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1 Abstract

Sepsis is a severe and frequent disease in modern intensive medicine. Sepsis
does not only present with a mortality rate of 30% of all patients, but survivors
often show long lasting cognitive deficits, loss of independency and reduced
quality of life. However, the mechanisms of sepsis-induced cognitive impairments
remain incompletely understood so far. To understand the mechanisms of
cognitive decline in sepsis survivors, the possible involvement of the brain’s
primary immune cells, microglia, was investigated in this project. In particular, to
investigate if and how microglia contribute to synapse loss acutely and long-term
after sepsis, different phagocytosis-deficient mice strains were analyzed for
synapse number and phagocytosed synapse number. To model sepsis, female
mice were injected on two consecutive days with either 1.5 mg/kg body weight
lipopolysaccharide (LPS), a bacterial cell wall component that induces strong
inflammatory responses. At different timepoints (1 day, 3 days, 7 days or 2
months) tissue was then analysed.

Acutely after LPS-injections, quantification of phagocytic proteins showed a sharp
increase in  complement protein 3 in the brain. Consistently,
immunohistochemical analysis revealed, that functional synapse number was
strongly reduced and that the percentage of phagocytosed synapses was
increased by LPS treatment. Interestingly, mice deficient in phagocytic signaling
proteins (Mfge8 /., Cd11b7/.) showed no reduction in functional synapse number
and no increase in phagocytosis of functional synapses after LPS-injections.
Therefore, microglial phagocytosis leads to synapse loss in a mouse model of
sepsis and may contribute to long-term cognitive deficits in sepsis survivors.
Inhibition of specific microglial pathways could therefore be a promising new

strategy to prevent long-term cognitive deficits in sepsis survivors.



2 Introduction

Severe sepsis and septic shock are frequent diseases in modern intensive care
units (ICU) and due to its high mortality rate sepsis presents crucial issue in
modern medicine. Recent studies observed that patients, who survived critical
illness, are at greater risk for long-term cognitive decline and show reduced
cognitive performance including memory, attention and executive functions?®: 2.
However, only few studies have investigated the mechanisms of long-term
cognitive impairment following critical illness, such as sepsis. These findings
underline the need for further research regarding the pathogenesis of sepsis-

induced long-term cognitive impairment.

2.1 Sepsis

2.1.1 History and Definition

To this day, sepsis remains a severe complication of various diseases and clinical
treatments. Due to its high acute and long-term mortality, sepsis threatens the
outcome of modern therapy in many disciplines e.g. abdominal surgery,
transplantation medicine and oncology. This may also explain why sepsis is still
not assigned to a medical discipline. Heterogeneous therapeutic strategies and
definitions amongst medical disciplines are the cause of confusion and

complicate the evaluation of epidemiological data 3.

Already in the 5" century BC Hippocrates marked the beginning of the history of
sepsis. He described a disease, which starts 7-14 days after injury with fever,
“which is caused by a matter that is fouling”. ® Therefore, the disease was termed
after the Greek origin of fouling (sepein, onmw). Hippocrates also first raised the
guestion whether a local injury can cause a systemic reaction and which

mediators are playing a crucial role in it.



Since then, the definition of sepsis changed enormously in 1860 as Louis Pasteur
and Robert Koch discovered bacteria and their pathogenic nature being the
cause of different diseases including sepsis 3. In the early 20™" century Alexander
Flemming discovered the first antibiotic, penicillin, which led to a revolution in
medical history. Many deadly diseases caused by bacteria could now be
successfully treated and even sepsis could be cured with antibiotics. 4

However, the understanding and correspondingly the definition of sepsis kept
gradually changing over the last century. As described above, in the past
bacteremia was defining the pathology of sepsis. This definition is still known by
the public, as sepsis is often referred to as “blood poisoning”. Even though, in
only 40% of patients with severe sepsis or septic shock bacteremia can be
diagnosed. Thus, studies have shown that sepsis does not only occur after
systemic infections. Around 30% of sepsis cases present themselves after a
sterile tissue infection, e.g. pancreatitis or cancer, demonstrating that sepsis is

not restricted to a severe reaction to germs in the blood stream °.

The basis of today’s definition of sepsis was formed 1992 during a consensus
conference of the American College of Chest Physicians (ACCP) and the Society
of Critical Care Medicine (SCCM) ©. In 2003, the criteria for sepsis diagnosis were
reviewed by the European Society of Intensive Care Medicine (ESICM) and
sepsis was defined as a “syndrome [with] the presence of both infection and a
systemic inflammatory response” 7. To enable clinicians to diagnose sepsis fast
and accurately, several diagnostic criteria (e.g. signs of infection such as fever,
tachycardia; inflammatory symptoms such as leukocytosis, altered plasma C-
reactive protein levels; sign of organ dysfunction such as oliguria, ileus and

hemodynamic variables as hyperlactemia, hypotension) were defined .

Nevertheless, further research has raised the need for an updated definition due
to the findings that it is not enough to solely focus on infection but that there rather
is a need to include cellular and metabolic dysfunction to explain the
pathogenesis of sepsis °. Therefore, since 2011, sepsis is referred to as ‘systemic

inflammatory response syndrome’ (SIRS), which is defined as a potentially fatal



multi-organ dysfunction caused by an exaggerated immune response of the host.
The definition of SIRS takes in account that sepsis-like symptoms are caused by
an extensive activation of the host’s immune system, which is not only triggered

by bacterial infections, but also by serious diseases.

2.1.1.1 Clinical Diagnosis of sepsis

Clinically, sepsis can be grouped in Table 1: Definition criteria of sepsis according to ICD-10

three levels of severity. As sepsis isa  Definition for diagnosis of sepsis in Germany
according to ICD-10

complex and still incompletely  For diagnosis, at least two blood cultures should be
. analyzed.
understood clinical syndrome, 1. Negative blood culture, however patient show
different parameters and clinical tests all four symptoms:
] . a. Fever or hypothermia
must be assessed before diagnosis b. Tachycardia

c. Tachypnea or Hypocapnia

of sepsis. X .
P d. Leukocyctosis or Leukopenia

2. Positive blood culture and patient shows at least

To be able to diagnose sepsis, 2 of the symptoms listed above

evidence or suspicion of inflammation
can either be microbiologically tested
by assessment of at least two blood cultures or by looking for clinical symptom of
infection or SIRS (Table 1):
1. fever (= 38.0°C) or hypothermia (< 36.0°C)
2. tachycardia = 90 heart beats/min
3. tachypnea = 20 breaths/min or Hypocapnia (partial pressure of carbon
dioxide in blood (paCO2) < 33 mmHg
4. leukocytosis (= 12 000/mm?) or Leukopenia (< 4 000/mm?3)

2.1.1.2 Diagnosis of severe sepsis

For the diagnosis of severe sepsis, additional organ dysfunctions have to have
been diagnosed within the last 24 hours.
Organ dysfunctions include:

1. acute encephalopathy (reduced vigilance, disorientation, delirium)



2. thrombocytopenia (thrombocytes < 100 000/ul or reduction of 30% in
24 hours without bleeding)

3. arterial hypoxemia (partial pressure of oxygen in blood (paO2) < 10 kPa
or paO2/ fraction of inspired oxygen (FiO2) < 33 kPa)

4. renal dysfunction (low output of urine (oliguria) < 0.5ml/ kg body weight
(BW)/hour or strong increase in serum creatinine)

5. metabolic acidosis (base deficit > 5.0 mEg/l) or increase of plasma-

lactate concentration 1.5-fold above upper limit

2.1.1.3 Diagnosis of septic shock

The most severe form of sepsis is septic shock. Patients with this condition suffer
from the same basic symptoms as described in 2.1.1.1 but additionally show
symptoms of shock. Patients are in shock if the systolic blood pressure is < 90
mmHg despite adequate volume or vasopressor (noradrenalin, adrenalin)
therapy. The underlying pathomechanism is the dilatation of peripheral blood
vessels causing the blood pressure to be reduced dramatically within a short time.
In order to compensate, the heart rate is increased to keep up the blood

circulation.

2.1.1.4 g-Sofa score

As sepsis is a life-threating disease, it is very important to minimize the elapsed
time until diagnosis and antibiotic therapy is started. Therefore, a quick and easy
tool was established to evaluate the probability if the patient is suffering from
sepsis: quick Sequential Organ Failure Assessment (gQ-SOFA). The g-SOFA is
derived from the more complex SOFA-score, which include also blood test results
and therefore needs more time until it can be evaluated. In intensive care
medicine, the g-SOFA can be assessed by simple diagnostics and saves an
enormous amount of time until the first evaluation of the patient. It evaluates
systolic blood pressure, breathing rate and vigilance. If two of these parameters
are out of norm, patients are more likely to have worse outcomes following sepsis

8, Although the g-SOFA has limited sensitivity as it only takes three parameters



in consideration °, it simplifies the first evaluation and shortens the time until

clinicians discuss further testing and therapy.
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Figure 1: Epidemiology of sepsis

A) Incidence rate per 100 000 people, standardized to the German population structure in 2010, and in-
hospital mortality of sepsis and severe sepsis (including septic shock) in Germany 2007-2013.
B) In-hospital incidence of sepsis per 100 000 people per year, by age group and sex, in the period 2007-
2013 (clinical and pathogen-based sepsis codes).
Figure reproduced with permission from Fleischmann, C. et al. Incidence and Mortality Rates of Sepsis: An
Analysis of Hospital Episode (DRG) Statistics in Germany from 2007-2013 Dtsch. Arztebl Int 2016; 113(10):
159-66; DOI: 10.3238/arztebl.2016.0159



2.1.2 Epidemiology

Intensive care medicine has made enormous progress in the past years. Yet,
incidence of long-term dysfunction after intensive care treatment could not be
reduced, but instead is rising 1°. Fleischmann et al. estimate the worldwide
incidence of sepsis to be 437 cases and the incidence of severe sepsis to be 270
cases per 100 000 inhabitants. * However, especially in low- and middle-income
countries epidemiological data is missing and rates are likely to be higher.
Between 2007 to 2013, the German center for sepsis control and care (CSCC),
associated with the university hospital Jena, has analyzed epidemiological data
of sepsis diagnosis in German hospitals using nationwide case-related hospital
DRG statistics. According to the study, incidence of sepsis rose to 473 cases per
100 000 inhabitants including all forms of sepsis, resulting in a total number of
approximately 400 000 sepsis patients in Germany per year 2. Furthermore, the
study revealed that the annual incidence rate rises gradually after the age of 40,
after a first peak during neonatal age, reaching a second peak at age 85 and
above with annual numbers of 1 434 patients per 100 000 inhabitants. Therefore,
sepsis is pre-dominantly a disease of the older patient with approximately two
thirds of patients aged over 65-years.

The in-hospital mortality rate of sepsis and severe sepsis declined over the years
2007 to 2013 from around 27% and 50% to 25% and 44%, respectively. However,
mortality is strongly age dependent. Whereas in-hospital mortality of 20-year-old
patients is approximately 5%, it rises steadily to over 35% for 85-year-old patients
12 showing that especially elderly people are at risk to develop sepsis and to
succumb to it. Hence, sepsis is in third place among the most frequent causes of

death in Germany.

These data show, that sepsis is a frequent disease worldwide with a high risk of
death and most prominently affecting newborn and elderly people and causing

the death of one third to one half of these patients (Figure 1).



