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Abstract

Neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s disease (AD),
have long confounded the scientific and medical communities. The extensive research into these
diseases, particularly AD has produced several plausible theories on its progression, but this
research has so far failed to yield any lasting results in producing an effective treatment of AD.
With the increase of the prevalence of AD in an increasingly aging world population, elucidating
a model of disease progression that takes into account the neurodegenerative characteristics that
are hallmarks of the disease, along with its related metabolic and organ system effects has
become a public health priority. Systemic inflammation has become one of the main components

of several non-communicable diseases, in particular AD.

In this study, the aim was to investigate an emerging theory of AD pathogenesis that may combine
the neurological and metabolic aspects that are often seen in these patients, the gut-liver axis
theory. This theory states that the liver is the first organ to come into contact with circulating
lipopolysaccharide (LPS), which would cause the kind of low-grade and chronic inflammation that
would cause significant long-term damage to the liver, thus resulting in the organ system failure
secondary to AD. Therefore, a model of LPS-induced inflammation was studied in adult male
Sprague-Dawley rats to determine the effect of the systemically -induced LPS inflammation on
the liver with particular focus on coagulation factor production and the possible prevalence of liver

damage and fibrosis.

The model was successfully created over a 10-day period, after which the animals were
terminated, and the liver tissuetissues collected and processed for use in light-microscopy and
transmission electron microscopy (TEM). The levels of coagulation factors, tissue factor (TF) and
fibrinogen (FG), were also determined by use of ELISA assays. Behavioural testing was used as
a means to confirm the presence of AD-like symptoms in the model induced by the LPS

administration.

Due to the low concentration of LPS administered into the animals during the experimental period,
the levels of tissue factor and fibrinogen were not significantly higher or changed when compared
with the control group. Similarly, the morphological analysis of liver tissue showed that the

administration of LPS as designed in this study did not significantly affect the liver tissue. At an
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organelle level, it was found that the LPS administration produced a mild to moderate negative

effect on the liver, an indication of the initial stages of liver damage due to the exposure of LPS.

In conclusion, the administration of LPS in Sprague-Dawley rats as modelled in this study did not
induce the systemic inflammation that would cause significant liver damage and subsequent
fibrosis, only producing the initial stages liver damage seen at sub-microscopic level. This
however shows that short-term exposure to low levels of LPS will induce changes on a cellular
level and that long-term exposure could accumulate to complications that could lead to clinical
presentation.

Key words: inflammation, lipopolysaccharide, liver
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Alzheimer’s disease (AD) is a progressive, neurodegenerative disease that is characterised by
the late-stage progression of the loss of cognitive abilities, particularly memory loss. It is fifth
leading cause of deaths in the United States, but it is also the cause the leading cause of morbidity
and disability in the older adult population®. Alzheimer’'s disease is expected to increase in
prevalence as the world population becomes older and life expectancy increases over time,

resulting in AD becoming a significant clinical and financial burden?.

It is now agreed that there are two core pathologies of AD: tau protein hyperphosphorylation and
the formation of amyloid-p plagues. While these pathologies are considered the hallmarks of AD,
the exact mechanism of their pathogenesis and the subsequent clinical manifestation of dementia
and spatial memory loss are not well understood to this day. One of the only mechanisms that
has been able to explain the prevalence of AD pathology is chronic systemic inflammation??,

Due to the fact that inflammation, in particular neuroinflammation, has been shown to play an
important in the pathogenesis of AD, it has been suggested that the neuroinflammation causing
AD pathology could have originated elsewhere in the body?. This suggestion is further supported
due to the prevalence of secondary illnesses in those diagnosed with AD, such as cardiovascular
and respiratory illnesses. It is thought that co-morbidities may be masking the actual number of
people who are affected with AD?. It may be that the systemic inflammation starts in another organ
in the body, and the continued systemic inflammation enters the circulation and finally bypasses
the blood-brain barrier. An emerging theory suggests that AD pathogenesis might be a
combination of neurological and metabolic complications that are often seen in these patients,

the gut-liver axis theory.

The liver is a versatile organ, carrying multiple functions, such as metabolism and clearance of
toxins. However, its main function is the regulation and surveillance of immunity. Of particular
interest is its role in the maintenance of immunological haemostasis, through the production of
coagulation factors. Its positioning is also a factor, as it is situated at a point where the arterial
and venous blood flow coincide. Portal circulation accounts for about 30% of the total blood flow,
enabling the liver to screen for both systemic and gut-derived pathogens: therefore the liver is

considered to be in a consistent but regulated state of inflammation*®14,
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Lipopolysaccharide, or LPS, is an endotoxin that has been shown to be a key modulator of the
innate immune response, and has been extensively used as a means to conduct research into
the pathology of neurodegenerative diseases, particularly AD°, with several animal models
inducing inflammation by administering low concentrations of LPS into rats or mice over a specific

period of time to in an attempt to mimic or reproduce the pathogenesis of AD"#1°,

It has been suggested that dysbiosis in liver haemaostasis can result in translocation of pathogens
into the systemic circulation, which may result in these pathogens being spread elsewhere in the
body, particularly the brain. Changes in liver haemostasis may induce an inflammatory response
and could result in an increase in the production of several inflammatory cytokines and ultimately
affect the liver’s function in coagulation production. In response to this dysbiosis, the liver would
enter a state where certain coagulation factors increased due to a state of chronic inflammation.

This may lead to liver injury and could result in liver fibrosis®2%:21,

While there have been studies that have established the link between inflammation, LPS and AD
disease progression, the idea that this inflammation may have originated elsewhere has not been
the focus of research. Therefore, the current study aims to investigate the effects of systemic LPS
on liver morphology and function, with particular focus on the production of coagulation factors.
This will be achieved by the use of three techniques: light microscopy to examine the
morphological changes of the liver tissue; TEM to examine the ultrastructural changes; and by
determining the effects of LPS administration on the levels of tissue factor (TF) and fibrinogen by
using ELISA assays. In addition, behavioural testing will be conducted to determine the
prescience of neurological deficits (short-term memory loss and cognitive decline) in the animals

that are prevalent in an AD population.
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Chapter Objectives

This chapter will outline the available literature and past research in line with the title of the study.

2.1 Alzheimer’s disease: a brief overview

Alzheimer’s disease is a neurodegenerative disease that is the most common form of dementia,
accounting for an estimated 60 — 80% of all cases’. and is characterized by progressive cognitive
decline. This decline is known to be a result of two hallmarks pathologies: the formation of amyloid
B plaques and neurofibrillary tangles in the brain'2. The pathogenesis of AD is still not clearly
defined, but neuroinflammation is now well established as an important hallmark of AD
pathogenesis®4. Several studies have sought to elucidate the importance of inflammation in
neuropathology, and one avenue of research has been the use of lipopolysaccharide (LPS), or
endotoxaemia, to induce and mimic the pathogenesis seen in AD. Inflammation induces the
release of pro-inflammatory cytokines by immune mediators in the brain, such as microglia and
astrocytes, which causes the cognitive and memory deficits seen in AD patients®. There is also
increasing evidence of links between AD and vascular risk factors, such as hypoperfusion and
atherosclerosis, giving rise to the suggestion that the pathogenesis of AD may also be due to

vascular mechanisms®.

2.2 Lipopolysaccharide and Alzheimer’s disease

Lipopolysaccharide (LPS), also referred to as endotoxin, is the main component in the outer
membrane of Gram-negative bacteria, such as is seen in E.coli. It contains three components, a
polysaccharide that contains an O-antigen, an outer core and an inner core, which is anchored to
the outer membrane by a lipid, known as Lipid A, the element of LPS that can induce toxicity in
the host cell (Figure 2.1). Lipopolysaccharide acts as a strong stimulator of the innate immune
response, due to the presence of pathogen-associated molecular patterns (PAMPSs) found on lipid
A, which binds to Toll-like receptors found on host cells®. This stimulates the release of various
pro-inflammatory cytokines and chemokines, such as Tumor necrosis factor (TNF)-a and
Interleukin (IL) 1-B, and oxygen free radicals, such as nitric oxide (NO), contributing to induce

systemic inflammation’®.
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Figure 2.1 The structure of a Gram negative bacterial cell wall (a), showing the location of

lipopolysaccharide, and its structure (b). Created with BioRender.com.

Systemic inflammation has been shown to be a major factor in the progression of several non-
communicable diseases, like AD, due to the damage caused to vital organs as a result of the
various physiological changes brought about by consistent, low-grade stimulation of inflammatory
pathways. The liver is likely to be the first organ to be exposed to effects of LPS. The link between
how LPS reaches the liver, and its metabolism was presented by Nolan as the leaky gut theory*®
11, This theory states that the presence of LPS results in the breakdown of the barrier that prevents
bacterial translocation into the circulation, allowing for LPS to be absorbed into the portal
circulation through the intestine, and into the liver via the portal vein, thus stimulating an immune
response in the liver'®. Hence, the liver serves as an important buffer between the gut and the
systemic circulation, characterised as gut-liver axis. Dysbiosis (microbial imbalance) in the

gastrointestinal tract can lead to bacterial translocation from the intestinal tract into the circulation,
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due to the dysfunction in the endothelial barrier. Once this occurs, bacteria can bind to their

respective pathogen receptors, triggering an immune response??.

