypes returned to similar levels at 20-
40 uym from the same plaque. However, our data suggested that the Trem2 mutation
partly rescued synapse loss in the cortex both in plaque distal and proximal regions.
This suggested that despite the elevated levels of AR oligomers in the brain, lack of
functional TREM2 proteins in microglia can lessen the synapse loss in APP/PS1 mice
at 12 months of age. Given the importance of TREM2 in synaptic pruning (Filipello et
al. 2018) and the contribution of microglia to the synapse loss in the presence of
amyloid pathology even from the early disease stage (Hong et al. 2016), it seems likely
that microglial synaptic pruning was impeded, thereby increasing the synaptic puncta
density in the cortex of Trem2 mutants. This is consistent with the rescue of synapse
loss when microglia were almost completely depleted in APP transgenic mice using a
potent CSF1R inhibitor (Spangenberg et al. 2016). Quantification of the synaptic
pruning by microglia will be needed to elucidate the mechanism behind the increased

synaptic puncta density in the future.

6.3 Other mechanisms behind the cerebral dysfunctions of sepsis

Our analysis focused on synaptic pruning by microglia in order to elucidate the
synapse loss caused by systemic inflammation. However, other mechanisms
(including the BBB breakdown, premorbid pathology associated with
neurodegenerative diseases, renal failures and latent viral reactivation) should exist

and are addressed here.
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6.3.1 Cerebrovascular changes

As humans get older, cognitive functions deteriorate without the apparent
hippocampal atrophy, and recent findings repeatedly suggested the roles of the
increased BBB permeability in the hippocampus (Montagne et al. 2015; Nation et al.
2019; Montagne et al. 2020). Similarly, previous neuroimaging findings in patients with
SAE suggested the presence of the BBB breakdown, such as white matter
hyperintensity and vasogenic oedema (Stubbs et al. 2013; Ehler et al. 2017; Wardlaw
et al. 2017). This is in line with the frequent observations of the increased BBB
permeability in mouse models of sepsis and related systemic inflammation (such as
endotoxin challenges (Varatharaj and Galea 2017), CLP (Flierl et al. 2009) and gram-
positive bacterial infection (Andonegui et al. 2018)). One likely cellular mechanism that
drives this change in the BBB permeability is the microglial uptake of tight junctions in
the endothelium (Fig. 19A). The endothelial glycocalyx is a layer of glycoproteins and
proteoglycans, lining the luminal side of the endothelium (van der Poll et al. 2017), and
maintains the tight junction integrity (Hotchkiss et al. 2016). In patients with sepsis, the
endothelial glycocalyx is ubiquitously degraded in various peripheral organs (such as
kidney, lung and liver), coinciding with the increased endothelial permeability
(Chelazzi et al. 2015). This shedding of glycocalyx is mediated by inflammatory
mediators secreted by leukocytes which migrated and adhered to the endothelium
(Chelazzi et al. 2015). Likewise, glycocalyx degradation products were also found in
the hippocampus of young mice after endotoxin challenge at high doses and
contributed to the LTP deficits and impaired fear memory (Hippensteel et al. 2019).
The investigators claimed that heparan sulfate fragments (derived from the endothelial
glycocalyx) bind to brain-derived neurotrophic factor (BDNF) at high affinity and inhibit
the BDNF-TrkB receptor signalling in the hippocampus (Hippensteel et al. 2019).
Consistently, a recent in vivo imaging study demonstrated that during the repeated
LPS injections into young mice, activated microglia migrated to the blood vessels,
removed the endothelial tight junctions and allowed the extravasation of the
peripherally injected dextrans into the brain (Haruwaka et al. 2019). Therefore, it is
plausible to speculate that sepsis can exacerbate the BBB breakdown, which has been
already induced by ageing, and permit the entry of potentially neurotoxic or
synaptotoxic peripheral proteins into the brains (such as heparan sulfate fragments
(Hippensteel et al. 2019), albumin (Hooper et al. 2009) and fibrinogen (Merlini et al.
2019)).
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Congruent with the changes in BBB permeability, monocytes are frequently observed
in the mouse brains after systemic inflammation and may have pathological roles in
patients with SAE (Singer et al. 2016a; Andonegui et al. 2018) (Fig. 19A). Once
entering the brain, monocytes should differentiate into the macrophages or dendritic
cells. These monocyte-derived cells may exaggerate the neuroinflammatory
responses (as observed in mouse models of experimental autoimmune
encephalomyelitis (EAE) and traumatic brain injury) (Garré and Yang 2018) and affect
the synaptic plasticity by eliminating synapses (as recently found in mouse models of
a focal EAE (Jafari et al. 2021)). Furthermore, several studies reported that memory
and learning deficits in mouse models of the gram-positive bacterial infection and viral
infection were rescued by monocyte depletion (Andonegui et al. 2018; Garré et al.
2017), which further supports the potential roles of monocytes in cerebral damages