2.1.3 Hospital-related cost of sepsis

Considering the increasing success in treating life-threatening diseases and the
aging of the society, sepsis and other critical illnesses may give rise to a global
health problem and considerable annual costs 13 14,

Due to the intensive and long-term therapy needed in cases of sepsis, treatment
sums up to extremely high costs. The estimated hospital-related costs vary
greatly between different studies. The average cost per patient in first world
countries varies between $20 000 to $30 000 **-17, amounting to annual costs of
$10-20 billion in the US.

However, the direct medical cost of sepsis is not the only financial burden, that
society has to face regarding the treatment of sepsis. Since many patients
develop long-term impairments and disabilities, less than 50% of ICU survivors
will return to work 3 8 In Germany, the productivity loss due to permanent
morbidity is estimated to range between 450-1000 Mio EUR (upper and lower
end of incidence) and due to temporary morbidity between 150-300 Mio EUR per
year. Premature death causes an economic burden of 2 000-4 000 Mio EUR per

year in Germany 1° (Table 2).

Table 2: Financial burden of severe sepsis in Germany

Burden of IlIness of severe sepsis
Total costs of severe sepsis in Germany (in Mio EUR)

Direct costs

Total cost 1000 - 2 200
Indirect costs

Productivity loss due to temporary morbidity 150 - 330

Productivity loss due to permanent morbidity 450 - 1.000

Productivity loss due to mortality 2000 - 5600

Total cost 2600 - 6 930
Burden of Illness 3600 - 9130

Adapted from: Schmid et al, 2002



2.1.4 Cognitive decline after Sepsis

Cognitive decline is a frequent and severe complication
of sepsis and affects approximately 60% of all patients
20,21 |t is also associated with an increase of mortality
and manifests as reduced cognitive performance, e.g.
memory and executive functions 22-24, Especially elderly
people have worse outcome after experiencing critical
iliness like sepsis. As more than half of all ICU patients
are older than 65-years 2, most of ICU treated sepsis
patients experience cognitive decline 24, resulting in
loss of independence and reduced quality of life, often
associated with institutionalization, hospitalization and
residential care 2°. Less than 50 % of patients will ever
return to normal life and work 1314, thus leading to high
health care costs after intensive care treatment (section
2.1.3).

Figure 2: Morphology of microglia

A. Resting microglia: round and small
cell body with thin, ramified
processes. IBAL positive cell,
reconstituted using Imaris (Bitplane),
of a PBS-injected wildtype animal, 1
day post injection.

B. Activated microglia: large cell body
and short processes. IBA1 positive
cell, reconstituted using Imaris
(Bitplane), of an LPS-injected
wildtype animal, 1 day post injection.

While the pathophysiology that leads to cognitive decline remains incompletely

understood, magnetic resonance imaging (MRI) studies of septic patients

reported white matter loss, leukoencephalopathy, ischemic stroke 25, as well as

brain atrophy in the frontal cortex and hippocampus 27 28, Accordingly, brain

atrophy was found by a recent post-mortem study of fatal sepsis cases 2°.

Interestingly, the brain’s resident macrophages, microglia, have been found to be

proliferating and activated 20 implicating an association between peripheral

inflammation and microglial activation and response, which could be contributing

to cognitive decline after sepsis.

2.2 Primary effector cells in the brain

In order to process the complex information our brain receives every second,

billions of neurons form complex networks. However, other cell types are also



needed for the proper function of the central nervous system (CNS). Neuroglial
cells - microglia, astrocytes and oligodendrocytes - have been found to constitute
around one third to two thirds of all brain cells 3!. As astrocytes are the most
common neuroglia cells, the vast functions of these cells in healthy brains are
fairly well described. In short, their function is to maintain water and ion
homeostasis in the brain and their processes play a critical role in stabilization of
the blood-brain barrier 32, The second type of neuroglial cells, oligodendrocytes,
has been found to build up the myelin sheaths of neuronal axons, which is
necessary for the fast saltatory conduction of action potentials 32. Last but not
least, microglia cells are a type of self-renewing 33 34, tissue-resident macrophage
presenting the predominant type of immune cell in the CNS. Microglia represent
10-15% of all cells in the brain and spinal cord and are found throughout in the
CNS 35 36 They maintain tissue homeostasis by continuously examining their
microenvironment and phagocytosing dead or dying neurons or potentially
harmful extracellular components. 37 In order to fulfil their vast functions, they
undergo a variety of structural changes depending on their activation state. In
their resting state, microglia cell bodies are round, their processes are long,
covering a large area and as a cell population, they scan the entire brain every
few hours. After activation, their form changes to a larger soma and shortened

processes 2 (Figure 2).

2.3 Physiological role of phagocytosis in the brain

Phagocytosis plays a critical role in maintaining homeostasis and preventing
diseases in the body and the brain. One of the most important functions of
phagocytosis is the rapid clearance of apoptotic cells 3°. This process is
necessary to prevent the release of intracellular components from dying cells and
thereby prevents autoimmunity 4°. This is evidenced by the finding that
phagocytosis-deficient mouse models often develop autoimmune phenotypes,
likely due to the inadequate clearance of apoptotic cells in the body and the

release of autoantigens 4% 42,
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The specialized cells for phagocytosis in the brain are microglia. For example,
microglial phagocytosis of age-related myelin debris is impaired in the aged brain,
leading to accumulation of myelin debris in the CNS and contributing to aged-
related cognitive decline 43 44, Similarly, phagocytic processes are also likely to
contribute to the removal of amyloid plaques in Alzheimer’s disease #° (AD) and
genetic studies have shown that mutations in microglia-related genes are risk
factors for AD 46 47, Therefore, failure or dysfunction in the phagocytosis and/or
degradation of plaques by microglia may accelerate Alzheimer’'s disease .
Moreover, microglial dysfunction is not only discussed in AD pathology but in
many proteopathic diseases like Creutzfeld-Jakob-Disease and Parkinson’s
Disease #° %0, Of note, microglia do not only phagocytose dying cells and amyloid
aggregates but also neuronal synapses. This so-called synaptic pruning will be

discussed in section 2.3.2.

2.3.1 Mechanism of microglial phagocytosis

After activation, microglia phagocytose potentially harmful components in a

”

receptor-mediated three step process including “find-me”, “eat-me” and “digest-
me” signals. The release of special chemotactic signals induces the attraction of
nearby microglia cells. On the cell-surface, dying neurons expose “eat-me”
signals, which mediate cell attachment and provoke the cell to be engulfed,

transported to the lysosomes and finally degraded by microglia 2.

The probably best known and most intensely studied eat-me-signal is
phosphatidyl serine (PS). PS is usually found in the inner leaflet of the cell’s
phospholipid bilayer membrane and is therefore normally hidden from the
surrounding cells 3840,

There are several described reasons for PS exposure: i) plasma membrane
rupture due to necrosis, ii) inhibition of aminophospholipid translocase, which
swaps PS from the outer to the inner membrane, iii) ATP depletion 2 or oxidative
stress, which limit the activity of the aminophospholipid translocase %3, iv) calcium

elevation activates phospholipid scramblase, leading to PS exposure 4.
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Interestingly, it has been shown, that in response to cellular stress which is not
sufficient to induce apoptosis, so-called stressed-but-viable neurons can
reversibly externalize PS %% %, In the presence of microglia cells, such neurons
which externalize PS are engulfed, whereas in the absence of microglia or by
blocking the recognition of PS by microglia cells, these neurons survive and re-

internalize PS 557,

2.3.1.1 Phosphatidylserine binding receptors and opsonins

PS is recognized by microglia via different membrane receptors depending on
the activation state of the cells. For example resting microglia cells recognize PS
via T-cell immunoglobulin and mucin-domain-containing molecule-4 (Tim4) 5859,
whereas activated microglia cells produce the key PS-binding molecule Milk fat
globule EGF-like factor 8 (MFG-E8), also known as lactadherin or SED1 ©°
(Figure 3).

microglia

Mertk

neuron

Figure 3: Signaling pathways implicated in phagocytosis of neurons

Microglia are important to maintain the homeostasis in the brain by continuous examination of their
microenvironment and phagocytosing dead or dying neurons or potentially harmful extracellular
components. Different pathways are known to contribute to the cytoskeleton rearrangements and
phagocytosis. Dead or dying neurons expose phosphatidylserine (PS), either by activation of
phospholipid scramblase (orange) or by inhibition of aminophospholipid translocase (yellow).
Microglia recognize exposed PS via different receptors, e.g vitronectin receptor (VR) or Mer receptor
tyrosine kinase (Mertk) and opsonins like Milk fat globule EGF-like factor 8 (MFG-EB8), protein S or
growth arrest specific gene 6 (Gas6). Activated complement protein 3 (C3b) and its receptor,
complement receptor-3 (CR3) are especially important for phagocytosing neuronal structures like
synapses.
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2.3.1.1.1 Milk fat globule EGF-like factor 8

MFG-E8 is a membrane-associated glycoprotein and expressed ubiquitously in
almost all organs in mice, humans and other mammals 6. In the brain MFG-E8
is produced not only by microglia but also by astrocytes. Previous studies
showed, that MFG-E8 plays an important role in tissue remodeling 2 63 and
enhances the phagocytosis of apoptotic cells by acting as a bridging molecule
between apoptotic cells and phagocytes ©° via vitronectin receptor (VR), an avBass
integrin 8. Interestingly, it could be demonstrated, that microglial phagocytosis
was inhibited after blocking either MFG-ES8 directly or inhibiting binding to the VR

using antibodies 4.
2.3.1.1.2 Mer receptor tyrosine kinase

In addition to the role of the opsonin MFG-ES8 in apoptotic cells by microglia, the
Mer receptor tyrosine kinase (Mertk), a member of the TAM receptor protein
tyrosine kinases, also mediates apoptotic cell uptake. Mertk is broadly expressed
in vascular, immune, nervous and reproductive systems . Moreover, studies
have revealed that Mertk recognize PS indirectly through bridging molecules like
growth arrest specific gene 6 (Gas6) or Protein S 6567, Furthermore, Mertk
deficient mice were unable to clear apoptotic cells and membranes adequately.
This state could be reversed in chimeric mice after bone-marrow transplantation

from wildtype mice ©”.
2.3.1.1.3 Cluster of differentiation molecule 11b

The most studied protein for phagocytic removal of synapses is Cluster of
differentiation molecule 11b (CD11b). CD11b is the a-chain of the integrin
receptor CD11b/CD18, which is also known as Mac-1 and complement receptor-
3 (CR3), and is found on the surface of microglia 68 and other innate immune cells
69, 70_

In the past years, it has been found that CD11b/CR3 is important for vast

functions of the innate immune system like migration of leukocytes "t and
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phagocytosis 72 3. As complement protein 3 is one of its ligands, CD11b receptor

is a key molecule in synaptic pruning by microglia.

2.3.2 Microglial synaptic pruning

In healthy brains inactive synapses are eliminated by microglia in a complement-
dependent manner 4. The complement cascade is normally initiated by activation
of complement protein (C) 1q which than activates C2 and C4 in order to cleave
C3into C3a and C3Db, its active form. In the brain, CR3 is expressed by microglia
cells which recognize inactive synapses through C3b/CR3-signaling, resulting in
engulfment of these synapses 4. Interestingly, it has been found that synaptic
pruning is unaffected by lack of C1lq, indicating an alternative pathway for C3
activation 7.