2.3 Inflammation and liver function

The liver plays an important role in serving as a buffer between the systemic circulation and gut-
derived contents, with 80% of hepatic blood supply being delivered to the liver from the gut via
the portal vein. It is now considered as the ‘immunological organ’, owing to function in immunity.
The liver is responsible for the production of modifiers and inductors of innate immunity, including
the acute phase protein, chemokines and cytokines, from a variety of resident immune cells. Due
to the fact that it is exposed to a stream of bacterial products, as well as the stimulation from
continual changes in metabolic activity, the liver is in a persistent, yet regulated state of
inflammation®®. The immune cells that induce and modulate the immune response in the liver
include Kupffer cells (KCs), hepatocytes and liver sinusoidal endothelial cells (LSECs). Each has
its own function, from scavenging and filtration (LSECs and KCs), liver regeneration and tissue
repair (KCs), and the clearance of toxins and bacteria in the circulation (hepatocytes). These cells
are the main producers of pro- and anti-inflammatory cytokines, namely IL-6, IL-10, IL-13 and
TNF-a416,

Circulating LPS has been shown to affect changes in the acute phase response (APR),
particularly at lower levels than would be expected, as a result of the nature of portal blood
circulation. Knolle and colleagues showed that by introducing low concentrations of LPS
(100pg/ml to 1ng/ml) in hepatocytes induces the release of IL-6, which initiates APR in the liver®’.
IL-6 is an especially important cytokine, as it is the initial mediator of APR, and its continuous

production can lead to the development of systemic, chronic inflammation.

Immunological function of the liver strives to maintain systemic homeostasis, through a tightly
controlled process, any failure to clear toxic stimuli and pathogens can lead to deregulated
homeostasis and chronic inflammation. One aspect of the liver's inflammatory functions is the
development, and subsequent resolution of fibrosis. Resolving fibrosis is essential for liver wound
repair in the event of injury, as well as the restoration of tissue homeostasis. The release of
inflammatory cytokines (IL-6, TNF-a) during APR leads to the recruitment and activation of

leukocytes that influence the induction of fibrotic responses at the site of inflammation. This, in
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turn, leads to the activation of hepatocyte stellate cells (HSCs). HSCs are potent producers of the
extra cellular matrix components that are seen in fibrosis, such as type 1 collagen and a-smooth

muscle actin 19,

Liver fibrosis is usually considered to be a feature of liver pathology, but is an important feature
of liver homeostasis, and only becomes clinically relevant when it alters structure and function
due to systemic inflammation. Persistent activation of inflammatory molecules maintains HSC-
derived fibrosis, and a lack of resolution can lead to progressive liver fibrosis, resulting in the
breakdown in the balance between inflammation and tissue homeostasis (Figure 2)31°,

(a) Liver homeostasis (b) Liver pathology

I Normal liver l Liver fibrosis

>

Inflammation Resolution Inflammation ' Resolution

Figure 2.2 The balance between inflammation and tissue homeostasis in the liver. Changes or failure by

the liver to effectively clear toxic substances, coupled with the resolution of fibrosis, leads to impaired liver
function and tissue damage?**. Liver homeostasis ensures that the liver regenerates, maintains tolerance to
LPS and that there is resolution of fibrosis (a). Injury or infection results in homeostasis being lost, and the
occurrence of increased inflammation, and reduced ability to resolve fibrosis. This pathological state will

result in liver damage and, ultimately, cirrhosis (b). Adapted and redrawn from reference 13
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2.3.1 Inflammation and coagulation

The liver is also involved in the cascades that control blood coagulation, with all coagulation
factors being produced by the liver, excepting von Wilebrand factor. The classical model of
coagulation was previously described as a cascade of reactions that occurred along an extrinsic
and intrinsic pathway, which resulted in the production of thrombin and the subsequent fibrin
formation. However, the cascade model did not adequately describe the mechanisms of
heamostasis in vivo, nor does it explain the pathophysiology of haemostasis in some conditions,
such as Haemophilia?®. To remedy the gaps in knowledge caused by the traditional cascade
model, Hoffman and Monroe?! developed the cell-based model of haemostasis. This model
proposed that cells played a more important role in coagulation than previously thought, meaning
that coagulation would be controlled by cellular components and the properties of cell surfaces,

rather than the interactions between coagulation proteins.

Instead of occurring along distinct pathways, the cell-based model of haemostasis in overlapping
steps, consisting of initiation, amplification and propagation. Tissue factor is known to be the main
initiator of coagulation according to this model, as most cells that express TF are found outside
the vasculature?>?3. The process of haemostasis usually involves a latter step of the conversion
of fibrinogen into fibrin, mediated by thrombin. Fibrin then polymerizes to form a clot. The ensuing
anti-coagulation pathways that induce fibrinolysis are initiated by plasmin, degrading the fibrin
molecules in order to destabilise the clot?*2°. Fibrinolysis is an important mechanism that prevents
excessive clot formation (Figure 2.3)?. Disruptions in the balance between inflammation and
coagulation can lead to catastrophic events, which will be discussed in later sections of this

review.
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Figure 2.3 The cell-based model of haemostasis (including fibrin formation), differentiated into three
overlapping phases: initiation, amplification and propagation. It begins with initiation phase, where tissue
factor binds to factor Vlla to form the TF-Vlla complex. Amplification occurs when there is damage to the
vasculature, subsequently activating the coagulation factors, and ultimately resulting fibrin clot formation.
For this study, emphasis will be placed on the initiation and amplification phases after tissue injury, and the
effects of inflammation on the liver’'s functioning in coagulation, as indicated by the grey-highlighted font.

The coagulation factors that will be focused on are indicated with red underlining/outline.

The liver produces the many coagulation factors, such as factors Il (or thrombin), V, VII, VIII, X,
X1, XIlI, Xl and fibrinogen. It also produces the anti-coagulant factors, such as antithrombin,
proteins C and S. Alterations in the production of CFs leads to a propensity for bleeding and
simultaneous thrombosis in the event of liver dysfunction. Impairment of liver function can result
in the decrease in CF production, excepting factor VIII (FVIII), which has been shown to be
increased in cases of liver dysfunction and disease. Elevated FVIII leads to thrombin generation,

which has been associated with increased venous thromboembolism. Fibrinogen initially
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increases in liver disease, but will later decrease as liver disease progresses due to reduced

hepatocyte production+?7,

One important effect of liver dysfunction or disease is the decreased fibrinolysis, which occurs as
a result of the decrease in the levels of the anti-coagulant factors, proteins C and S, and
antihrombin. Patients with liver disease present clinically with increased bleeding as result of the
disruptions of the functions of the liver in coagulation?’. There is evidence that inflammation and
coagulation are involved in cross-talk between each other; inflammation influences coagulation,
and in turn, coagulation influences inflammation in a positive feedback manner. However, chronic
inflammation can lead to impaired coagulation contributing to disease?. The failure of
anticoagulants in stopping the process of coagulation and clot formation can result in persistent

coagulation and vascular thrombosis?°-3°,

2.3.1.1 Cross-link between coagulation and inflammation: Role of tissue factor and

fibrinogen

Tissue factor is a major initiator of the initiation phase of coagulation, binding to factor VII to form
a complex that initiates clot formation, acting as a pivotal initiator for inflammation-induced
thrombin generation. Tissue factor is also considered to be a driver of inflammation, with studies
showing that circulating mononuclear cells express TF, resulting in system activation of
coagulation in severe sepsis?®3!. Franco and colleagues also provided evidence of this in a low-
dose endotoxaemia model, with the levels of TF mRNA levels increasing after low doses of LPS
were injected in patients. This shows that not only is TF expression a crucial element of
coagulation after vascular injury, it also plays a part in maintaining haemostasis and the

inflammatory response®.

The main feature of the initiation pathway is the formation of the TF/FVIla complex, which in turn
leads to thrombin generation, and ultimately, the conversion of fibrinogen into fibrin. Fibrin clot
formation, and the subsequent fibrinolysis mediated by anti-coagulant factor, is an essential
component of maintaining haemostasis. It has been suggested that coagulation modifies the
progression of liver disease, particularly through fibrogenesis via the continued expression of
fiborinogen®%-34 There are, however, different theories on how the coagulation cascade
influences the progression of hepatic fibrogenesis. Anstee and colleagues®® reviewed the two

hypotheses that are most likely to explain hepatic fibrogenesis, namely parenchymal extinction
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caused by tissue ischaemia, and direct thrombin-related hepatic stellate cell activation (Figure
2.4). While both hypotheses are able to explain the role of the coagulation cascade in the control
of tissue repair and remodeling after injury, HSC activation has been proven by a number of
studies that examined the mechanisms of fibrogenesis control in different organ systems apart
from the liver, such as the lungs®. Parenchymal extinction may be able to provide a link between
the vascular events that lead to the loss of hepatocytes, and the subsequent development of

fibrosis through HSC activation.
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Figure 2.4 A schematic representation of the two hypotheses that are likely to explain the progression of
hepatic fibrogenesis. (a) Parenchymal extinction due to portal vein thrombosis. This thrombotic event leads
to tissue ischaemia and cell death. The tissue surrounding the hepatic vein collapses, allowing for fibrous
septa to replace what tissue was apparent before extinction. (b) Direct activation of hepatic stellate cells
via thrombin —mediated PAR signaling, leading to fibrosis. This also leads to other, related complications
of systemic inflammation, including increased platelet activation and increased release of leukocytes and

fibroblasts. Adapted and redrawn from reference 35.
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An increase in the levels of fibrinogen is considered an indicator of a pro-inflammatory state. It
has been identified as a marker for the development of pathological thrombotic events®.
Lipopolysaccharide administration has been shown to have an effect on thrombin, triggering
intravascular thrombosis via tissue factor expression, resulting in fibrogenesis and deposition in
the hepatic sinusoids®. Due to the fact that the initiation pathway is dependent on the occurrence
of tissue injury, it should follow that the region in which injury occurred should be the location of
fibrinogen deposition. In an investigation of the role of TF in a mouse model of endotoxaemia,
Pawlinski et al*” showed that the TF expression is driven mainly by monocytes that are found in
the endothelium®’. Liver sinusoids contain several cell types, including hepatocytes and HSCs. It
can therefore be suggested that any change in TF expression by these cells, particularly in an
LPS-induced inflammatory state, can contribute to fibrogenesis, the subsequent malfunction in
coagulation and the development of liver disease and cirrhosis®.