after the sepsis onset.
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Figure 19. Possible roles of cerebrovascular changes and other pathology.

(A) Increased blood-brain barrier (BBB) permeability after sepsis. The integrity of
endothelial tight junction, which determines the BBB permeability, can be
compromised by the uptake of tight junctions by microglia migrated to the
neurovascular unit (Haruwaka et al. 2019). This seems to contribute to the infiltration
of monocytes extravasation of small peripheral proteins in the brain (such as dextran
(Haruwaka et al. 2019) and heparan sulfate fragments as a result of glycocalyx
degradation (Hippensteel et al. 2019)). If the BBB integrity has been affected by
other age-related pathology such as amyloid pathology, systemic inflammation may

permit the entry of larger peripheral proteins (including fibrinogen (Tejera et al.
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2019)) and infiltration of monocytes and T lymphocytes (Tejera et al. 2019;
McManus et al. 2014).

(B) The NLRP3 inflammasome activation connecting sepsis with amyloid and tau
pathology. Because the NLRP3 inflammasome activation plays a role in the
pathogenesis of the amyloid pathology (by cross-seeding AR via ASC specks
(Venegas et al. 2017)) and the tau pathology (by regulating kinase and phosphatase
activity in neurons (Ising et al. 2019)), it is likely that sepsis can worsen the
progression of these pathologies (as observed in the aged mouse model of familial
Alzheimer’s disease which was challenged by endotoxin (Tejera et al. 2019)).

This figure was created using BioRender (https://biorender.com/).

Abbreviations: ASC, apoptosis associated speck-like protein containing a caspase
recruitment domain; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3;

PRRs, pattern recognition receptors.

6.3.2 Premorbid pathology

It is important to underscore that ageing alone is not sufficient for developing and
maintaining cognitive disturbances in patients with sepsis, hinting at the possible
actions of predisposing factors in the SAE pathogenesis (Sonneville et al. 2017; Fritze
et al. 2021). One possible factor may be a premorbid pathology related to
neurodegenerative diseases. Notably, AR deposition starts in the brain two decades
before patients are diagnosed with AD (Bateman et al. 2012). Individuals retaining the
normal cognitive functions (cognitive reserve) can also present abundant
neuropathological hallmarks of AD (that is, AR plaques and NFTs) on post-mortem
investigations at the equal levels to those observed in patients with AD (Savva et al.
2009). Thus, considering that sepsis is an age-related disease, the presence of these
neuropathologies is probable in some of the cognitively unimpaired individuals at the
time of sepsis onset, and these premorbid pathologies may help to differentiate the
effects of sepsis on cognitive functions. In support, LPS injections into aged APP/PS1
mice led to exaggerated reductions of dendritic spine density in CA1 and DG at three
months post-injection, compared with LPS-injected wild-type controls (Beyer et al.
2020). Both endotoxin challenge and respiratory infection also resulted in a robust

BBB breakdown (for instance, extravasation of fibrinogen and infiltration of monocytes
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and T lymphocytes into the brain) in the aged APP/PS1 mice, but not in the age-
matched wild-type littermates (Tejera et al. 2019; McManus et al. 2014) (Fig. 19A).