However, recent evidence indicates that synaptic pruning does not only occur
during development of neuronal circuits but also throughout life in order to
remove dying neurons and weak synapses. In particular, it has been found that
activation of CR3 results in phagocytosis of PS exposing neuronal structures 4
6, supporting the idea that dysregulation in this process might contribute to
disease progression. Recently, a mouse study has shown that neuronal loss after
peripheral inflammation induced by repeated LPS-injection over 4 days could be
prevented in C3 deficient mice 2. This indicates that complement-mediated
phagocytosis may contribute to neuronal degeneration and cognitive impairment

after inflammation.

2.4 Detrimental effects of microglial phagocytosis

In the past, microglial phagocytosis was considered to be a beneficial process as
it was found to be crucial for maintainance of brain homeostasis °!. However,
recently it has been found that during brain ischemia and consecutively
inflammation, phagocytosis can be detrimental and execute the death of stress-
but-viable neurons 5. After activation of glial-neuronal cultures using lipoteichoic
acid (LPA) or LPS, both bacterial cell wall components, activated microglia

produce reactive oxygen and nitrogen species which provokes PS exposure on
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neurons 7. Additionally, activation of microglial cells leads to an increased
release of MFG-E8 which induces phagocytosis by acting as an opsonin between
exposed PS and the microglial vitronectin receptor . Furthermore, in a rodent
model of focal ischemia, phagocytic proteins like MFG-E8 or Mertk were
upregulated. Mice deficient for MFG-E8 or Mertk survived with a better
sensorimotor outcome and less neuronal death in comparison to wildtype
littermates °’. Of note, arterial hypoxemia and hypotension are defining criteria
for sepsis shock "8 indicating that reduced cranial perfusion and low oxygen blood
levels may be contributing to septic encephalopathy and cognitive decline.

a) Strong insults lead to apoptosis

_.:%t___é_. .

b) Insufficient insults lead to microglial activation and phagocytosis

neuron

microglia

c) Inhibition of phagocytosis prevents neuronal death inhibition of phagocytosis

A

Figure 4: Phagocytosis of stressed-but-viable neurons

Hypoxemia, stress and inflammation is known to induce “eat-me-signals” like PS to be exposed by neurons. (a) If the external
stress is sufficient, neurons will undergo apoptosis. (b) However, if the insult is insufficient to induce apoptosis, PS-exposure
activates microglia cell to phagocytose neurons and synapses. (c) If phagocytosis Is inhibited, these so called “stressed-but-
viable neurons” will re-internalize the exposed “eat-me-signals” and survive.
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2.5 Animal models of sepsis

In order to investigate the pathology of sepsis, three main models have been
established in the last years: i) administration of a viable pathogen, ii) interrupting
the host endogenous protective barrier, for example by caecal ligation and
puncture, iii) intraperitoneal (i.p.) administration of endotoxin (i.e.
lipopolysaccharide (LPS)). 7

These different animal models of sepsis have advantages and deficiencies.
Physiologically, sepsis is often caused by mixed cultures of vital pathogens and
therefore, the administration of viable bacteria and caecal ligation and puncture
(CLP) are more suitable methods to mimic the physiological course of the
disease. ’® However, a great benefit of LPS injection models is the reproducibility
and standardization. By using a specific dose of LPS, similar physiological
changes can be consistently induced in many animals. ”° As a result, inter-
individual differences are reduced and differences due to experimental
manipulation will more readily be apparent. Especially in CLP, different intensity
of immune stimulation can be expected, which might influence the outcome of
the experiments. Furthermore, the danger of viable pathogens to the animals can
lead to unpredictable death rates, thus a greater number of animals have to be
treated. For these reasons, the use of LPS injections is often the model of choice.
LPS is a gram-negative cell wall component and activates Toll-like receptor 4
(TLR4), inducing tumor necrosis factor o (TNF-a), Interleukin (IL)-1p, IL-1a or IL-
6 production. In patients, these pro-inflammatory cytokines lead to an alteration
in brain function, inducing acute sickness behavior being defined by lethargy,
decreased motor activity and reduced food intake &. A similar behavior can be
observed in rodents after intraperitoneal LPS-injections 8.

Although LPS is not able to mimic the heterogenous effects and complexity of
sepsis observed in humans, intraperitoneal LPS-injection has been found to
induce affective alterations like depression and anxiety as well as cognitive
impairments 7% 82, Furthermore, neuroinflammatory and microglial activation has
been found to be elevated 83. Additionally, neuronal loss was described to be
mostly affecting the hippocampus after LPS-injections 8486, Therefore, in this
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study i.p. LPS-injected mice were used as a model for sepsis to investigate the

detrimental effects of sepsis on the brain.

2.6 Aim of the study

To further understand the detrimental effects of sepsis on the brain, this study
investigated if microglial phagocytosis in general and which specific phagocytic
signaling contributes to synapse loss by manipulating different phagocytic
pathways. To this end, we quantified synapse number and phagocytosed
synapse number in wildtype and phagocytic protein deficient mouse strains
(Mfge8, Cd11b) at different timepoints (1 day, 3 days or 2 months) after two
consecutive i.p. LPS or phosphate-buffered saline (PBS) injections using
immunohistochemistry. Furthermore, we quantified brain concentration of
phagocytic opsonin using enzym-linked immunosorbent assay (ELISA). By
increasing the understanding of the detrimental effects of sepsis to the brain,
targeted therapy to prevent cognitive deficits in survivors of sepsis could be

developed in the future.
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3 Materials and methods

3.1 Mice

To investigate the mechanism of sepsis-induced neurodegeneration, several
transgenic mouse strains were used. The animals were raised, treated and
perfused by the group of Dr. med. Julius Emmrich at the Bundesinstitut fur
Risikobewertung (BfR), Berlin. The mice were maintained under specific
pathogen-free conditions at and with free access to standard food and water. Of
note, only female mice were used for the study. To exclude bias of genotype-
mediated behavior to the testing, wildtype and knockout female mice were
housed together. All experiments were performed in accordance with the
veterinary office regulations approved by the Ethical Commission for animal
experimentation of the Landesamt fir Gesundheit und Soziales in Berlin,
Germany (G239/15).

3.1.1 Mfge8 knockout

The mice were raised on a C57BL/6J background. The functional knockout of
Mfge8 was generated by replacing the C2 domain of Mfge8 with a
transmembrane-f3-geo reporter gene, retaining MFG-E8 inside the membrane
and inhibiting the release of MFG-ES8 leading to rapid degradation of the protein
63, The mice were generously provided by C. Théry, INSERM 932, France.

3.1.2 CD11b knockout

The mice were raised on a C57BL/6J background. These mice are homozygous
for the Itgam™Myd targeted mutation (B6.129S4-ltgam™Mvd/J The Jackson
Laboratory). These mice lack the integrin a-M-gene, which encodes CD11b, one
subunit of the CR3 receptor. The mice show no physical or behavioral
abnormalities, but homozygous mutants show deficiency in neutrophil spreading

and phagocytosis .
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3.1.3 Mertk knockout

The mice were raised on a C57BL/6J and 129S1/SvimJ background. These mice
are homozygous for the Mertk targeted mutation 1 (tm1GrL; Jackson Laboratory).
The gene was knocked out by replacing a part of the essential kinase domain
with a neomycin selected cassette. The animals show no gross physical or

behavioral abnormalities 88.

For Mfge8 and Cd11b /., C57BL/6J or wildtype offspring from het x het breeding
was used as controls. For Mertk /., only wildtype offspring was used. Every

mouse was genotyped by Eurofins using ear biopsy.

3.2 Number of Animals

Table 3: Number of animals

Cresyl IBAL,
C3- MFG-ES8 - Mesoscale viole): Bassoon,
ELISA ELISA cytokine - PSD-95
staining .
staining
1d LPS 7 5 0 0 6
PBS 2 2 0 0 2
. LPS 7 5 0 0 6
I 3d
. PBS 1 3 0 0 1
> LPS 7 5 0 0 6
s 7d
PBS 2 2 0 0 2
» months LPS 7 5 5 0 6
PBS 2 2 5 0 6
1d LPS 7 0 0 0 6
PBS 2 0 0 0 2
. . LPS 6 0 0 0 4
5 PBS 2 0 0 0 2
S 2 LPS 5 0 0 0 5
= PBS 2 0 0 0 2
) LPS 8 0 3 0 5
2 months o q 2 0 3 0 5
LPS 7 3 0 0 5
& 1d
A PBS 2 2 0 0 2
a LPS 6 3 0 0 5
3 3d
PBS 2 2 0 0 2
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y LPS 7 3 0 0 0

PBS 2 2 0 0 0

LPS 7 3 5 0 5

2months oo 2 2 5 0 4

¥ LPS 6 5 0 0 7

PBS 3 2 0 0 2

g N LPS 5 z 0 0 6

o PBS 2 2 0 0 3

5 iy LPS 5 5 0 0 0

PBS 2 2 0 0 0

S LPS 7 5 3 0 5

months  pag 2 2 3 0 5

y LPS 7 5 0 0 0

PBS 2 2 0 0 0

. LPS 7 5 0 0 0
= 3d

¥ PBS 2 2 0 0 0

é 2 LPS 7 5 0 0 0

PBS 2 2 0 0 0

S o LPS 7 5 5 0 0

PBS 2 2 5 0 0

y LPS 8 5 0 0 0

PBS 2 3 0 0 0

- o LPS 7 5 0 0 0

Z PBS 2 2 0 0 0

5 LPS 7 4 0 0 0

= 4 pps 2 2 0 0 0

LPS 9 5 3 0 0

2months oo 2 2 3 0 0

iy LPS 0 0 0 5 0

PBS 0 0 0 2 0

. LPS 0 0 0 5 0
© 3d

5 PBS 0 0 0 2 0

= 7d LPS 0 0 0 5 0

O PBS 0 0 0 2 0

S LPS 0 0 0 5 0

PBS 0 0 0 2 0

Number of animals per timepoint and genotype used for the indicated analyses.

3.3 Peripheral Immune Stimulation

At the age of eight to twelve weeks, female mice were randomly assigned to
treatment groups and either injected intraperitoneally (i.p.) with 1.5 mg/kg body
weight (BW) LPS (from Salmonella enterica serotype, Sigma-Aldrich) or with PBS

(Lonza) on two consecutive days 9.
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3.4 Tissue collection

The animals were euthanized either after 1 day, 3 days, 7 days or 2 months and
transcardially perfused with ice-cold PBS (Lonza) through the left ventricle. The
brain was removed and separated sagitally. One half of the brain was directly
frozen on dry ice, the other hemisphere was fixed in 4% paraformaldehyde (PFA,
Electran) (see 3.6.1). Serum was collected by centrifugation of venous blood for

10 minutes at 33 000 rounds per minute (rpm) at 22 °C in vacuette tube (greiner
bio-one).

Charite, Berlin

LPSor PBS (1,5
mg/kg BW)

resting behavioural testing
T 1 —
C57BL/6 -1d 0d 1d 3d 7d 1 month 2 months
Mfge8*/. and /.