2.4 Hypercoagulability: pathogenesis and consequences

One of the hallmarks of chronic or systemic inflammation is hypercoagulability (HC), the
abnormally increased tendency to blood coagulation (blood clotting)®®. Hypercoagulability is
characterized by pathological haemostasis, namely increased production of coagulation factors,
decreased fibrinolysis, hyper activated platelet and vascular defects®*. As liver disease
progresses, the development of a hypercoagulable state results in the decrease in circulating
levels of coagulation factors and anti-coagulant proteins, the occurrence of thrombocytopenia and
altered platelet function (abnormal platelet adhesion to the site of injury)®**4°. The complications
seen in liver disease are characterised as a paradox, as haemostasis has lost the balance
between coagulation and bleeding, but results in both an increased tendency to bleed as well as

abnormal clotting®.

2.4.1 The hypercoagulable state in Alzheimer’s disease
Neuroinflammation is a known and proven part of the pathogenesis of AD. However, AD is also
considered to be a systemic inflammatory condition, as affected individuals present with abnormal

changes to their innate immunity and inflammation processes, resulting in abnormal changes in

organ function.
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As the liver is the main organ that produces coagulation factors (apart from vWF), it is also an
important player in inflammation; therefore, it can be said that inflammation and hypercoagulability
are interlinked®. The main characters that seem to be involved are IL-1B and IL-6, particularly the
mechanism that involves the activation of IL-6 and the resulting induction of fibrinogen synthesis
by hepatocytes®“L. In AD patients, HC is closely associated with an increase in fibrinogen, which

has been shown to be implicated in the development of neuroinflammation and memory deficits®.

Lipopolysaccharide has been suggested to play a role in the occurrence of HC in AD patients,
and its structure may explain the development of the hypercoagulable state, as well as
hypofibrinolysis in inflammatory diseases*?. Pretorius and colleagues*® found that adding small
concentrations of LPS to whole blood and platelet-poor plasma caused changes to the formation
of fibrin fibres, which resembled changes seen in inflammatory diseases that had LPS
involvement as a cause of the disease. The same study also found that the critical stage of the
common pathway, the polymerisation of fibrinogen into fibrin fibres, is affected by LPS exposure.
The study hypothesised that LPS binds directly to fibrinogen, changing the structure of the fibrin

clot, thereby causing abnormal clotting®:.

2.4.2 Linking hypercoagulability and liver dysfunction

One of the effects of the hypercoagulable state seen in AD is hypofibrinolysis, the subsequent
binding of LPS and fibrin and abnormal clotting. An increase in fibrin in the liver may lead to liver
fibrosis, causing damage and further affecting liver function**. Hypercoagulation also causes an
increase in the formation of amyloid, an important feature of AD pathogenesis, as seen in the
formation amyloid B plaques in the brain®#, Amyloidosis is a common pathological feature in liver
disease, further demonstrating another possible link to hypercoagulability in AD and organ

failure®>47,

It is possible to deduce that because the liver plays such an important role in coagulation and
inflammation, any abnormality that may occur can also affect the liver, causing damage.
Therefore, LPS-induced inflammation causes the increased production of pro-inflammatory
cytokines, which further impair the coagulation cascades. Impairment of coagulation leads to
microvascular thrombaosis, hypoperfusion (or inadequate oxygen uptake), ultimately resulting in

organ failure. Lipopolysaccharide plays an important role in the development of systemic
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inflammation in AD, and hypercoagulability is a hallmark of inflammation; therefore, it can be
deduced that the hypercoagulability in AD is involved in causing liver damage, and subsequent

liver failure.

The aim of this study was to investigate the effect of systemic LPS-induced inflammation within
aged Sprague-Dawley rats on liver morphology and function, specifically focusing on the
production of TF (Factor Ill) and fibrinogen (Factor I) and the possible contribution to HC in AD.
Various microscopic techniques (these methods are outlined in Chapter 3) were used to study
the morphological changes in the liver and correlated back to the effect on liver function. Also, the
concentration of TF and fibrinogen were measured to determine whether this contributes to the
hypercoagulable state of AD patients.

The following objectives will direct this thesis:

1. To study the ultrastructural morphology to determine liver damage between the treated and

control rat groups using transmission electron microscopy.

2. To study the morphology of liver tissue damage using light microscopy by Haematoxylin and

eosin, Picrosirius red and Congo red staining.

3. To determine the concentration of coagulation factors (TF and fibrinogen) using ELISA assays.
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Chapter Three

Establishment of the Sprague-Dawley rat model of systemic and

neuroinflammation in Alzheimer’s disease
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3.1 Chapter Objectives

The objectives of this chapter are to implement a rat model of systemic and neuroinflammation in
AD that results in a Sprague-Dawley rat population displaying Alzheimer’s-like features,

particularly chronic inflammation.

3.1.1 Ethical considerations

Ethical approval for this study was obtained from the Faculty of Health Sciences Research Ethics
Committee at the University of Pretoria, reference number 176/2020. Further approval was
obtained from the Animal Research Ethics Committee at the University of the Witwatersrand,
clearance certificate number 2019/07/44/C. To ensure the welfare of the rats during the course of
the experimental period, particularly due to the fact that the objectives of the study required the
animals undergoing a significant amount of stress. An outline of the methods and techniques used

in this study is shown in figure 3.1

Figure 3.1 An overview of the experimental design of the study, as well as the methods used to achieve the objectives
of the study.
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3.2 Methods and Materials

3.2.1 Materials

This study used 8 weeks old male Sprague-Dawley rats that were exposed to daily injected doses
of solutions of PBS and LPS.

LPS (E coli 055:B5, Sigma-Aldrich)

o Phosphate buffered saline (PBS) (Sigma-Aldrich)

e 12 male Sprague-Dawley rats (Central Animal Services, Wits)

e 5 mL glass vials (Lasec)

e 10 mL Syringes and needles (provided by central Animal Services, Wits)

e Plexiglass Y maze (provided by Central Animal Services, Wits)

3.2.2 Methods

3.2.2.1 Implementation of the model

Eight-week-old Sprague-Dawley rats, with an average weight of 250-300 g, were maintained at
the Central Animal Services (CAS) unit at the University of the Witwatersrand. The rats were
conventionally housed in alternating cages of pairs and triplets per cage and sawdust was used
as bedding material, with cage sizes as per the SANS 10386:2008 recommendations (Figure 3.2).
The rats were provided with standard irradiated “Epol” rat pellets and municipal water ad libitum.
Room temperature was maintained at 25 - 27°C, with a relative humidity of 50% (= 20%) and a
12-hour night/dark cycle throughout the course of the study. The rats were randomly divided into
two experimental groups, with each group containing six rats. They were allowed to acclimatise
to their environment for 7 days prior to dosage, after which the experimental period began,
continuing for a further 10 days. The final stage of the housing period involved the behavioural
testing to establish that the rats were representative discomfort of an Alzheimer’s-like population
over a period of 2 days. Therefore, the total housing period of the rats was 19 days. The dosages
for the PBS and LPS are indicated in Table 1 and were administered via subcutaneous injections
daily for a period of 10 days. The animals were handled and injected by the veterinarian nurses

and technicians at the CAS unit.
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Figure 3.2 Layout of the rat's housing during the acclimatisation and experimental periods. The control and
experimental groups are shown on the top row of the figure.

The measurement of the weight of the rats was not a primary objective of this study. However,
this measurement was used to track the welfare of the rats during the experimental period, along
with other methods that were mandated by the CAS unit.

The welfare of the rats was measured against several characteristics outlined in the Rat Grimace
Scale (Figure 3.3), along with the daily measurement of weight on the first day of the
acclimatisation period thereafter, weight was measured daily during the experimental period. At
any point during the experimental period if a rat’s weight decreased at a rate of more than 15%

of its weight at the start of the acclimatisation period, it would have to be removed from the study.
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Figure 3.3 The Rat Grimace Scale used to check the welfare of the rats throughout the experimental period*s.

Lipopolysaccharide was administered at low physiological doses to mimic the systemic release
of LPS in the body while maintaining systemic inflammation and limiting the amount of
experienced. The LPS was given to stimulate chronic systemic inflammation, similar to the
neuroinflammation experienced in AD. The vehicle control group was administered daily
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subcutaneous injections of 0.1 M PBS at a volume of 0.1 mL per kg of rat for 10 days.
Experimental group will be administered a daily SC injection of LPS (E. coli 055:B5; Sigma-

Aldrich) dissolved in PBS at a concentration of 0.1 mg/mL at a volume of 0.1 mL per kg of rat.