In addition, previous findings indicated that systemic inflammation can worsen the
amyloid and tau pathology in mouse models, and again the NLRP3 inflammasome
may be involved in this process (Fig. 19B). For example, CLP and endotoxin challenge
in APP/PS1 mice increased the AR deposition without affecting the APP processing
(Tejera et al. 2019; Basak et al. 2021). Since sepsis can activate the NLRP3
inflammasome and generate the ASC specks, which can cross-seed AB and help to
generate AB plaques in APP/PS1 mice (Venegas et al. 2017), extracellular ASC speck
release may likely contribute to enhancing the amyloid pathology (Tejera et al. 2019).
Consistent with our data showing the reduced synaptic pruning following endotoxin
challenge in C57BL6/N mice, activated microglia diminish the phagocytosis of Ap,
aiding the accumulation of AB in the brain (Tejera et al. 2019). Thus, it seems possible
that systemic inflammation promotes depositions of synaptotoxic AR oligomers at
synapses, which is required for microglia to recognise and eliminate the synapses in
the animal models of AD (Hong et al. 2016). Additionally, tau phosphorylation in the
hippocampus can be increased after endotoxin injection into young mice
overexpressing the human MAPT, APP and PS1 mutations (Kitazawa et al. 2005).
Considering that NLRP3 deficiency significantly delays or hinders the onset of tau
pathology in MAPT transgenic mice during ageing (Ising et al. 2019), it is likely that
the effects of systemic inflammation on tau pathology may be mediated by the NLRP3
inflammasome activation. In another model of FTD (that is, P301S MAPT transgenic
mice), synapse loss in CA3 is documented after the increased tau phosphorylation in
the same region (Yoshiyama et al. 2007). Hence, it seems plausible that systemic
inflammation can also exacerbate or accelerate the onset of synapse destructions via

tau pathology.

6.3.3 Renal dysfunctions

Previous epidemiological studies highlighted that renal dysfunction is common in
patients with sepsis and SAE and may underly the chronic pathology among those
who survived sepsis. A recent large-scale analysis of patients with sepsis (n=1,636)

demonstrated that the majority (61%) presented acute kidney injury (AKI) at the time
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of diagnosis and approximately one-fifth (19%) of these survivors in the AKI group
developed CKD within a year after the onset (Arshad et al. 2020). Renal pathology is
also suggested as a candidate mechanism for the sustained inflammation in PICS
because renal damages can upregulate TLRs in the renal tubule epithelial cells of
animal models of AKI, leading to the exaggerated cytokine production following
endotoxin challenge (namely, immune training) (Hawkins et al. 2018). Since patients
who survive sepsis display recurrence of sepsis after the hospital discharge (Prescott
et al. 2015), peripheral inflammation may be maintained in the survivors with AKI. On
the other hand, renal dysfunction seems to be relevant for SAE pathology because
plasma biomarkers indicating the renal dysfunctions (such as bilirubin and blood urea
nitrogen) were found to be higher in patients with SAE (Eidelman et al. 1996), and AKI
increased the risk of encephalopathy in patients with sepsis in ICU (Sonneville et al.
2017).

Regarding the molecular mechanisms that connect renal failures with SAE, it is
reasonable to speculate that uraemic toxins, which the kidney fails to filter out due to
its dysfunction, may play a role in cerebral damages. It is known that some of these
uraemic toxins (for example, IL-1p and IL-6) are neurotoxic and pass through the BBB
(Viggiano et al. 2020). Animal models of CKD suggested that kidney failures (caused
by an adenine-rich diet and nephrectomy) resulted in memory deficits via BBB
breakdown (Bobot et al. 2020), and such cerebrovascular changes were further
augmented after LPS injections (Lau et al. 2020). For this reason, we speculated that
the delayed CA3 synapse loss shown in this study might be related to the secondary

effect of systemic inflammation.