Mertk*/+ and /.
Cdi11b*/and /.

fixed frozen in fresh frozen
4% PFA
) . 40 pm thick -
* In vivo Imaging slices Homogenization
« Immunchistochemistry l l
Immunhistochemistry Biochemistry

Figure 5: Overview of complete project design (including contributions of collaborators)

At the age of 3 months, female mice of different genotypes (C57BL/6, Mfge8, Cd11b and Mertk wildtype (*/.) and knockout (7/.)) were i.p.
injected on two consecutive days either with LPS or PBS and either sacrificed after 1 day, 3 days, 7 days or 2 months post-injection. One
half of the brain was directly fresh frozen, the other half was fixed in 4% PFA. The fresh frozen brain was homogenized and used for
biochemistry (ELISA), whereas the fixed brain was cut into 40 um thick slices and used for immunohistochemistry.
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3.5 Biochemical Analysis

3.5.1 Brain homogenization

After preparation, one hemisphere was directly fresh frozen on dry ice. This half
of the brain was stored at -80°C until it was homogenized in homogenization
buffer (50mM Tris pH8, 150 mM NaCl and 5 mM EDTA). Right before use, a
protease inhibitor (Merck, complete™ Mini EDTA-free Protease Inhibitor Cocktail)
was added. The brain was weighed and homogenization buffer was added to
achieve 20% brain homogenates. The brains were then homogenized using a
Precellys® lysing kit (Peglab Biotechnology GmbH) at 5500 rpm for 2 times 10
seconds with 10 seconds break in between. After aliquoting, the samples were

stored at -80°C for further biochemical analysis.

3.5.2 Enzym-linked Immunosorbent Assay (ELISA)
3.5.2.1 Mouse Complement Protein 3

In order to investigate the level of Complement Protein 3 (C3) in brain
homogenates, mouse Complement C3 ELISA Kit (Abcam, product number
ab157711) was carried out following manufacturer’s instructions. According to
the manufacturer’s information, the ELISA Kit recognizes the complete C3 protein
as well as C3a and C3b. To further homogenize the brain suspension,
homogenate was aspirated 2-3 times in 1.0 ml subcutaneous syringe (BD
Plastipak Sub-Q) before using the tissue for the ELISA. Brain homogenates were
diluted 1:5 in diluent buffer of the kit. Measurements were performed on FLUOstar
Omega (BMG Labtech) and results were normalized to brain protein
concentration, analyzed using bicinchoninic acid (BCA) assay (section 3.5.4). For
analysis, samples of PBS-treated animals from different timepoints (1d, 3d, 7d
and 2 months) were used to compensate for potential batch effects. However,
measures were found to be consistent between different PBS groups. Based on
previous experiments, measurements were expected to be highly reproducible
between technical replicates, and therefore, technical replicates were omitted in

favor of increasing the number of biological replicates.
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3.5.2.2 Mouse MFG-ES8 ELISA

The mouse MFG-E8 ELISA (Quantikine® ELISA, R&D Systems, product number
MFG-EB80) was carried out following the manufacturer’s instruction. The samples
were diluted to 1:10 in diluent buffer. By retracting the homogenates several times
into a 1.0 ml subcutaneous syringe (BD Plastipak Sub-Q), the samples were
further homogenized before applying the samples onto the ELISA.
Measurements were performed on FLUOstar Omega (BMG labtech) and results
were normalized to brain protein concentration, analyzed using BCA (section
3.5.4). For analysis, samples of PBS-treated animals from different timepoints
(1d, 3d, 7d and 2 months) were used to compensate for potential batch effects.
However, measures were found to be consistent between different PBS groups.
Based on previous experiments, measurements were expected to be highly
reproducible between technical replicates, and therefore, technical replicates

were omitted in favor of increasing the number of biological replicates.

3.5.3 Quantification of cytokine levels in brain tissue

To analyze brain cytokine levels, proinflammatory panel 1 mouse kit (Mesoscale
Discovery, catalog number: K15048D) was performed following the alternate
protocol 1 of the company. Thus, the samples were incubated not only for two
hours but overnight at 4°C. The results were normalized to brain protein
concentration, analyzed using BCA (section 3.5.4). Based on previous
experiments, measurements were expected to be highly reproducible between
technical replicates, and therefore, technical replicates were omitted in favor of

increasing the number of biological replicates.

3.5.4 Microplate bicinchoninic acid (BCA) assay

For total protein concentration analysis, bovine serum albumin (BSA,
ThermoScientific) was diluted with water to create protein standard. Brain
homogenates were diluted 1:25 in water. 25 pl of diluted brain homogenates were
pipetted on ice in a 96-well plate. Shortly before use, BCA working reagent A
(Pierce) was mixed with reagent B (Pierce) in 50:1 ratio. 200 pl of mixed BCA

working reagent were then quickly added to each well. After incubation at 37°C
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for 30 minutes, intensity was measured at 562 nm with reference values at 750
nm in FLUOstar Omega (BMG labtech). The final concentrations were calculated
based on the blank corrected standard values minus 750nm reference values
using Microsoft® Excel Version 16.16.13. The results were used to normalize C3,

MFG-ES8- and cytokine brain concentrations.

3.6 Immunohistological analysis

3.6.1 Brain sectioning

For immunohistochemistry, one brain hemisphere was fixed in 4%
paraformaldehyde (PFA, Electran) in PBS (Lonza) for 24 hour and cryoprotected
in 30% sucrose (Roth) in PBS for another two days. Afterwards, the brain was
frozen in 2-methylbutane (VWR) and stored at -80°C until the tissue was cut in
40 pm coronal sections with a freezing-sliding microtom (Leica or SLEE).
Sections were stored in tissue protection solution (250 ml Ethylene glycol
(Ensure), 300 ml glycerol (PanReac AppliChem), 450 ml PBS) at -20°C.

Tissue that was damaged due to insufficient cryoprotection or cooling during
transport was excluded by a blinded experimenter from further analysis. Mostly,
tissue of the 7 days post-injection group was affected. Therefore, only good
quality tissue of animals at 1 day, 3 days and 2 months post injections were used
for immunohistological analysis. No more animals could be treated to increase

animal number.

3.6.2 Cresyl violet staining

After the slices were washed three times for 10 minutes in PBS (Lonza), all
sections from one well were mounted on slides (Microscope KP plus Printer
Slides (26 x 76 x 1 mm) and dried for at least half an hour at 37°C. Cresyl violet
stock solution (0.1 g Cresyl violet (Sigma Aldrich) was mixed in 200ml H20 and
heated to dissolve and filtered. Then it was pre-heated at 60°C. Shortly before
use, 5 drops of 10% glacial acetic acid (Emsure) were added per 30 ml cresyl
violet solution. Afterwards, sections were rehydrated in PBS and incubated with

cresyl violet for 5 minutes. Then, slices were shortly put in 70% and 96% ethanol
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(PanReac AppliChem) and dehydrated in 96% ethanol for 3 minutes, in 100%
ethanol two times for 3-5 minutes each and in Xylol (PanReac AppliChem) three
times for 3-5 minutes each. Afterwards, slices were covered with Pertex (Medite)

and coverslipped.

3.6.2.1 Quantification of Brain Volume

Per animal 12-16 sections were analyzed, reflecting a 12" of the total sectioned
brain. For high-throughput mode, images were automatically digitized by Zeiss
AxioScan.Z1 at 10x magnification (Zeiss Plan Apochromatx10/0.45NA).

The images were then individually opened with ImageJ Software (Version 2.0.0).
Each section was analyzed for the area of Cortex, total hemisphere, total
hippocampus, Cornu Ammonis (CA) 1 and CA3 region and ventricles (Figure 8).
The olfactory bulb and cerebellum were not included in the analysis. The number
of pixels of every section was summed up for each individual animal and the sum

was converted into cubic millimeters for comparison.

3.6.3 PSD95, IBA1 and Bassoon co-staining

Blocking solution 20% normal donkey serum (NDS, Fisher Scientific) in
PBS (Lonza)

Primary antibody rabbit-(rb)-anti-PSD95 (1:750, Invitrogen)

solution guinea-pig-(gp)-anti-Bassoon (1:500, Synaptic Systems)
goat-(gt)-anti-IBA1 (1:500, Novushio)

in 10% NDS and 0.3% Trition X-100 (Sigma Aldrich) in
PBS

Secondary donkey-(dk)-anti-rb Alexa488 (1:250, Dianova)

antibody solution dk-anti-goat Alexa568 (1:250, Invitrogen)

dk-anti-gp Alexa647 (1:250, Dianova)

in 10% NDS and 0.3% Trition X-100 in PBS

Three hippocampal sections of each mouse were randomly chosen and
immunostained for pre- (Bassoon) and postsynaptic (postsynaptic density protein
95 (PSD-95)) proteins and ionized calcium-binding adapter molecule 1 (IBA1), a

protein specifically and strongly expressed in microglia cells.
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After washing 3 times for 10 minutes with PBS, the sections were incubated in
blocking solution for 60 minutes at room temperature (RT) on a shaker, followed
by incubation in primary antibody solution at 4°C overnight on a shaker.

The next day, the sections were again washed 3 times for 10 minutes and
incubated for 3h at RT in darkness in secondary antibody solution. After washing,
the sections were mounted on slides (Microscope KP plus Printer Slides, 26 x 76

x 1 mm) and covered with coverslips using DAKO Fluorescent Media.

3.6.3.1 Quantification of synapse number

The animal identifiers were blinded before recording the images using a Confocal
Microscope (TCS SP8, Leica; objective: HC PL APO CS2 40x, NA 1.3). Two z-
stacks of the retrosplenial area ventral part (RSPv, now only referred to as cortex)
of the cortex and hippocampal Cornu Ammonis 1 (CA1) region of each slide were
recorded using the following settings: z-steps 32, 0.33 ym interval, line average
2, resolution 1024 x 1024, Zoom 1, Pinhole 1AU.

The images were then analyzed using ImageJ (Version 2.0.0) Plug-in Puncta
Analyzer (written by Bary Wark)®° to quantify the total pre-, post- and functional
synapse number, being defined as colocalization of pre- and postsynaptic
proteins. Before analyzing, the contrast was automatically adjusted. The Bassoon
and PSD95 channels were merged leaving out the IBA1 channel. Afterwards 4
maximal intensity projects were created and transformed to RGB pictures. Each
picture was analyzed with individual thresholds within the second range of

contrast, rolling ball radius of 50 and minimum pixel size of 4.

3.6.3.2 Quantification of phagocytosed synapse number

The images were again analyzed using Imaris software (Bitplane, Version 9.3.1)
to quantify the number of functional synapses inside IBA1l positive microglial
cells.

First, a virtual surface of the microglia was generated using the preset settings
(surface detail 0.361) and adapting the threshold individually for each picture to
achieve full cell reconstruction. Afterwards three microglia were randomly

selected and the Bassoon and PSD95 channels were masked using the IBA1
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surface, creating a new channel of pre- and postsynapses, which are inside IBA1
positive cells. Then, colocalization of the masked Bassoon and PSD95 channels
was calculated using the colocalization and threshold adaption tool of Imaris.
Finally, surfaces of the colocalized puncta were automatically created using the
following settings: detail surface 0.04; the threshold was calculated automatically
by Imaris. The volume and number of the phagocytosed synapses were

calculated by Imaris.