Table 3.1 Control and experimental group dosages

Group Intervention Dosage
PBS (vehicle control) 0.1M PBS 0.1 mL/kg/rat
LPS E. coli 055:B5 [0.1 mg/mL]

0.1 mL/kg/rat

3.2.2.2 Observations made during the experimental period

The animals were monitored on a daily basis by the student investigators involved in the project,
with further monitoring by a registered veterinary technician and the chief veterinarian of the CAS
unit. Each dose of LPS and PBS was calculated according to the weight of each animal that was
obtained on a daily basis, in order to inject the correct dose into each animal. The average weights
of the rats ranged between 300 - 500 g.

3.2.2.3 Behavioural studies

Before termination, the rats underwent behavioural analysis using the Y maze test. The Y maze
test was chosen as it is a good indicator of spatial and short-term memory, as well as anxiety in
rats*. Prior to testing, the animals were moved to the testing room in order for them to acclimatise
to the environs of the room. The Y maze consist of three arms, one long and two shorter radial

arms (Figure 3.4).
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Figure 3.4. a) A schematic drawing representing the Y maze apparatus used during behavioural testing. b) A
photograph of the actual experimental room and setup during the habituation phase. The barrier in front of one the
arms of the apparatus is visible (indicated with an arrow).

The animals were tested in morning during their light cycle to ensure that were alert during testing.
The testing was carried out in two phases: a habituation phase of 3 minutes and a testing phase
of 3 minutes, totalling 6 minutes. The habituation phase consisted of placing a rat in one arm (in
this case the long arm), with one radial blocked for entry. Each rat was allowed to explore the two
remaining arms for 3 minutes. For the testing phase, the block was removed, and each rat (one
at a time) was placed into the Y maze and allowed to freely explore all three arms for 3 minutes
(Figure 3.5). The amount of time spent in the unblocked arm was recorded. After each trial, the Y
maze was cleaned, disinfected, and dried before placing the next animal.
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Figure 3.5. A representation depicting the different entries into each arm of the y maze. Each entry is highlighted in
grey. The animals were first placed, one at a time, into the long arm of the Y maze apparatus, then allowed to explore
the apparatus. A barrier (shown in red and indicated with an arrow) was placed in front of the entrance to arm 3 during
habituation, in order for each animal to become acclimatised to te environment. For the testing phase, this barrier was
removed, and each anmal’s willingness to enter arm 3 was then tested, according to the time spent in each arm. Drawn
and adapted from Prieur and Jadaviji®.

3.2.2.4 Termination

The rats were terminated by decapitation. Each animal was first be exposed to Halothane for 30
seconds, as an anaesthesia, followed by perfusion with saline and a 4% formalin solution and
decapitation. All of the above steps were conducted by a registered veterinary technician. This
method of termination was used to limit the amount of changes imposed on the tissue of interest

as well as to the coagulation system.

3.2.2.5 Tissue sample collection

After termination, the liver was removed and cross-sections of the right medial lobe, the left lobe

and the caudate lobe were dissected. These sections were then fixed in a 4% formaldehyde
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solution diluted in PBS, and further prepared for light and TEM analysis. The sections were also
homogenized in T-PER protein extraction buffer (Thermo Fisher Scientific, South Africa)
containing complete protease inhibitor (Sigma-Aldrich, South Africa) and phosphatase inhibitor (5
mM sodium fluoride and 50 uM sodium orthovanadate) and centrifuged at 16,000 6 for 20 minutes
at 4°C.The supernatant containing the soluble protein fraction was collected as the detergent-
soluble fraction, stored at -80°C and used for ELISA assays. The methods for each technique are
described below.

3.2.2.5.1 Light microscopy

The harvested liver tissue was cut into samples of approximately 5 mm3 size, then fixed in 4%
formaldehyde overnight. The samples were then rinsed three times with 0.1 M PBS for 15 minutes
each time, then dehydrated with ascending concentrations of ethanol (Sigma-Aldrich), 50%, 70%,
90% and 100% twice. The tissue was then left in 100% ethanol overnight. The samples were then
placed in tert-butyl alcohol (TBA; Sigma-Aldrich) for two days, renewing the TBA three times a
day. After this, wax pellets were added to the TBA to create a 50:50 TBA-wax mixture, which was
then added to the samples. The samples in the TBA-wax mixture were then left in an oven for 2
days at 60°C, renewing the TBA-wax mixture three times a day. The samples were then
transferred to a 100% wax solution for 24 hours at 60°C. Finally, the samples were placed in a
steel mould, filled with wax and a plastic, marked grid/cassette placed on top. The samples with
the grids were cooled to 4°C by placing them on a cooling plate to allow them to harden. Sections
of between 3 - 5 um thickness were cut with a microtome and placed on slides. Tert-butyl alcohol
wax embedding was done instead of the normal embedding containing xylene, due to previous
evidence of the normal paraffin embedding process resulting in impaired tissue infiltration and

irregular sectioning of liver samples®.

3.2.2.5.2 Transmission electron microscopy

Tissue samples were cut into 1 mm3 cubes and added to vials containing 2.5%
glutaraldehyde/formaldehyde solution to fix for a period of 1 - 24 hours. Once fixed, the fixative
was removed, and the samples were washed with PBS (Sigma-Aldrich) 3 times, each for 15
minutes. In a fume cupboard, a secondary fixative, 1% Osmium Tetroxide (Advanced laboratory
solutions) solution was added to the samples for 1 hour. Thereafter, the fixative was removed by

washing the samples with PBS three times, each for 15 minutes (the first wash with PBS was
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done in a fume cupboard, to ensure safety). The samples were then dehydrated with ascending
concentrations of ethanol (30%, 50%, 70%, 90% and three changes of 100%) for 15 minutes each
concentration, the last dehydration with 100% ethanol being left for 30 minutes. The ethanol was
then removed, and the samples were added to propylene oxide (PO), three times for 15 minutes.
The samples were then added to a 2:1 mixture of PO and resin for 1 hour, thereafter they were
added to another 1:2 solution of PO: resin for between 2 - 4 hours. This solution was then
removed, and the samples were then embedded in 100% resin. Once the embedded samples
were hardened in a 60°C oven for 36 hours, they were cut into ultrathin sections using an
ultramicrotome. The samples were then stained with uranyl acetate and lead citrate for contrast,
and then examined using a JEOL JEM 2100F transmission electron microscope (JEOL USA, Inc)

3.2.2.5.3 ELISA

Detection of the levels of TF and fibrinogen in homogenized liver tissue samples were done using
the Rat TF ELISA kit (The Rat tissue factor (TF)/ coagulation factor VII (F7) complex ELISA kit
(My BioSource, MBS910833) and the Rat Fibrinogen ELISA kit (The Rat FG (Fibrinogen) ELISA
kit (Elabscience, E-EL-R1125). For both assays, each protocol in the manual was followed. Each
assay was done based on the sandwich-ELISA principle, where the micro-plate wells are pre-
coated with a primary antibody specific to TF and fibrinogen.

The concentrations of TF and Fibrinogen was obtained by measuring the optical density of each
sample, due to the colour-change reaction elicited by the assay. The optical density was
measured with a microplate reader at a wavelength of 450 nm. A standard, logistic curve was

used to extrapolate and measure the unknown TF and Fibrinogen concentrations.

3.2.2.6 Statistical Analysis

For analysis of the weights of the animals, raw data was collated in Excel, then transferred for
analysis using the software GraphPad Prism 8. The mean and standard deviation of the weights

was represented over the experimental period.

© University of Pretoria



Chapter Four

Establishment of the Sprague-Dawley rat model of systemic and

neuroinflammation in Alzheimer’s disease: Behavioural Studies
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4.1 Chapter Objectives

The objectives of this chapter are to implement a rat model of systemic and neuroinflammation in
AD that results in a Sprague-Dawley rat population displaying Alzheimer’s-like features,
particularly the development of memory and cognitive impairment determined by

neurophysiological behavioural studies.

4.1.1 Introduction

Research into the aetiology and pathogenesis of AD has undergone several changes and
overhauls in recent years, particularly as there is still no clear agreement on how the disease
develops, despite decades of intensive research into several models of neurodegeneration®2.
Animal models of the disease have become a critical tool in the research into AD, as these models
can allow for the discovery of disease pathways and the development of new therapies and

treatments*°.

Of particular interest is the use of behavioural animal models that mimic or simulate the decline
in memory and cognition that are hallmarks of AD. Behavioural animal models can be
characterised as spontaneous, induced negative and orphan models®2. For this study, behavioural
testing was used to confirm the prevalence of an Alzheimer’s-like rat population as a result of the

LPS-induced systemic inflammation (as discussed in chapters 2 and 3).

There are several behavioural tests that can be used and adapted to assess the memory and
cognition of animals that are mostly based on the hippocampus’ contribution to cognitive function,
particularly spatial memory®*. The Morris water maze, the radial arm maze and the Y maze have
all been shown to demonstrate the effects that hippocampal damage (whether through direct

injury or any physiological change) can have on the spatial memory of rats.

The Y maze test was designed and described by Prieur et al, as a means of determining short-
term spatial memory in adult and aged mice®°. The main premise of the Y maze test is a rat's
innate tendency to explore a novel environment, otherwise known as spontaneous alteration.
Spontaneous alteration is tied to an animal’s willingness to explore its environment and locate

resources such as food and water and is considered an appropriate indicator of hippocampal
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dysfunction®>®’. The Morris water maze has long been used as test for short-term spatial memory
but is considered to cause more stress that may influence the interpretation of the results®*. The
Y maze may be more ethologically relevant in determining the spatial memory of rats, due to the
fact that there is less manipulation to the rats and the animals are more likely to explore the maze

similarly to how they would explore their natural environment.