6.3.4 Latent viral reactivation

Lastly, given the fact that clinical trials of sepsis have repeatedly failed in the last three
decades (Cavaillon et al. 2020), the differences between patients with sepsis and
animal models need to be taken into account, and an important aspect to be
considered is the prior infection by latent viruses. It is known that pathogenic viruses
(for instance, HSV-1, EBV and CMV) can infect the majority of humans until adulthood
and stop replicating in the periphery and CNS (including but not restricted to the

hippocampus and frontal cortex) (Looker et al. 2015; Marcocci et al. 2020; Cannon et
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al. 2010; Balfour et al. 2013). However, in patients with sepsis, these latent viruses
are found to be reactivated in the periphery (Walton et al. 2014). Animal models also
confirmed that the latent viruses can be reactivated following the endotoxin challenge

and proinflammatory cytokine injection (Cook et al. 2006).

Consequences of the latent virus reactivation in the brains of patients with sepsis
remain largely unknown. However, a recent study of HSV-1 reactivation in the mouse
trigeminal ganglion showed that the viral reactivation leads to apoptotic fragmentations
of the infected neurons surrounded by a cluster of microglial cells (known as microglial
nodule) (Doll et al. 2020). This microglial nodule has been found in the brains of
deceased patients with COVID-19 which frequently develops viral sepsis in severe
cases (Matschke et al. 2020; Zhou et al. 2020). Although this may reflect the
neuroinvasion of the causative virus as suggested by several groups of investigators
(Matschke et al. 2020; Meinhardt et al. 2021; Song et al. 2021), the observation of
microglial nodule provides some evidence that latent virus reactivation may be
induced in the brain of patients with viral sepsis. Together, it is plausible that if the
latent viruses exist in a patient’s brain, sepsis may reactivate these viruses via
proinflammatory cytokines and induce rapid apoptosis of the infected neurons. Future
research will be needed to investigate the links of latent viral reactivation to the long-

lasting cerebral damages using animal models and patients with sepsis.
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Chapter 7: Conclusion

Systemic inflammation elicited by endotoxin injections in old mice increased the
proinflammatory cytokine levels, activated the NLRP3 inflammasome and
consequently changed the microglial morphology. Because most of these changes
that we detected were rather mild, the neuroinflammatory responses should be
returning to homeostasis at 7 dpi. Many of our data showed more pronounced effects
on these parameters associated with neuroinflammation in E. coli LPS treated group
than in Salmonella LPS treated group. This suggested that the E. coli LPS may

produce stronger or sustained inflammatory responses in the brain.

Both of the bacterial serotypes of LPS similarly led to the local reduction of excitatory
synaptic puncta in the CA3 subfield of the hippocampus at 63 dpi. Our biochemical
analysis of synaptosomes demonstrated that global loss of synaptic proteins was not
induced following systemic inflammation. Due to the resulting increase in the inhibitory
tone of the Schaffer collaterals, it seems likely that other region of the hippocampal
subfield such as CA1 may be affected if the analysis is performed at a later point in
time via reduced microglial contacts with dendritic spines. Further investigations are
needed to test whether these synaptic changes can chronically alter the behaviours

associated with memory and learning.

Mechanisms that cause the CA3-specific synapse loss remain elusive. Considering
the reduced proportion of C3-coated synapses and the density of synaptic C3 puncta
in CA3, we cannot rule out the possibility that microglial synaptic pruning was
increased between 7 dpi and 63 dpi. This might occur in response to a second hit of
the CNS (for example, via infiltration of peripheral proteins as a consequence of
peripheral organ failures). Instead, it is also likely that the C5a-C5aR axis might be
activated at CA3 excitatory synapses, thereby promoting the elimination of these

synapses by microglia.

Intriguingly, microglial and astrocytic senescence was not observed by endotoxin
challenges on up to seven consecutive days. This indicated that the duration of the
NLRP3 inflammasome activation were not sufficient in the mice that we used. If not, a

more advanced age or additional age-related neurodegenerative pathologies which
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increase the baseline levels of NLRP3 inflammasome activation might have been

required.

Meanwhile, we also sought to seek the disease-modifying roles of TREM2 in 12-
month-old APP/PS1 mice. We showed fewer AB plaques but more abundant
oligomeric AB in the cortex of Trem2 mutant mice. Despite this, we found the elevated
density of excitatory synaptic puncta in the same region of Trem2 mutant mice,
suggesting that even though more synaptotoxic Ap oligomers are present, microglial

synaptic pruning may require the TREM2 pathway.
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