3.7 Statistics

Statistical analysis was performed using Prism 9 software. Data were tested for
statistical outliers (Grubbs’s Test, a=0,05). Before statistical analysis, data was
tested for normality using Shapiro-Wilk normality test. For normally distributed
data, one-way ANOVA or in case of non-normally distributed data, the non-
parametric data Kruskal-Wallis-Test were used, followed by post-hoc-testing with
Tukey’s multiple comparison test or Dunn’s multiple comparison test,
respectively. For grouped analysis, two-way ANOVA with post-hoc testing with
Dunnett’s multiple comparisons test or Sidak's multiple comparisons test was
performed. Dunnett’s multiple comparisons test was chosen, if comparisons were
only against the control group (PBS), Sidak's multiple comparisons test was
used, if all groups were compared against each other (PBS, LSP 1dpi, 3dpi, 7dpi

and 2months). Further information can be found in the figure legends.
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4 Results

4.1 Peripheral LPS-injections induce inflammation
in the brain

4.1.1 Complement protein 3 concentration rises acutely after LPS-injections

To investigate whether peripheral LPS-injections induce an innate immune
reaction in the brain, complement protein 3 concentration was quantified in brain
homogenates by ELISA. LPS is known to strongly induce the complement
cascade °1, and accordingly, C3 levels were significantly increased 1 day (58.3 +
7.5 ng/mg total protein) after LPS-injections in comparison to PBS-injected
control levels (23.7 + 7.2 ng/mg total protein) in all genotypes (Figure 6).
However, C3 levels returned to control levels (22.0 + 2.6 ng/mg total protein) at
3 days after the last LPS-injection in all genotypes, showing that the acute
inflammatory response last only for 1-3 days.

Thus, while there is a clear immune response to peripheral LPS injections in the
brain, including increased levels of C3 protein, this response did not differ

amongst all genotypes.
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Figure 6: Brain concentration of phagocytic proteins

A)

B)

Complement protein 3 (C3) brain concentrations were measured in different phagocytic deficient mouse strains and wildtype
controls using ELISA method. C3 levels increased strongly 1 day after two i.p. LPS-injections compared to PBS-injected control
levels in all genotypes and returned to baseline levels 3 days post-injection.

Data shown are means + SD and normalized to brain protein amount, PBS-treated animals of all timepoints were pooled.

* p<0,05, ** p< 0,01, ***p< 0,001, *** p< 0,0001, **** p<0,00001. Ordinary One-Way Anova and Tukey’s multiple comparison test
was performed for all groups except for Cd11b */.. For Cd11b */. Kruskal-Wallis-Test and Dunn’s multiple comparison test was
executed. For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 7dpi/ LPS 2months n=8/6/7/7/7 for Mfge8 */., n=8/5/5/5/6 for Mfge8 */; n=8/7/6/7/7
for Cd11b */,, n= 8/6/5/6/7 for Cd11b /., n=8/7/7/7/7 for Mertk */., n=8/8/6/6/5 for Mertk /. (1 Outlier in Mfge8 */. LPS 7dpi and
Mertk */. LPS 2 months not shown.)

Milk fat globule EGF-like factor 8 (MFG-E8) concentrations were measured using ELISA. MFG-E8 levels were indistinguishable
after LPS-administration in phagocytic deficient or wildtype mice in comparison to PBS-injected controls of all timepoints.

Data shown are means + SD and normalized to brain protein amount, PBS-treated animals of all timepoints were pooled.

For PBS/ LPS 1dpi/ 3dpi/ 7dpi/ 2 months n=9/5/4/5/5 for Mfge8 */.; n=8/3/3/3/3 for Cd11b */.; n=8/5/5/5/3 for Cd11b 7/.; n=8/5/5/5/4
for MerTK */,; n=9/5/4/3/5 Mertk 7. (1 Outlier in Mertk */. PBS and LPS 2 months not shown)
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4.1.2 Milk fat globule EGF-like factor 8 levels are not altered in the brain after

simulated sepsis

To test the influence of LPS-induced immune activation on MFG-E8 expression,
MFG-EB8 protein concentration was measured in the brain at different timepoints
after i.p. LPS-injections. In contrast to C3 levels, no significant increase of MFG-
E8 protein levels were detected after one day (0.08 + 0.02 ng/mg total protein),
three days (0.08 + 0.005 ng/mg total protein), seven days (0.08 £+ SEM 0.009
ng/mg total protein) nor 2 months (0.08 + 0.01 ng/mg total protein) in phagocytic
deficient or wildtype mice in comparison to PBS-injected controls (0.09 + 0.005
ng/mg total protein) of all timepoints (Figure 6).

Thus, while MFG-ES8 protein levels remained constant following peripheral LPS-
injections, a shift from intra- to extracellular location could still occur (as MFG-E8
is normally secreted) to increase extracellular MFG-E8 levels while the total
concentration remains constant. To further understand, whether this is indeed the

case, further tests should be conducted.

4.1.3 Microglia volume increases acutely after sepsis

The microglia cell volume is another measure of microglial activation and was
analyzed here using 3-dimensional reconstructions with Imaris (Bitplane). As
expected, in all genotypes, one to three days after LPS-injections, microglia
volume was strongly increased in cortex (Mfge8 */+: LPS 1d: 1.4+ 0.5 and LPS
3d: 1.5+ 0.6; Mfge8 /- LPS 1d: 2.1 £+ 0.5and LPS 3d: 1.9 = 0.4; Cd11b */+: LPS
1d:2 £+ 0.8and LPS 3d: 1.9+ 0.7; Cd11lb /. LPS 1d: 2 £ 0.3 and LPS 3d: 1.7 +
0.4 um?3) compared to PBS-injected control group (Mfge8 */+: 1 + 0.15; Mfge8 /-:
1 +0.2; Cd11lb */+: 1+ 0.3; Cd11b /: 1.0 0.2 um?) and in CA1 (Mfge8 */+: LPS
1d: 1.4+ 0.1 and LPS 3d: 1.5 = 0.6; Mfge8 /-: LPS 1d: 2 £+ 0.4 and LPS 3d: 2 £
0.5; Cd1lb */+: LPS 1d: 2.1 £+ 0.5and LPS 3d: 1.7 £ 0.4; Cd11b /. LPS 1d: 2 +
0.3 and LPS 3d: 1.5 + 0.2 um?®) compared to PBS-injected control group (Mfge8
*/+:1 +£0.08; Mfge8 /. 1 +£0.07; Cd11b */+: 1+ 0.1; Cd1lb /= 1.0 + 0.2 pm?).
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Figure 7: Microglial cell volume changes following peripheral LPS-stimulation

A)

B)

C)

In cortex, acutely after LPS-injections, microglia volume is increased in Mfge8 wildtype and knockout as
well as in CD11b wildtype and knockout mice.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett’s
multiple comparison test) was performed. PBS-treated animals of all timepoints were pooled. * p< 0,05, **
p< 0,01, *** p< 0,001; **** p< 0,0001

For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months n=9/5/6/6 for Mfge8 */., n=9/5/4/5 for Mfge8 “/.; n= 8/5/5/5 for
Cd11b */,, n=10/7/6/4 for Cd11b /. (1 Outlier in Cd11b */. LPS 1dpi not shown)

In CA1, microglia volume is also acutely increased in Mfge8 wildtype and knockout and in Cd11b wildtype
and knockout.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett’s
multiple comparison test) was performed. PBS-treated animals of all timepoints were pooled. * p< 0,05, **
p< 0,01, *** p< 0,001; **** p< 0,0001

For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months n=10/6/5/5 for Mfge8 */., n=9/5/4/6 for Mfge8 /., n= 8/5/5/5
for Cd11b */., n=10/7/6/4 for Cd11b 7/. (1 Outlier in Mfge8 */. PBS, LPS 1dpi and Mfge8 /.LPS 2 months
not shown)

Representative IBA-1 positive staining of Cd11b wildtype. (Scalebar 20 um)
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As reported previously, after activation by different immune stimuli, microglia
volume is increased 3. Therefore, it seems that LPS-injections in the peritoneum

is also sufficient to mimic an inflammatory process for microglia (Figure 7).

4.1.4 Non-significant increase in brain and ventricle volume

To further analyze the reaction of the brain to peripheral immune stimulation by
LPS-injections, volume of different brain structures was measured using Fiji.
The analysis of the cresyl violet stained slices did not show any significant
increase or decrease in the volume of different brain regions. The slight increase
in hemisphere volume 1 day (LPS 0.6 + 0.1 vs. PBS 0.5+ 0.05 mm?3) and cortex
volume (LPS 0.2 + 0.08 vs. PBS 0.2 + 0.02 mm?) post injection might be due to
acute inflammatory swelling. Of note, edema and increasing intracranial brain
pressure (ICP) is often observed in septic patients. 2% 92 % However, a non-
significant increase in dentate gyrus (DG), hippocampal regions, one day (LPS
0.002 + 0.0007 vs. PBS 0.001 + 0.0001 mm3) after LPS exposure could be
observed (Figure 8).

Interestingly, the total ventricle volume was strongly, but non-significantly
increased one day after LPS-induced sepsis (LPS 0.006 mm?3+ 0.003 vs. PBS
0.003 mm?3 + 0.001). As it has been found, that secretory epithelia respond to
cytokines and pro-inflammatory signals °4, this increase in ventricle volume could

be due to an increase in cerebrospinal fluid (CSF).

To sum up, peripheral LPS-injections lead to an acute inflammatory response in
the brain, as C3 is highly expressed and also microglia volume is significantly
increased. Furthermore, a slight increase in ventricle volume could be observed
as well as an increase in total brain volume. This might be due to acute swelling

of the brain and increased CSF production as a reaction to the inflammation 2.
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Figure 8: Volume of brain structures

A)  Hemisphere volume of C57BL/6 mice were quantified using Fiji. A non-significant increase in hemisphere
volume 1 day after LPS-injections was found. This might be due to acute inflammatory swelling.

B) A non-significant increase was seen for dentate gyrus (DG) volume.

C) Cortex volume is non-significantly increased 1 day post injection.

D) Also, a non-significant increase in total ventricle volume (sum of first and third ventricle volume) one day after
LPS-induced sepsis was observed.

E) Inviolet volume of cortex, in dark blue total hippocampus volume, in green volume of CA1, in yellow volume
of DG, in red volume of third ventricles and in light blue volume of first ventricle is highlighted. Data for volume
of CAl is not shown because no increase was found after LPS-injections. (Scale bar: 100 pm).

Cresyl violet staining was done by Maren Ldsch, imaging, analysis and statistics were done by the author.

Data shown are means + SD, PBS-treated animals of all timepoints were pooled. n , =6;n__ =2

4.2 Long-term effects of i.p LPS-injections to
cytokine brain levels

Because the previous analyses did not reveal any sign of long-term changes in
opsonin levels or microglia morphology after sepsis, different cytokines
concentrations were measured in wildtype and knockout mice two months after

two consecutive LPS-injections, to see whether long-term alterations in the
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brain’s inflammatory status could be seen using a highly sensitive multiplex
ELISA.