4.2 Methods and Materials

4.2.1 Materials

¢ 12 male Sprague-Dawley rats (provided by Central Animal Services, Wits)
e Plexiglass Y maze (provided by Central Animal Services, Wits)
¢ ANY-Maze software (provided by Central Animal Services, Wits)

o GraphPad Prism (statistical software)

4.2.2 Methods

The behavioural study testing procedure is described in chapter 3.

4.2.3 Statistical analysis

For the behavioural testing, the software ANY-Maze was used to carry out and measure the times
spent in each arm of the Y maze apparatus, according to the demarcations set for each arm
(Figure 4.1). The main outputs used for analysis were the number of entries each rat made into
each arm, as well as the number of alterations, or the number of times the animals entered into
all three distinct arms. A formula was then used to determine the ratio of alternations to the

number of arms entered®, which is represented as follows:

total number of alterations

% alterations = X 100%
number of arms entered — 2
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Unpaired t-tests were performed on the data to compare the experimental and control groups. In
all the analysis, P < 0.05 was considered statistically significant, and the data was represented

as mean = standard error of mean (SEM).

<

Figure 4.1 A.) The structure used for the Y-Maze. The arrow indicates the partition used to separate the novel arm of
the maze. B.) An animal during the testing phase of the Y-Maze test. The partition of the novel arm has been removed
to allow exploration C.) The use of the ANY-Maze software during the habituation phase of the Y maze behavioural
test.

4.3 Results

Figures 4.2 illustrates the analysis of the Y-Maze behavioural test in adult male Sprague-Dawley
rats, after exposure to LPS, and PBS in the case of the control group. Statistical analysis was
conducted using the Graphpad Prism 8. All the animals were tested using the Y Maze test. The
animals randomized in the PBS group were seen to have made more arm entries, when compared
to the animals administered LPS, which was found to be a slightly statistically significant result
(t(6) = 2.2251; P < 0.05).
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Figure 4.2 The effect of LPS administration on the spontaneous alternations in the y-maze in male Sprague-Dawley
rats. The number of entries (A), the number of alternations (B) and the percentage of alternations (C). The Mean SEM
=3.58 (PBS) and 2.77 (LPS). *=P <£0.05

The animals that were administered LPS during the study period appeared to have made less
alternations, but this decrease in the number of alternations as compared to the PBS group was

not found to be statistically significant (t(6)=0; P > 0.05). While it appeared that the average
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percentage of alternations was increased for the LPS in comparison to the PBS group, this result

was nhot conserved to be statistically significant (t(6) = 6; P > 0.05).

4.4 Discussion

In the results obtained in this chapter, it was determined that the administration of PBS and LPS
did not significantly alter or affect the short-term spatial memory of the animals tested in this study.
One of the early symptoms of AD is the change in short-term memory3. Individuals affected by
AD present with this symptom early in the disease’s progression, which can be extrapolated in an
aged population of Sprague-Dawley rats, as was attempted in this study®®. However, the fact that
a shorter period of LPS administration was chosen for this study may have resulted in the animals’
short-term spatial memory not to be affected to the degree expected in early-onset AD.

It was observed during the Y maze testing that the animals seemed more stressed than expected.
The handling required during the administration phase of the study may have caused more stress
than anticipated, despite the measures taken to decrease the effects of increased stress. These
measures included testing during the animals’ dark cycle, conducting a habituation period before
testing and ensuring no white noise or outside factors would cause undue stress and anxiety in

the animals, as advised by Prieur et al®°.

4.5 Conclusion

From the results obtained in the chapter, the administration of LPS in the animals did not alter the
short-term spatial memory, as determined by the Y maze test. The low physiological
concentrations of LPS administered (as outlined in Chapter 3) as well as the time of exposure did
not have an impact on the animals as to be a representation of a sample population affected by
AD.
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Chapter Five

Investigating histological changes in the liver due to the effect of

LPS-induced inflammation by use of light microscopy
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5.1 Chapter Objectives

To study the morphology of liver tissue damage, using light microscopy by Haematoxylin and

eosin and Picrosirius red staining.

5.1.1 Introduction

In this chapter, the effects of LPS-induced inflammation on the liver of Sprague-Dawley rats were
investigated, using light microscopy. The liver was chosen for analysis as it is one of the main
organs involved in the immune response, serving as a buffer between the systemic circulation
and gut-derived contents. The liver collects nutrients arriving from the gastrointestinal tract,
through the portal vein. Toxins from intestinal bacteria are also cleared by the liver, highlighting
its important detoxifying properties'®. Normal liver histology, as seen when light microscopy is
used for morphology analysis, will be described in this chapter, as well as the criteria used to

determine instances where abnormal histology is seen as a result of systemic inflammation.

At a structural level, rat liver histology more closely resembles that of human liver, but there are
some similarities to mouse liver. As in human liver, the hepatic microscope architecture can be
described in the context of the classic liver lobules, which are polygonal structures that contain
portal tracts, surrounding a central vein. Plates of hepatocytes, consisting of columns of
hepatocytes that are 1 - 2 cells thick, extend from the portal region to the central vein, giving the
appearance of these plates radiating away from the central vein®->°. Blood and bile circulate in
opposite directions, with blood consisting of mixed arterial and portal venous blood moving from
the portal region to the central vein via sinusoids. Sinusoids are the spaces that are seen between
the hepatocyte plates. Hepatic portal regions across species are supported by stromal structures
such as reticulin but may not be as apparent in rodents as in human liver, due to the smaller sizes
of liver and the decreased amount of connective tissue®®. Located between the sinusoid and liver
cells is the space of Disse, which contains plasma, connective tissue (mainly type Il collagen),

and hepatic stellate cells®.

Inflammation causes changes to this normal microscopic architecture, particularly in the space of
Disse and the hepatocyte plates. Portal hepatitis, where the limiting layer of hepatocytes is seen

to expand outwards, is indicative of inflammatory injury. Systemic inflammation has also been
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seen to affect the development of fibrosis, causing increased activity in hepatic stellate cells. This
increased activity triggers extracellular matrix synthesis, leading to collagen fibre deposition in the
spaces of Disse®®l, However, in comparison to human liver, rat liver has much less discernible
collagen and other connective tissue, and the bridging cords of collagen that extend between the
portal regions and the central vein and nodular regeneration that are characteristic of liver fibrosis
are seen to a less extent in rat liver. While staining sample slides with Haematoxylin and eosin
(H&E) may show collagen formation in the portal regions, other stains such as Picrosirius red may
be better able to detect and clearly show collagen formation in rat liver®.

5.2 Materials and methods

5.2.1 List of reagents and materials used

= Mayer's Haematoxylin solution (Sigma-Aldrich)

= Eosin Y (Sigma-Aldrich)

= Picrosirius red stain (Sigma-Aldrich)

= Scott’'s Tap Water Substitute (Sigma-Aldrich)

= (Glass vials, 10mL (Lasec)

» Formaldehyde solution (36.5 - 38% in H20; Sigma-Aldrich)
= PBS (Sigma-Aldrich)

= Ethanol (Sigma-Aldrich)

= Xylene (Sigma-Aldrich)

= Tert-butanol (ACS reagent, = 99.0%; Sigma-Aldrich)
= Entellan mounting medium (Sigma-Aldrich)

= Coverslips and slides (Lasec)

» Pelleted wax (Sigma-Aldrich)

= White cassettes (Lasec)

= Microtome (Leica)

= Single edge blades (Biotech)

= Distilled water (ddH20) (Sigma-Aldrich)

= Zeiss Axio Imager.M2 (Zeiss, Germany)
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5.2.2 Tissue extraction for light microscopy

Samples for light microscopy analysis were obtained as detailed in chapter 3.

5.2.3 Paraffin wax embedding with tert-Butyl alcohol

The process for embedding rat liver tissue samples for light microscopy is detailed in chapter 3,
and has been adapted from Venter®:. Tert-Butyl alcohol wax embedding was used instead of
xylene, as previous evidence has shown that normal paraffin embedding with xylene results in

irregular liver sample sectioning and inadequate tissue infiltration®*.

5.2.4 Haematoxylin & Eosin staining

Haematoxylin and eosin (H&E) staining was done to evaluate any general structural changes that
may have occurred because of the induced inflammation. For this, slides were rinsed in xylene to
remove the paraffin wax, and then placed in a series of descending ethanol concentrations (100%
twice, 90%, 70%) to rehydrate the tissue. The slides were placed in distilled water for 1 minute,
and then placed in Haematoxylin for 10 minutes. After this, the slides were placed in Scott’s buffer
for 7 minutes, and then dipped into eosin. The slides were then placed in distilled water again for
1 minute, before being dipped into ascending concentrations of ethanol (70%, 90%, 100%), to
dehydrate the samples and ensure that any excess dye has been removed. Finally, the slides
were dipped in xylene, and mounted with entellen and coverslips. The slides were then viewed

using a light microscope.