Interestingly, in Cd11b knockout mice, anti-inflammatory cytokine interleukin (IL)-
4 levels were found to be increased in comparison of LPS-treated (0.08 + 0.01
pg/mg) to PBS-treated animals (0.04 + 0.02 pg/mg), while Cd11b, Mfge8 and
Mertk wildtype as well as Mfge8 and Mertk knockout mice showed no significant
difference in IL-4.
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Figure 9: Brain cytokine levels 2 months after LPS injections

Only Cd11b knockout show an increase in different cytokine levels two months after LPS-injections.

Data shown are means + SD and normalized to brain protein amount, Mertk, Cd11b and Mfge8 */. were grouped as wildtype,
two way-ANOVA with post-hoc test (Sidak's multiple comparisons test) was performed. ELISA protocol was carried out by
Lisa Hasler and Rawaa Al-Shaana, analysis and statistics were done by the author.

** p< 0,01, **** p< 0,0001, Nuildtype™= 15, Niknockour= 3.

34



In pro-inflammatory cytokine levels, tumor necrosis factor (TNF)-a, interferon
(IFN)-y, IL-2 and IL-5 were also significantly increased in LPS-treated Cd11b
knockout mice in comparison to control group (LPS vs. PBS for TNF-a.: 0.03 £
0.002 vs. 0.01 = 0.001 pg/mg; INF-y: 0.04 + 0.002 vs 0.01 + 0.006; IL-2: 0.4
0.05vs. 0.18 £ 0.06; IL-5: 0.06 £ 0.004 vs. 0.04 + 0.01). In Cd11b wildtype, TNF-
o concentration was also increased two months after LPS injections (LPS 0.02 +
0.007 vs. PBS 0.01 = 0.003 pg/mg) (Figure 9).

Interestingly, like in anti-inflammatory cytokine levels, pro-inflammatory cytokines
are only increased in Cdl11lb knockout mice. All other genotypes do not differ
significantly between wildtype and knockout mice. Also, no difference at all was
observed in pro-inflammatory keratinocyte chemoattractant (KC)/ human growth-

regulated oncogene (GRO) and IL-1.

In summary, only Cd11b knockout mice were found to have increased pro- and
anti-inflammatory cytokine levels two months after double i.p. LPS-injections.
Cdl1lb is expressed in macrophages, dendritic cells and neutrophils and is
important for migration and function of leucocytes °. It has been found, that
Cd11b is important in controlling LPS-induced Toll-like receptor (TLR) signaling
in innate immune response and therefore is preventing an overreaction of the
immune system %. Therefore, the finding that only in Cd11b knockout mice a
long-term difference in pro-inflammatory cytokines could be detected, might be
explained through the missing alleviative effect of Cdllb on TLR-mediated

immune activation after LPS-injections.

4.3 Functional synapse number is decreased
acutely and increased long-term after sepsis

To determine whether synaptic remodeling was affected in our model of sepsis,
functional synapse number, defined as colocalization of pre- and postsynaptic

proteins, was analyzed using FIJI.
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In Mfge8 wildtype animals functional synapse number is strongly decreased
acutely (Cortex: LPS 1d: 0.4 £ 0.2 and LPS 3d: 0.7 £ 0.2 vs. PBS 1 + 0.2; CA1:
LPS 1d: 0.3 + 0.09 and LPS 3d: 0.4 = 0.2 vs. PBS 1 £ 0.1) after sepsis. The
synapse number is normalizing over two months post injections in cortex.
However, in the CA1 region, synapse number remains significantly decreased
two months (LPS 0.6 + 0.1 vs. PBS 1 £ 0.1) after sepsis.

Interestingly, loss of functional synapse number could be prevented in Mfge8
knockout mice in cortex (LPS 1d: 0.8 + 0.3 and LPS 3d: 0.9 £ 0.3 vs. PBS 1 £
0.2) and CA1 (LPS 1d: 0.8 £ 0.2 and LPS 3d: 0.9 £ 0.2 vs. PBS 1 + 0.2), indicating
for the first time that MFG-ES8 plays a role in marking synapses for removal during

brain inflammation (Figure 10).

Surprisingly, for Cd11b animals, no strong decrease acutely after sepsis could
be observed either in wildtype (cortex: LPS 1d: 0.8 £ 0.2 and LPS 3d: 0.7 £ 0.2
vs. PBS1+0.5; CAL: LPS 1d: 1 £0.3and LPS 3d: 1 £ 0.2 vs. PBS 1 £ 0.3) nor
knockout mice (cortex: LPS 1d: 1 + 0.4 and LPS 3d: 0.9 + 0.3 vs. PBS 1 + 0.2;
CAL:LPS1d:1+0.5and LPS 3d: 1 +0.4vs. PBS 1 £0.2). Strikingly, in wildtype
mice two months after LPS-injections synapse number was significantly
increased in cortex (LPS 1.6 £ 0.3 vs. PBS 1 £ 0.5) and non-significantly
increased in CAl region (LPS 1.3+ 0.7 vs. PBS 1 £0.3).
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Figure 10: Functional synapse number

A) Representative images of Mfge8 wildtype animals 1 day after two consecutive LPS-injections. The tissue was stained for Bassoon (red) and
PSD95 (green) and functional synapse area was analysed using Puncta Analyzer by Bary Wark. The original image and the quantified
synapses are depicted. Scale bar: 25um

B) In cortex, Mfge8 wildtype animals synapse number is strongly decreased 1 day after LPS-injections, whereas Cd11b wildtype show no
significant reduction. Synapse number is increased in Cd11b wildtype animals two months after sepsis. Mfge8 and Cd11b knockout do not
show differences in synapse number acutely or long-term after sepsis.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett's multiple comparison test) was performed.
PBS-treated animals of all timepoints were pooled. * p< 0,05; ** p< 0,01, **** p< 0,0001 For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months
n=10/5/5/6 for Mfge8 */., n=9/6/4/5 for Mfge8 7/.; n= 8/5/5/5 for Cd11b */,, n= 10/7/6/5 for Cd11b /.

C) In CA1, a significant decrease in synapse number in Mfge8 wildtype mice could be detected.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett’s multiple comparison test) was performed.
PBS-treated animals of all timepoints were pooled. * p< 0,05; ** p< 0,01, **** p< 0,0001. For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months
n=10/5/5/6 for Mfge8 */,, n=9/6/4/5 for Mfge8 */.; n= 8/5/5/5 for Cd11b */,, n= 10/7/6/5 for Cd11b /. (1 Outlier in Mfge8 /.PBS not shown).
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4.4 Phagocytosis of functional synapses is
increased acutely after sepsis

To investigate whether the loss of functional synapses could be explained by
phagocytosis, colocalization of pre- and postsynaptic puncta inside microglia
were analyzed using Imaris (Bitplane).

As the phagocytosed synaptic puncta are clustered inside the microglia, the

volume of phagocytosed synapses was also analyzed (Figure 11).
Table 4: Phagocytosed synapse volume

Mfge8 /. Mfge8 /. Cd11b */+ Cdllb /.

PBS LPS PBS LPS PBS LPS PBS LPS
1-3d 1d 1-3d 1d 1-3d 1d 1-3d 1d

Cortex| 159 +14 170 +57( 53+9 (80+12| 25+3 |128+21| 33+3 | 82+17
CAl |121+25 |140+62|79+31(96+15]| 27+6 |108 +22 [37.2 +6|108 + 23

Average of phagocytosed synapse volume per timepoint for Mfge8 and Cd11b wildtype and knockout is
shown in [um3].

No increase in phagocytosis of synaptic proteins could be observed acutely after
LPS-induced sepsis in Mfge8 wildtype mice, however in Cd11b wildtype a strong
increase was seen acutely after sepsis. The lack of increase in Mfge8 wildtype
animals may be an artefact, due to insufficient cryoprotection (as mentioned in
3.6.1). In Mfge8 wildtype only three PBS-treated animals from one to three days
post injection could be used for analysis. As shown in Table 4, PBS-treated Mfge8
wildtype animals show already a very high value of phagocytosed synapse
volume compared to Cd11b wildtype animals. Therefore, the lack of increased
phagocytic activity in Mfge8 wildtype mice might be an artefact due to insufficient
tissue quality of PBS-treated Mfge8 animals. To further prove this assumption
more PBS-treated wildtypes animals should be analyzed. Unfortunately, for

further analysis new animals would have to be treated, which is not possible at
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the moment. However, other effects, e.g. batch effects, cannot be excluded at

the moment.
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gure 11: Phagocytosed synapse volume

In the cortex, phagocytosed synapse volume is increased 2months after LPS-injections in Mfge8 wildtype animals. Whereas in Cd11b
wildtype and knockout mice, phagocytosed functional synapse volume is significantly increased 1 day after two LPS-injections.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett's multiple comparisons test) was
performed. PBS-treated animals of all timepoints were pooled. * p< 0,05, ** p< 0,01, **** p< 0,0001

For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months n=10/5/6/6 for Mfge8 */.; n=9/5/4/5 for Mfge8 /., n=8/5/5/5 for Cd11b*/,; n=10/7/6/4 for
Cd11b 7.

In CAl, phagocytosis is only increased in Mfge8 knockout mice 1 day after sepsis. In Cd11b wildtype and knockout mice show an
increased phagocytosis one day after two LPS-injections.

Data shown are means + SD and normalized to PBS, two way-ANOVA with post-hoc test (Dunnett's multiple comparisons test) was
performed. PBS-treated animals of all timepoints were pooled. * p< 0,05, ** p< 0,01, **** p< 0,0001

For PBS/ LPS 1dpi/ LPS 3dpi/ LPS 2months n=10/5/6/6 for Mfge8 */.; n=9/5/4/5 for Mfge8 /., n=8/5/5/5 for Cd11b*/,; n=10/7/6/4 for
Cd11b 7.

For Mfge8 knockout mice a slight increase in engulfed synaptic proteins could be
observed in cortex (Fig. 11: LPS 1d: 1.5+ 0.5vs. PBS 1 £ 0.2) and CA1 (LPS 1d:
2+ 0.7 vs. PBS 1 = 0.5), which is also represented in a non-significant decrease
in functional synapse number (Fig. 10: LPS 1d: cortex: 0.8 £+ 0.3 vs. PBS 1 £0.2;
CAl: 0.8 £ 0.2 vs. PBS 1 + 0.2). However, the absolute volume of acutely
phagocytosed synapses was reduced compared to Mfge8 wildtype animals
(Table 4). Therefore, loss of MFG-E8 seems to reduce the phagocytosis of
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functional synaptic puncta, even under homeostatic conditions. However, further

analysis has to be carried out to further validate these results.

As for Cd11b wildtype animals, in Cd11b knockout mice a significant increase in
phagocytosis was detected acutely after LPS-injections (LPS 1d Cortex: 2.5+ 1.4
vs. PBS 1+0.3; LPS 1d CA1: 3+ 1.7 vs. PBS 1 + 0.5 um?3). Interestingly, similar
to Mfge8 knockout mice, Cd11b knockout animals showed a reduced uptake of
synapses acutely after sepsis (Table 4).

In Mfge8 wildtype mice, only in the cortex a sustained increase in phagocytosis
two months after LPS-induced sepsis could be seen (LPS 1.8 + 0.7 vs. PBS 1.0
+ 0.3). However, in CAl as well as in Mfge8 knockout and Cd11b wildtype and
knockout mice, phagocytosis of synapses was unchanged following LPS
injections (LPS vs. PBS for Mfge8 */+ CA1: 1.5 + 0.6 vs. 1 + 0.4; Mfge8 */- Cortex:
0.7+ 0.4vs.1+0.3; Mfge8 /- CA1: 0.7 £ 0.3vs. 1 £0.5; Cd11b */+ Cortex: 1.4
0.4vs.1+0.3; Cdllb */+ CA1: 1.9+ 1.7 vs. 1 £ 0.2; Cd11b /- Cortex: 1.2 + 0.8
vs. 1+0.3; Cd1lb /- CAl: 1.2 + 0.5 vs. 1 £ 0.5) (Figure 11).

To sum up, under assumption that the phagocytosed volume of PBS-treated
Mfge8 wildtype animals is an artefact due to low tissue quality, Mfge8 and Cd11b
wildtype animals show an increased phagocytosis acutely after LPS-induced
sepsis, which is partly prevented in the corresponding knockout animals. Further
analysis could test, whether complete knockout of both proteins could prevent
phagocytosis of synapses completely. Further investigation why only in the cortex
of Mfge8 wildtype mice a sustained increase in phagocytosis following sepsis was
found and not in CA1 or Cd11b wildtype animals may provide further insight in

the pathophysiological role of these opsonins.
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5 Discussion

Many survivors of severe sepsis show long-lasting cognitive impairment, which
leads to reduced quality of life and dependency on long-term care 24 25, Different
pathologies leading to this impairment like brain atrophy, white matter loss 26-28
as well as activation and proliferation of microglia cells 20, have been discovered
until now. However, the interrelations between microglia activation, brain atrophy
and long-term cognitive deficits have not been researched so far. To investigate
a possible correlation, we conducted this study to observe the role of microglia in
synapse degeneration following LPS-induced sepsis.

This study shows that peripheral LPS injections stimulate the innate immune
system in the brain, as indicated by increasing C3 concentrations and microglia
volume. Additionally, in Mfge8 and Cdllb wildtype mice, synapse loss and
correspondingly an increase in synaptic pruning was detected days after LPS
injections, which was partly prevented in knockout mice. However, contrary to our
expectations, no cellular correlate of long-term cognitive impairments, e.g.
persistent reduction in synapse number or increased phagocytosis, was evident

in the immunohistochemical analysis of the brains.

5.1 Behavioral analysis showed that inhibition of
phagocytosis protects against long-term
cognitive deficits

In addition to the biochemical and immunohistochemical analysis described
above, behavioral analysis conducted by a collaborating group in Berlin (AG
Emmrich) was performed to assess the short- and longterm impact of LPS-
injections on the animal’s physiology and cognition 8°. The mice were tested in
different behavioral setups after one month of resting (Figure 5). To evaluate
physiological changes after LPS-injections, for up to 28 days after the injections
body temperature and weight were registered. Furthermore, sickness behavior

was analyzed by investigating the ability to build a nest by a definitive 5 points
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nest-rating scale %. Also, the activity of the animals was observed by using day-
long video recording and tracking of the caged animals. These analyses revealed
a strong increase in body temperature, as well as a loss of bodyweight, daily
activity and decrease of nest building score after LPS-injections. These reactions
have been described previously and are known to be a common reaction of the
host to inflammation °7-1%, The strong reactions observed in the mice after the
LPS-injections prove that the administered amount of LPS is sufficient to simulate
a severe sepsis in all mice. Furthermore, cytokine measurements in the serum of
mice also showed the expected acute increase of inflammation markers in all
genotypes, with no effects apparent between the different wildtype and knockout
lines (unpublished data of the host laboratory). Altogether, this shows that the
administrated amount of LPS is sufficient to induce a systemic sepsis-like state
in all mice independent of genotype. Additionally, this proves that the knockout of
phagocytic proteins has no effect in the early systemic inflammation phase after
LPS-injections, but rather leads to a specific reduction of microglia-mediated

phagocytosis.

By using IntelliCage 101193 (TSE Systems GmbH, Bad Homburg, Germany), a
monitored system housing 8-16 transponder-targeted mice, spontaneous
explorative behavior and circadian rhythm was monitored over a period of 7 days
without human interference to further test for spatial and affective memory deficits
after LPS-injections. Independent of genotype, LPS-treated wildtype animals
showed a decreased ability in spatial learning for at least the measured 4 days.
However, for spatial memory ability, clear tendencies, that LPS-treated wildtype
animals were more impaired compared to knockout animals were found (e.qg.
Mfge8 knockout animals performed better in avoidance conditioning, Mertk
knockout mice in place learning and reversal and Cd11b knockout mice showed
an increase in explorative behavior). Moreover, animals subjected to
experimental sepsis showed a significant reduction in avoidance behavior, which
also suggest that these mice may suffer from impairments in their affective

memory after LPS-injections. However, it remains unclear why different knockout
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mice show improved results in different tests. Further investigations will be

necessary to explain this effect.

In summary, although no clear cellular correlate of long-term cognitive
impairments was found in the tissue analysis conducted here, the behavioral
testing clearly demonstrated that mice after LPS injections showed acutely
severe sickness behavior and long-term impairments in spatial and affective
memory compared to PBS-injected animals. As well as the synapse loss by
phagocytosis, the decline in cognitive functions was partly rescued by knockout

of phagocytic proteins.

5.2 Induction of microglial overactivation after i.p.
LPS-injections

Microglia have been found to be not only necessary for synaptic pruning during
development and network formation in the young and adult brain but also in brain
diseases 4 194, A common feature of neurodegenerative diseases despite the
different underlying pathologies is an early synaptic loss which leads to network
and synaptic dysfunction 3% 73 194 |n neurodegenerative diseases a genetic
vulnerability, e.g. mutation in triggering receptor expressed on myeloid cells 2
(TREM2), is assumed to induce microglial dysfunction and impaired
phagocytosis. The accumulating tissue debris then induces microglial activation
and inflammatory responses, which complete the vicious cycle through neuronal
damage and increased production of debris 1%. Taking this in consideration, our
findings might suggest that the inflammation following sepsis can also induce a
vicious cycle of microglial overactivation without a preliminary genetic
vulnerability, suggesting that sepsis-induced synaptic pruning reduced synaptic

connections and thus cognitive dysfunction.
This study demonstrates that within 7 days after two consecutive LPS-

injections, synapse number, synaptic phagocytosis as well as microglial

activation is normalized. This apparent return to baseline correlated with the
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termination of inflammation (as evidenced for example by cytokine levels).
Therefore, microglia activation, phagocytosis and synapse loss as well and
synapse number appears to be able to fully recover. The brain is known to be
able to react to different internal or external stimuli by undergoing functional and
morphological changes via mechanisms of plasticity in order to encode
memoriesi®. This neuronal plasticity has also been identified as an important
feature of the brain to cope with neuronal and synapse loss after diseases, e.g.
stroke. Despite worse long-term prognosis for survivors of stroke 107198 patients
show a steady improvement in memory, motor and cortical functions months after
stroke 1%, It has been discussed that several mechanisms play an important role
in synapse recovery and network formation 1%, These mechanisms show
differences in their time course. Synaptic regeneration is thought to take hours or
days!® and might be the mechanism behind this early recovery process.
Although on a cellular level, parameters for microglial activation, synapse
number and phagocytosis of synapses normalized within about one week after
sepsis, treated animals showed long-term cognitive impairment two months after
peripheral LPS injections. This change might be due to a more long-term plasticity
mechanism called synaptic reorganization and cortical remapping, which is
known to take months after neuronal loss 1. In this way, and although the
synapse number is normalized two months after sepsis, it might be possible that
correct neuronal circuits and synaptic functions are not established again and
functional deficits remain. However, further electrophysiological and functional

analysis is needed to evaluate changes in neuronal circuits.

While the LPS animal model for sepsis shows better reproducibility and
standardization, two separate LPS injections are not sufficient to mimic the
complex and long-lasting immunological stimulus of bacteremia during sepsis.
Assuming that the intensity of the immunological stimulus correlates with the
extent of synaptic loss and phagocytosis, a continuous inflammatory state that
last several days, as achieved by CLP or other sepsis models, might damage the
neuronal circuits to a greater extent than two consecutive LPS-injections.

Therefore, it may be possible that the mechanism of synaptic regeneration is in
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this case not sufficient to recover the synapse number completely. Therefore,
immunohistological experiments using alternative sepsis models may be able to
detect the changes underlying the long-lasting synaptic deficiency which was

detected in the behavioral tests.

Additionally, one major risk factor for long-term cognitive impairments
following critical illness is an advanced age 1!l It is known that during aging,
microglia are in a more activated state and show an enhanced inflammatory
response to pathologies 112114 As the mice were injected at two to three months
of age and tested for up to two months, the long-term effects of sepsis were tested
with four to five months old mice, which is considered equal to being a young
adult. To exclude that long-term deficits will become immunohistologically
apparent in older individuals, equal experiments should be carried out with older

mice.

Microglia are known to be crucial for synaptic pruning in the developing brain. But
just recently, Wang et al showed in a mouse study that microglia do not only
mediate synaptic refinement during development but also induce activity-
mediated memory loss by synaptic pruning in healthy brains, which was
prevented by inhibition of complement-mediated pathways in these mice!!®. As
predominantly inactive synaptic connections were phagocytosed by microglia,
the authors claim that the process is a physiological mechanism to delete and
forget unimportant memories. In our study, the knockout of the CD11b gene (a
subunit of complement receptor 3) partly prevented the phagocytosis of synapses
following sepsis, suggesting that the same mechanism is also present in
neuroinflammation. However, as the functional outcome for cognitive function
was improved in knockout mice compared to wildtype mice, during sepsis it is
rather a detrimental process due to an overreactive immune system. This has
also been shown in Alzheimer models 73. Hong et al. demonstrated that in early
AD mouse models the complement pathway (e.g. C1q, C3) was upregulated and
that synapses were phagocytosed by microglia in a complement-mediated

process as inhibition of the complement pathway lowers the number of synapses
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engulfed by microglia 3. These findings also indicate that different causes (e.qg.
sepsis, neurodegenerative diseases) could induce an overreactive immune
system in the brain which leads to complement-dependent microglia-mediated
synapse loss. Interestingly, dopamine has been found to inhibit cytokine
production and inflammation in the body following sepsis 1¢. Furthermore, Li et
al. report that L-Dopa/Benserazide, a dopamine decarboxylase inhibitor, therapy
prevents long-term cognitive impairment in rodents /. This further suggests, that
in sepsis-induced long-term cognitive deficits an overactive immune system is
involved. Therefore, anti-inflammatory therapy might be a successful therapeutic

strategy to prevent sepsis-induced long-term memory deficits.

5.3 Reduced synapse loss in phagocytic deficient
mice

The maintenance of neuronal circuits is a delicate equilibrium of maturation and
removal of synaptic components. During neuroinflammation, the balance is
disrupted due to release of reactive oxygen species (ROS) by microglia 8. ROS
damage neurons and induce reversible externalization of PS which is recognized
by microglia via different receptors >>°7. PS externalization of cells leads to
engulfment and phagocytosis, but it has been shown that in vitro phagocytosis
can be prevented by blocking different receptors and ligands of microglia after
cerebral ischemia %°. Corresponding to our findings, Sheppard et al. were able to
find evidence in organotypic hippocampal slice cultures (OHSCs) that LPS-
induced synapse loss is mediated by microglia as it is prevented by depleting
microglia before LPS application %°. In our study, we observed a significant
decrease in synapse number and correspondingly an increase in phagocytosis
after i.p. LPS-injections in vivo, which is partly prevented in phagocytic deficient
mice, suggesting that the in vitro - observed mechanism also applies in vivo.
However, as the phagocytosis is not completely prevented by knockout of
a single protein, phagocytosis of synapses may be activated via different
molecular pathways, that are at least partially redundant. It would be interesting

to investigate whether knockout of several phagocytic proteins could
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synergistically prevent phagocytosis even more efficiently and whether the

functional outcome could also improve.