5.2.5 Picrosirius red staining

Picrosirius red staining was done to evaluate the formation and presence of collagen and/or
fibrosis in the liver. For this to be achieved, the fixed slides were deparaffinized, then hydrated
with descending concentrations of ethanol (100%, 95% and 70% ethanol). The slides were then
stained with haematoxylin for 8 minutes, and washed for 10 minutes under running tap water. The
slides were then stained with picrosirius red for one hour, after which they were washed twice
with acidified water. Any excess water was physically removed by shaking the slides, before being

further dehydrated three times in 100% ethanol, after which they were cleared in xylene, and
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coverslips were mounted. The slides were viewed using a light microscope at a resolution of 100x

magnification, under polarized light.

5.3 Results

5.3.1 Haematoxylin and eosin staining

The light micrographs of liver tissue samples of the control and experimental groups, stained with
H&E, are shown in Figures 5.1 and 5.2. Figure 5.1 (A) is a representation of a sample from the
control group, and shows the typical structural morphology of the rat liver portal region stained
with H&E. Rat liver tissue tends to stain paler than human liver tissue, and the hepatocytes that
extend from the portal regions are distinctly single cell, even at a low magnification. Slight portal

hepatitis can be seen in the experimental group, as the limiting layer of the hepatocyte plate

Figure 5.3 Light micrographs showing the microscopic architecture of rat liver tissue stained with H & E, of control (A) and
experimental (B) groups. The portal triads or regions (black arrows) can be seen and are distinctly single-cell. Scale bar = 100
um, visualized at 100x magnification.

seems slightly expanded.
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Figure 5.2 represents the light micrographs of rat liver under a higher magnification, of the control
group (A) and the experimental group (B) after exposure to LPS. Both the control and
experimental groups show sinusoidal dilatation or ballooning, although it is present to milder effect
in the control group. This sinusoidal dilatation, seen as white areas surrounding the hepatocyte

nuclei, is indicative of inflammation in the liver®e.

Figure 5.4 Light micrographs showing rat liver tissue stained with H&E of the control (A) and experimental(B) groups, visualized at
a higher magnification (200x). The slight to moderate sinusoidal dilatation (white areas surrounding the nuclei) are indicated with
black arrows. Scale bar = 50 um

5.3.2 Picrosirius red staining

The light micrographs of liver tissue in the control and experimental groups are represented in
figures 5.3 and 5.4. In figure 5.3 (A), the control group is represented, showing minimal collagen
fibre deposition. Figure 5.3 (B) represents the experimental group, which shows minimal, but more

marked collagen fibre deposition.
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Figure 5.3 Polarized light micrographs of rat liver tissue samples in the control (A) group and experimental (B) group,
stained with Picrosirius red. Fibrin fibres (stained red) are indicated with white arrows. Scale bar = 100 um, visualized

at 100x magnification.

Figure 5.4 represents a polarized light micrograph of liver tissue in the experimental group, taken
from two different samples (n = 2). These micrographs show mild to moderate collagen fibre

deposition, indicative of the progression of tissue damage due to LPS-induced inflammation. In

© University of Pretoria



SITEIT VAN PRETORIA
ITY OF PRETORIA
SITHI YA PRETORIA

both the control and experimental groups, collagen fibre deposition was found near portal regions,

particularly surrounding the blood vessels.

Figure 5.4 Polarized light micrographs of rat liver tissue samples in the experimental group (A and B) stained with

Picrosirius red. The white arrows indicate areas of collagen fibre deposition, seen in orange-red. Scale bar = 100 pm.

5.4 Discussion

Alterations in the histology of liver tissue were observed in both the experimental and control
groups, however the alterations found in the control group were minor. The control group exhibited
mostly normal hepatic cord extension from the portal regions, as is typically seen in rat liver tissue

histology under H&E staining®®.

In both the control and experimental group samples, sinusoidal dilation was found, which is a
hallmark indicator of inflammation-induced fibrosis and cirrhosis®253, Figure 5.2 shows that in both
the control and experimental groups, there is evidence of sinusoidal dilation. In the control group,
this dilation is minimal, and may be due to the stress endured by the rats during the experimental
phase of the study. The sinusoidal dilatation seen in the experimental group was more prevalent
than in the control group, but did not indicate severe systemic inflammation. It may that the period
of LPS exposure was not extensive enough, and the results may indicate the early phase of

systemic inflammation-induced liver damage®*.
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Plates of hepatocytes are anchored by reticulin, as well as other collagen types, particularly
Collagen Type lll. However, rat liver tissue is known to contain lower levels of collagen fibres
when compared to human liver, suggesting that the rate of collagen fibre deposition is less marked
during inflammatory process. As was seen in this study, the presence of collagen fibre deposition
was minimal to mild. This can also indicate that the concentration of LPS the animals were

exposed to during the course of the study only elicited an early systemic inflammation response®*.

5.5 Conclusion

It can be said that LPS-induced inflammation causes changes to the way the liver resolves liver
damage, in particular collagen fibre deposition, but the changes seen to the morphology of rat
liver only indicate minimal to mild liver tissue damage, possibly indicative of the early stages of
systemic inflammation. Future studies would have to look at a longer period of LPS exposure, at
small concentrations, in order to find the changes associated with severe liver damage that can

lead to cirrhosis.
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Chapter Six

Investigating changes to liver cell ultrastructure due to the effect
of LPS-induced inflammation by use of transmission electron

microscopy
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6.1 Objectives

The objective of this chapter is to outline the use of TEM in this study, the normal ultrastructure
of liver cells as observed using TEM, as well as discuss the alterations to liver cell ultrastructure

in a systemic inflammatory response.

6.1.1 Introduction

Liver fibrosis is a crucial process in the inflammatory response, and its resolution ensures
continued homeostasis and a functional liver. A systemic inflammatory response has been shown
to activate the pathological processes that result in organ dysfunction, such as persistent liver
fibrosis (and decreased resolution), its evolution into cirrhosis and eventual liver failure**°, Organ
dysfunction may also affect the liver's ability to produce proteins, particularly the coagulation
factors that play an important in the initiation of the inflammatory response and the resolution of

fibrosis.

While necrosis and apoptosis are known to be the main drivers of fibrosis, it has been suggested
that there may be other mechanisms that may be the cause of organ failure in a systemic
inflammatory response, due to some studies finding no discernible changes to normal organ
appearance in an inflammatory response, despite the clear association between organ failure and
LPS-induced systemic inflammation®. The use of TEM may be useful in evaluating the changes

to certain organelles and membranes of the different cells present in the liver.

Endoplasmic reticulum (ER) is an organelle present in most cells, and is responsible for protein
folding and transport, lipid synthesis and calcium and redox homeostasis®. It consists of the
nuclear envelope and the peripheral ER, composed in a continuous membrane that includes flat,
rough sheets and branched tubules. The rough sheets, known as rough ER due to an abundance
of ribosomes present, are the main site for protein synthesis, protein folding and protein
translation. Endoplasmic reticulum tubules are characterized by the presence of fewer
ribosomes, and their smooth and curved surface. These tubules are known as smooth ER. Highly
specialized cells, such as liver cells, are composed of ER largely made up of sheets, while cells
with a higher content of tubules are those that are involved in processes such as lipid

biosynthesis®’. Under normal conditions, the ER is in a state of equilibrium between its protein
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load, and its capacity for folding®. As such, it is an important organelle to consider for analysis,
in terms of the liver's ability to produce coagulation factors needed for the acute inflammatory

response.

Changes in ER homeostasis is a phenomenon known as ER stress, which may be the result of
misfolded protein, increased protein synthesis and changes in the Ca?*/redox balance. Cells are
equipped to deal with ER stress, through the unfolded protein response (UPR) pathway. This is
an adapted pathway that re-establishes ER homeostasis in 2 ways, by either increasing folding
capacity, or by down-regulation of the ER protein load through the inhibition of protein
translocation and promotion of misfolded protein degradation®.

Hepatocytes are known to have an abundance of ER, leading to the assumption that ER in the
liver would be the key target of inflammatory mediators induced by LPS administration®®. Studies
have shown that the development of ER stress can also initiate an inflammatory response;
persistent ER stress may explain the occurrence of liver failure that can result from systemic
inflammation without the appearance of necrosis or apoptosis®®. Therefore, changes to the ER
present in hepatocytes will be of particular interest in this study, which may include narrowing of

ER, absent ribosomes, or ER dilation®®.

Nuclei are found in the centre of most cells (excepting blood cells), are usually round or oval in
shape and consist of a nuclear envelope, chromatin and the nucleolus. The nuclear envelope
consists of a double membrane that fuses periodically to form nuclear pores to allow for metabolic
exchange. Chromatin, the material that consists of DNA and histone proteins, appears as a cluster
of small and dark granules and is important for the processes of DNA replication and cell division.
Hepatocytes are known to sometimes contain more than one centrally located nucleus™. In this
study, changes to nuclear membrane integrity and the degree of chromatin condensation will be

investigated as result of LPS-induced systemic inflammation.
6.2 Materials and methods

6.2.1 List of reagents and materials

= Glass vials, 10 mL (Lasec)
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= Ethanol 99.5% (Sigma Aldrich)

» Glutaraldehyde solution, Grade I, 25% in H,O, 50ml (Sigma Aldrich)
» Formaldehyde solution, 36.5-38% in H>O , 500ml (Sigma Aldrich)

= Single edge blades (Advanced laboratory solutions)

=  Osmium tetroxide solution, 4% in H,O (Sigma Aldrich)

= PBS (Sigma Aldrich)

* Propylene oxide (Sigma Aldrich)

= Resin (Advanced laboratory solutions)

= JEOL JEM 2100F transmission electron microscope (JEOL USA Inc.)
= Sample grids (Advanced laboratory solutions)

= Uranyl acetate (Sigma Aldrich)

= Lead citrate (Sigma Aldrich)

6.2.2 Tissue extraction and fixation with 2.5%

glutaraldehyde/formaldehyde

Samples for TEM analysis were obtained and fixated as detailed in chapter 3.

6.3 Results

The TEM micrographs of liver tissue in the control and experimental groups are represented in
Figures 6.1. In Figure 6.1 A and C, the control group is represented, showing normal hepatocyte
morphology, with each figure showing intact nuclei and nuclear membranes. Figure 6.1 B and D
represent the experimental group exposed to LPS, showing moderate changes in the nuclear
membrane. Figure D in particular, shows a view of an entire hepatocyte, and includes the
presence of dilated endoplasmic reticulum, as well as showing the Space of Disse (dashed black

arrow).
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Figure 6.5 Transmission electron micrographs showing hepatocytes in liver tissue of control (A and C) and
experimental (B and D) groups. The nuclei (solid black arrows) are prominent in A, B and C. D shows a
view of an entire hepatocyte, including cell wall (white arrow with blue border), as well as the Space of
Disse (dashed black arrow).

Figure 6.2 represents the transmission electron micrographs of hepatocytes in the liver tissue of
the control group (A, B, and C) and the experimental group after exposure to LPS (D, E, and F).
In all the figures, endoplasmic reticulum (solid black arrows) and the mitochondria can be seen.
While the control figures show normal ER morphology, figures D, E, and F show dilated ER. In
particular, the dilated ER seen in these figures seems to exhibit a smoother surface, indicating

© University of Pretoria



UNIVERSITEIT VAN PRETORI
UNIVERSITY OF PRETORI
Yu R

A
s ORIA
NIBESITHI YA PRETORIA

(@

the absence of ribosomes along the ER surface. The cisternae of the mitochondria cannot be

clearly seen, with the mitochondria in figures A, B and C showing normal morphology. The
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mitochondria in figures D, E, and F seem slightly enlarged, indicating some matrix swelling, and

show minimal membrane disruption.
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Figure 6.6 Transmission micrographs of liver tissue in the control (A, B, and C) and experimental (D, E,
and F) groups. Mitochondria (white arrows, blue borders) and endoplasmic reticulum (solid black arrows)
are shown.

Figure 6.3 represents the TEM micrographs of the Space of Disse in liver tissue in the control
group (F) and the experimental group (A, B, C, D, and E). In figures A to E, moderate collagen
fibre deposition can be seen indicating collagenisation of the Space of Disse. Hepatic stellate
cells can also be seen in close proximity to the collagen fibre bundles, indicating that this collagen
deposition is occurring in the Space of Disse. Furthermore, in the samples where collagen fibre
deposition was seen, there was significant widening of the Space of Disse, which has been shown
to occur when collagenisation takes place®®. Figure F represents the few collagen fibrils present
in the Space of Disse in one sample of the control group; a larger representation of collagen fibres
could not be in the control, as the other samples that were analysed were found to contain little
to no trace of collagen fibres. This finding is consistent with the view that rat liver tissue express

low levels of collagen, even under an inflammatory response.
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Figure 6.7 Figures A, B, C, D, and E are transmission electron micrographs of liver tissue in the
experimental group, while figure F is a transmission electron micrograph of liver tissue in the control group.
(Scale bars: A: 2000 nm; B: 2000 nm; C: 2000 nm; D: 2000 nm; E: 2000 nm; F: 500 nm)
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Table 6.1 summarises the ultrastructural changes seen in liver tissue, and was used as a means
to determine the severity of the overall damage that may have occurred as a result of LPS-induced

inflammation.
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Table 6.1: A summary of the ultrastructural changes in rat liver tissue

Cellular Nuclear , Endoplasmic Endoplasmic Collagen
General cell Chromatin : Absence of . .
Group membrane membrane . reticulum . reticulum fibre
morphology . : . . condensation o ribosomes : e
disruption disruption dilation narrowing deposition
Control + - - - + - + -
LPS ++ + ++ + +++ + ++ ++

no change = -; mild = +; moderate = ++; severe = +++

© University of Pretoria




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

6.4 Discussion

Liver fibrosis is a crucial part of the inflammatory response, and its resolution ensures the
continued homeostasis and functionality of the liver. Systemic inflammation can disrupt this
process, leading to organ dysfunction and, ultimately, liver failure. In this chapter, the effects
of LPS administration on the liver’s functionality as it pertains to coagulation factor production
was evaluated in liver tissue by use of TEM. Of particular interest was the organelle most
directly involved in coagulation factor production, endoplasmic reticulum. Other organelles that
were also evaluated for possible alterations in their structure and morphology included the

nuclear and cellular membranes, the mitochondria and collagen fibres.

Normal hepatocyte was observed in the control group (Figure 6.1 A and C; Figure 6.2 A, B,
and C; Figure 6.3 F). In the experimental group that received LPS injections, there were
indications of mild to moderate indications of tissue damage, with some samples showing
more moderate to severe indications of liver damage (Figure 6.1 B and D; Figure 6.2 D, E and
F; Figure 6.3 A-E). This damage was mostly seen in changes to the ER, some cellular and
nuclear membrane disruption, as well as visible collagen fibre deposition and hepatic stellate
cell activation. Of particular interest was the ER dilation that was seen in the experimental
group, as compared to the ER in the control group. Similar changes were also reported in a
study by Kozlov et al., in 2009, where the authors found that endotoxin (or LPS) resulted in
ER dysfunctionality, characterized by ER dilation’. While not the focus of this study, the
mitochondria in the experimental group were found to exhibit some slight changes after LPS
administration, as compared to the control group. The mitochondria were also found to occur
in close proximity to the dilated ER, indicating that mitochondrial function may be affected by
LPS and could involve the ER. This was a similar finding to Kozlov et al., where the authors
that hypothesised mitochondrial reactive oxygen species generation could lead to impaired
ER function by way of the induction of ER stress and the UPR pathway*.

One change that was not anticipated, particularly in the early stages of the inflammatory
response, was the deposition of collagen in the Space of Disse that was seen in some of the
samples of the experimental group (n=3). This collagen deposition was seen to occur in
conjunction with apparent hepatic stellate cell activation, which usually occurs during an
inflammatory response’. This activation of hepatic stellate is of particular importance, as it
one of the cell types that is thought to be involved in the incidence of fibrogenesis (along with

myfibroblasts)”.
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6.5 Conclusion

From the ultrastructural findings of this chapter, it can be concluded that LPS administration
in order to elicit an inflammatory response had a mild to moderate effect on the ultrastructure
of the liver, a clear indication of the initial phases of the inflammatory response. These results
indicate that although the period of LPS administration conducted in this study only resulted
in the initial stages of the inflammatory response, it still had made a significant impact on the
ability of endoplasmic reticulum to maintain optimum function, a further indication of ER stress.
It must be noted, however, that there was no discernible or significant signs of necrosis or
apoptosis; this may explain the occurrence of liver damage without the occurrence of

significant cell death.

In conjunction with the development of ER stress, there were also ultrastructural changes to
the Spaces of Disse, which was shown to have widened as result of hepatic stellate cell
activation and collagenisation of the Spaces. It may be that continued induction of the
inflammatory response due to LPS or endotoxin could result in further collagenisation, which
can cause the liver to lose the state of homeostasis and result in liver damage.
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Chapter Seven

Investigating changes in the levels of tissue factor and
fibrinogen in the liver due to the effect of LPS-induced

inflammation by use of Enzyme-linked Immunosorbent Assay
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7.1 Chapter Objectives

The objective of this chapter is to determine the concentration of the coagulation factors, TF

and fibrinogen, by use of ELISA assays.

7.1.1 Introduction

Tissue factor, a transmembrane receptor for Factor VII/Vlla, is considered as a major initiator
of the coagulation cascade and has been sown to be a key link connecting coagulation,
inflammation and immunological processes. It is expressed by cells surrounding blood
vessels, as well as monocytes, particularly within hepatocytes that are in close proximity to
portal regions. Extravascular TF is not freely circulating in cells, due to its separation from FVII
by an endothelium, preventing inappropriate activation of the clotting cascade.

The liver usually expresses low levels of TF, monocytes found within hepatocytes that have
been stimulated by LPS exposure are known to activate inflammatory mediators such as toll-
like receptor 4(TLR-4), leading to increased TF expression’. This increased expression has
been shown to induce high levels of TF expression, which leads to accumulation of TF in the
liver, persistent activation of inflammatory mediators and liver damage. Despite these findings,
models that have attempted to elucidate the link between TF expression and the development
of hypercoagulation have ignored tissue or cells that traditionally express low levels of TF, as
is the case with hepatocytes’®. However, it has been suggested that the activation of
coagulation does not necessarily have to be a consequence of increased TF expression;
rather, activation of the coagulation cascade could occur via molecular activation of the
existing TF/FVIla complex’®. This study aimed to induce systemic inflammation by exposure
to LPS, it would therefore be expected that TF levels would be elevated in liver tissue.