5.4 Phagocytosis of small apoptotic neuritic
fragments by astrocytes

Just recently, Damisah et al. published their findings that both astrocytes and
microglia are involved in phagocytosis of dying or dead neurons *?°, Whereas
microglia were found to mainly phagocytose somata of neurons, astrocytes
phagocytose apoptotic debris from the dendritic arbors. Thus, as not only
microglia are responsible for removal of dead or dying neurons, incomplete
prevention of phagocytosis by knockout of Cd11lb or Mfge8 might also be the
consequence of still functional astrocytic phagocytosis. As Mfge8 is expressed in
astrocytes and microglia, but Cd11b only in microglia, the differences in both
groups could reflect the involvement of astrocytes in sepsis-induced
phagocytosis of dying neurons. Of note, Damisah et al. showed that microglial-
specific knockout of Mertk delays the approach of microglia to the somata of dying
neurons and that astrocytes compensate for the deficiency by phagocytosing also
dead cell bodies. Therefore, it is possible that knockout of Mfge8 or Cd11b also
leads to a compensatory increase in astrocytic phagocytosis and that inhibition
of microglial phagocytosis is insufficient for preventing sepsis-induced cognitive

impairments.

5.5 Inhibition of phagocytosis might be a
therapeutic strategy to prevent sepsis-induced
long-term cognitive impairments

A specific therapeutic strategy to prevent cognitive deficits after sepsis is still
missing. The current approach for improving the outcome after sepsis is to
minimize the elapsed time until diagnosis and antibiotic treatment. However, the

worse prognosis for elderly people suffering from sepsis shows that even early
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antibiotic therapy is insufficient in preventing loss of independence for survivors.
Our study, and the behavioral testing performed by our collaborators, indicates
that the lack of single phagocytic proteins prevents inappropriate synaptic pruning
and improves long-term cognitive function after sepsis. Interestingly, our
collaborating group in Berlin also tested cognitive functions in wildtype mice
treated with cilengitide, a cyclic RGD pentapeptide inhibiting integrins avp3, av35
and avB1. 12! As explained in section 2.3.1.1.1 MFG-ES8 bridges apoptotic cells
and phagocytes via binding to phosphatidyl serine and the vitronectin receptor,
which consists of avB3/5 integrin subunits. °6 By blocking the vitronectin receptor,
cilengitide is able to prevent the interaction between apoptotic cells, MFG-E8 and
phagocytes (Figure 3) and might therefore be a potential drug to preserve
cognitive functions after sepsis. However, it is currently researched as a potential
oncological drug for glioblastoma therapy. %!

Using cilengitide, Mei et al. were able to show that pharmacological
inhibition of the vitronectin receptor prevents sepsis-induced cognitive
impairments in rodents. In the future, a possible inhibition of these proteins might
be an interesting approach to specifically prevent sepsis-induced cognitive
impairment. As analyses in wildtype animals show however, most synapses are
phagocytosed within one or two days. Sheppard et al. were able to demonstrate
in OHSCs that depleting microglia 24h hours after LPS application does not
prevent synapse loss compared to non-treated OHSCs *'°. To be able to prevent
cognitive decline after sepsis, Mei et al. injected Cilengitide for 7 days directly
after LPS-injections. Therefore, it is still questionable whether a pharmaceutical
inhibition of microglial phagocytosis would be fast enough to prevent the acute
reaction as identifying the onset and initiating the therapy of systemic
inflammation is often delayed in clinical settings. Nevertheless, further research
would reveal deeper insights into the mechanisms behind sepsis-induced

impairment and new therapeutic strategies might be elicited.
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5.6 Conclusion

In line with previous studies, the work presented here confirms that i.p. injected
LPS leads to a general inflammation in the CNS as well as activation of microglia.
Furthermore, acutely after LPS-treatment synapse loss and increase in
phagocytosed synapses could be detected in cortex and CALl. Although
biochemical and immunohistochemical parameters were normalized within a
week, behavioral tests, executed by collaborators, showed that the rodents
suffered from long-term cognitive impairments two months after LPS-injections.
In  neurodegenerative diseases, studies suggest that microglial
overreaction is leading to a vicious cycle of neuronal damage and increased
production of debris. In this regard, sepsis-induced CNS inflammation might also
induce a vicious cycle of microglial overreaction and synaptic pruning, causing
reduced synaptic connections and impaired neuronal circuits. Although
histologically synapse number is normalized after one week, the required amount
of time is much larger for re-establishing neuronal circuits than for dendritic spine
sprouting. This might explain the evidence for cognitive impairments two months
after LPS-injections in behavioral tests without immunohistochemical indications.
The inability to prevent synaptic pruning in phagocytosis deficient mice
demonstrate that the pathophysiology behind sepsis-induced cognitive
impairment is complex and mediated by different mechanisms. New findings
suggest that several proteins are involved in this process and also that not only
microglia but also astrocytes are important for neuronal phagocytosis. This might
be the reason why one single protein knockout did not completely prevent
synapse loss. Therefore, further research is necessary and important to be able
to depict the role of different cell types, proteins and pathways in sepsis-induced
cognitive impairments. Further insights in the cellular processes underlying
sepsis-induced cognitive decline might also reveal new therapeutic strategies to
treat sepsis-induced cognitive impairments more efficiently than by antibiotic

therapy alone.
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6 German Summary

Die Sepsis ist eine schwerwiegende Erkrankung, die auch heutzutage mit einer
Mortalitat von 30-50% eine geflrchtete Komplikation auf Intensivstationen ist.
Epidemiologische Untersuchungen haben ergeben, dass von den circa 400 000
Patienten pro Jahr, die an einer Sepsis erkranken, vor allem Kleinkinder unter
einem Jahr sowie &ltere Menschen uber 65 Jahre betroffen sind. Mit dem
demografischen Wandel und den zunehmenden Erfolgen der Intensivmedizin
stellt die Sepsis daher eine erhebliche Mehrbelastung fir das
Gesundheitssystem dar. Bei 60% der Uberlebenden kénnen auch lange Zeit
nach der akuten Erkrankung kognitive Defizite festgestellt werden, die zu einer
erhohten Rate an Pflegebedurftigkeit und Lebensqualitatsverlust und damit zu

nicht unerheblichen Kosten fur das Gesundheitssystem fuhrt.

Trotz der grof3en Relevanz fir das Gesundheitssystem sind die Ursachen und
die Pathophysiologie der kognitiven Einschrankung nach einer Sepsis nicht
hinreichend  untersucht.  Verschiedene  Studien  suggerieren einen
Zusammenhang zwischen den gehirneigenen Makrophagen, den Mikroglia, und
den kognitiven Verlusten nach peripherer Inflammation.

Mikroglia reprasentieren 10-15% der Zellen im Gehirn und haben
vielfaltige Aufgaben im Zentralen Nervensystem. Sie erhalten z.Bsp. die
Homeostase im Gehirn, indem sie alte Neurone und vermeintlich toxische
extrazellularen Komponenten phagozytieren. Vor allem wahrend dem
Heranwachsen und Ausbilden der neuronalen Netzwerke im Gehirn spielen
Mikroglia eine entscheidende Rolle. In einem durch das Komplementsystem
gesteuerten Vorgang phagozytieren Mikroglia inaktive Synapsen und helfen
dabei der Ausbildung von nitzlichen Verknipfungen im Gehirn. Fir die
Phagozytose wichtige Proteine sind vor allem Mer receptor tyrosine kinase
(Mertk), milk fat globule EGF-like factor 8 (MFG-E8) und cluster of differentiation
molecule 11b (CD11b) bekannt.
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Um die Pathophysiologie von kognitiven Einschrankungen nach einer Sepsis
besser zu verstehen, wurden hier in verschiedenen Mausmodellen jeweils
Wildtyp- und homozygote Knockout-Tiere (Mfge8, Cd1l1lb, Mertk) durch eine
intraperitonealen (i.p.) Injektion von Lipopolysacchariden (LPS) Injektion eine
periphere Inflammation ausgeldst. Die Tiere wurden nach 1 Tag, 3 Tage, 7 Tagen
oder 2 Monaten euthanasiert und die Gehirnproben mittels Immunhistologie oder

biochemischen Analysen untersucht.

Die biochemische Untersuchung des Komplementproteins 3 (C3) ergab in allen
Genotypen eine akute Verdoppelung der Konzentration des Proteins im Gehirn.
Untersuchungen an Gewebeschnitten der behandelten Tiere zeigten eine Uber 3
Tage anhaltende VergroBerung der Mikroglia und zudem eine leichte
VergroBerung des Gehirnvolumens bzw. Ventrikelvolumens. Diese
Beobachtungen weisen auf eine akute Inflammation nach Sepsis hin.

In  Gehirnhomogenaten wurde aufRerdem die Erhéhung einiger
proinflammatorischen Zytokine in Cd11b Knockout-Tiere zwei Monate nach LPS
Injektion gefunden. Dieser Effekt konnte jedoch am fehlenden suppressiven
Einfluss von CD11b auf das Immunsystem liegen.

Vor allem in Mfge8 Wildtyp-Tieren konnte mittels Immunhistologie ein
gravierender Verlust an funktionalen Synapsen im Cortex und im Hippocampus
dargestellt werden. Aul3erdem wurde in Cd11b und Mfge8 Wildtyp-Mausen eine
vermehrte Phagozytose von Synapsen 1 bis 3 Tage nach der LPS Injektion
festgestellt. Der Synapsenverlust zusammen mit der vermehrten Phagozytose
konnte in den korrespondierenden knockout Tieren verhindert werden, sodass
zum ersten Mal ein Hinweis gefunden wurde, dass vor allem MFG-E8 eine Rolle

in der Phagozytose von Synapsen nach einer Sepsis spielt.

Zusammenfassend zeigen die biochemischen und immunhistologischen
Untersuchungen eine Uberaktivierung von Mikroglia nach LPS-injektionen, die
zu einem akuten, ausgepragten Synapsenverlust nach Sepsis fihrt. Die Inhibition
der Phagozytose durch genetische Knockouts von beteiligten Proteinen

verhindert teilweise diesen Verlust. Die Kollaborationspartner in Berlin (AG
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Emmrich) fanden in verschiedenen Verhaltenstest eine deutliche Einschradnkung
des raumlichen und emotionalen Gedéachtnisses der Tiere nach LPS Injektionen,
welche teilweise durch den Knockout der Phagozytose-assoziierten Proteine
verhindert werden konnte.

Diese Erkenntnisse, zusammen mit den biochemischen und
immunhistochemischen Ergebnissen sind ein erster Hinweis, dass mikrogliale
Phagozytose ein wichtiger Pathomechanismus flr kognitive Einschrankungen

nach einer Sepsis sein konnte.
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