The mechanisms surrounding the initiation of coagulation are still not clearly understood, but
the idea that TF in the liver is expressed by hepatocytes and that hepatocyte TF is the main
driver of coagulation activation in chronic liver disease has been established’”’®. The nature
of liver sinusoids, with the mix of arterial and portal venous blood and its exposure to blood-
borne pathogens, poses a serious challenge in the maintenance of haemostasis in the
liver’®’®, There is evidence that disruption in the synthesis or expression of anticoagulant

factors involved in the generation of fibrin can lead to its deposition and result in fibrosis®.
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The conversion of fibrinogen into fibrin is a crucial step in coagulation cascade, and the
increase of fibrinogen is considered an indicator of an inflammatory state. This makes
fibrinogen an important marker in the development of liver pathogenesis due to systemic
inflammation. Lipopolysaccharide administration has been shown to influence thrombin
expression, which in turn leads to increased fibrinogen expression, fibrogenesis and hepatic
deposition. It has also been shown that the impaired removal of fibrin, as a result of a
suppressed fibrinolytic system, contributes to fibrin deposition®%. Increased levels of
fibrinogen are shown to be a feature of the HC state found in patients with AD*!, therefore for
this study, the levels of fibrinogen in liver tissue will be evaluated using ELISA, in order to

determine if LPS-induced systemic inflammation contributes to an increase in fibrinogen.
7.2 Methods and materials

7.2.1 List of reagents and materials

e Rat FG(Fibrinogen) ELISA Kit, Catalog number: E-EL-R1125 (Elabscience
Biotechnology Inc., USA)

e Rat TF(Tissue Factor) ELISA Kit, Catalog number: E-EL-R0984 (Elabscience
Biotechnology Inc., USA)

e Microcentrifuge tubes (Lasec)

e Pipette tips (Lasec)

e Pasteur pipettes (Lasec)

7.2.2 Tissue extraction for ELISA testing

Samples for ELISA analysis was obtained as detailed in chapter 3.

7.2.3 Detection of tissue factor and fibrinogen levels in liver tissue

Detection of the levels of TF and fibrinogen in homogenized liver tissue samples were done
using the Rat TF ELISA kit and the Rat Fibrinogen ELISA kit. For both assays, each protocol
in the manual was followed. Each assay was done based on the sandwich-ELISA principle,
where the micro-plate wells are pre-coated with a primary antibody specific to TF and

fibrinogen.
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A standard working solution was constituted and 100 pl was added to the first two columns of
each well on the micro-plate. Each known standard is placed in duplicate wells, side by side.
Then, 100 ul of the liver tissue samples were pipetted into each duplicate microplate well, as
was done with the standard working solution, and incubated for 90 minutes at 37°C. Any
TF/FVII or FG present is bound by the immobilised antibody. After incubation, the liquids were
removed from each well, and biotin-conjugated antibody specific to each TF and fibrinogen
was immediately added to each well. The plate was covered with a plate sealer and incubated
for 1 hour at 37°C. After the solution from each was aspirated, 350 pl of a wash buffer was
added to each well, to remove any unbound or free components. After being allowed to soak
for 2 minutes, the solution was aspirated from each and the plate was patted against absorbent
paper to dry. This wash was repeated 3 times. After the wash, 100 pl of a conjugate working
solution of avidin-Horseradish Peroxidase (HRP) was added to each well, covered with a plate
sealer and incubated for 30 minutes at 37°C. The solution in the wells was then aspirated,
after which a second wash process was repeated as conducted earlier, this time for five times.
Then, 90 ul of the substrate reagent was added to each well; the plate was covered with a
plate sealer and incubated for 15 minutes 37°C. This substrate allows for a colour change
reaction to occur, if there is any TF or fibrinogen present in the well. After incubation, 50 pl of
a stop solution was added to each well. The above procedure was performed in triplicate. The
micro-plate was placed in a microplate reader (Labotec (Pty) Ltd.). The optical density of each

sample was measured with a microplate reader at wavelength of 450 nm.

The unknown concentration of each sample was calculated by use of a logistic curve, with the
standard concentration on the x-axis and the optical density values on the y-axis. The
unknown concentrations were determined by extrapolating the optical density measured by

the plate reader onto the x-axis.

7.3 Statistical analysis

Statistical analysis was performed using the Mann Whitney U test (also known as the Wilcoxon

rank-sum test). P values less than 0.05 were considered statistically significant.

7.4 Results

The results from the both the TF and fibrinogen ELISA assays can be seen in Figure 7.1 and
7.2.
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Figure 7.8 Box plot showing the distribution of tissue factor concentration between the control and experimental

groups
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Figure 7.9 Box plot showing the distribution of fibrinogen concentration between the control and experimental

groups
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In this chapter the control group was compared against the experimental group to determine
if they were statistically different for TF concentration levels in rat liver after LPS exposure. No
statistical difference was found between the control and experimental groups, (P value =
0.8534; Figure 7.1). For fibrinogen concentration levels after LPS exposure, it was found that
there was no statistical difference (P value = 0.7394) between the control and experimental

groups (Figure 7.2).

7.5 Discussion

Tissue factor is known to be prevalent at low levels in hepatocytes’®, which seemed to be the
case in both the experimental and control groups studied. Tissue factor expression in
hepatocytes has been suggested to be the main proponent of procoagulant activity in the liver.
It has also been suggested that TF expression does not necessarily have to be increased to
induce the inflammatory cascade, it may be that inflammation causes molecular activation of

existing TF in hepatocytes’® 78,

In the result obtained in this chapter, the levels of fibrinogen were not significantly different in
between the control and experimental groups; that is, there was no significant increase in the
concentration levels of fibrinogen after LPS exposure, as would be expected during systemic
inflammation. It can be deduced that the LPS exposure the animals were subjected during the
course of the study did not induce a hypercoagulable state, as there does not seem to have

been a marked increase in fibrinogen levels, an indicator of the inflammatory state®.

The statistically insignificant results of this study obtained in this study may be due to the fact
that the concentration of LPS the animals were exposed to were of smaller quantities and a
shorter response time, compared with other studies that used a single dose model, as

executed by Lee et al.®2.

7.6 Conclusion

It can be concluded that the LPS exposure carried out in this study did not cause a change in

the production of the TF and fibrinogen levels during low levels of LPS exposure.
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Chapter Eight

Conclusion
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There have been significant strides made in AD research, particularly the establishment of the
core pathologies of the disease: amyloid-B plaque formation, hyperphosphorylation of tau
protein and neuronal cell death that causes dementia. Despite this, there still remains limited
understanding of precisely how these pathologies initially developed, due to the fact that they
develop over a prolonged period, manifesting in the dementia symptoms that develop later in
life. This has resulted in the well-documented difficulties in developing effective treatment of
AD.

In recent years, the idea of AD being an inflammatory disease has taken hold and AD is now
considered to be inflammatory disease. However, significant numbers of those diagnosed with
AD will have died from an acute secondary illness, such as cardiovascular or respiratory
illnesses. Due to the long progression of AD pathogenesis, systemic inflammation has become
the major focus of research. Lipopolysaccharide has been used extensively in research to
induce systemic inflammation in attempt to mimic to the pathogenesis of AD. The liver would
be the first organ to be exposed to the effects of LPS, as it is an important buffer between the
gut and systemic circulation, known as the gut-liver axis. Due to its many functions, particularly
its role in the regulation of factors involved innate immunity, the liver is considered an

immunological organ.

In this study, the effects of LPS-induced inflammation were investigated in the livers of adult
male Sprague-Dawley rats, with particular focus on the liver's morphology and function in the
production of coagulation factors. This model has been widely used to recreate the
inflammation seen in neurodegenerative diseases. This study investigated the effects of LPS-
induced inflammation on liver tissue by use of light microscopy and TEM, along with the
analysis of the coagulation factors TF and fibrinogen by use of the ELISA assays. The LPS
model was implemented over a 10 day experimental period, which also included the use of
behavioural testing to confirm the spatial memory deficits that occur as a result of exposure to

LPS, as outlined in chapter 4.

The histological and ultrastructural changes in the liver tissue of the animals after LPS
administration were investigated in comparison to the liver tissue of the rats in the control
group. There were specific criteria that were used to determine if the administration of LPS
had any effects on the morphology and organelle structure of liver tissue. These criteria
included changes to hepatic portal vein architecture, with particular focus on the sinusoid and
spaces of Disse; the development of endoplasmic reticulum stress through the dilation of the

endoplasmic reticulum and collagen fibre deposition. The examination of liver tissue using
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these criteria as a result of LPS administration yielded mild to moderate changes in the
histology and ultrastructure, indicating that the low-grade inflammation induced by the low
concentration of the administered LPS may have only resulted in the initial stages of liver

damageSZ-64, 71-72

This determination was further corroborated by the results from the TF and fibrinogen levels
that showed no changes in the animals exposed to LPS when compared to the control group.
Therefore, it appears that the function of the liver by producing coagulation factors have not
yet been affected.

The outcome of this model indicates that low levels of LPS exposed short term may contribute
to ER stress in liver cells. This could potentially accumulate during long term exposure and
this might lead to clinical presentation. Future studies could implement an increased
concentration or dosage of LPS, administered over a longer period that may induce the kind
of behavioural and morphological changes that would be expected in the development of liver
damage and subsequent fibrosis. In addition, it was observed that the age of the animals used
for this study may have contributed to the results obtained. While the use of Sprague-Dawley
rats in models studying the pathogenesis of neurodegenerative disease has been well-
established, it may be recommended to use animals that are more aged than the sample
population used for this study, therein ensuring that the animals are a closer representation of

the typical population of those diagnosed with AD.
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