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ABSTRACT
Background

Diabetic vascular retinopathy is the most common microvascular complication of diabetes.
While it is clinically reported and understood that diabetes increases vascular permeability,
understanding of the structural molecular pathogenesis of diabetic vascular complications
remains incomplete. Increase in vascular basement membrane thickness is recognised as
hallmark signs of diabetic microangiopathy. While the endothelial glycocalyx plays a role in
maintaining vascular permeability. The effect of hyperglycaemic states in diabetes has been
shown to decrease the ability of the eGLX to perform this role. The eGLX and basement
membrane are both disrupted by production of angiogenic isoforms of vascular endothelial
growth factor (VEGFAxxxa) and reversed by its anti-angiogenic isoformsl, under control of
splicing by SRPK12.

Furthermore, endothelial specific EXT1 inducible knockout phenotype mice will be used to
demonstrate the effect of defective endothelial glycocalyx has on permeability due to loss of

the heparan sulphate elongation gene.

Hypothesis & Aims

Hypothesis: Hyperglycaemic states cause structural change in the endothelial glycocalyx,
which leads to the increased permeability observed in diabetic vasculature. The increased
basement membrane thickness observed in diabetes is due to impairment in the function of
the eGLX as a ultrafiltrating barrier.

Aims: Quantify diabetic changes in the eGLX coverage, Basement Membrane thickness and
associate it with the known increased retinal permeability.

Measure changes in permeability, basement membrane thickness and eGLX parameters in
diabetic and control mice.

Determine whether SRPK1 inhibition reverses increased basement membrane thickness.



Methods:

Diabetes was induced in DBA2J female mice using STZ (40mg/kg, x5 consecutive daily
doses). Fundus fluorescein angiography (FFA) was performed 21 days after diabetic
induction to measure retinal microcirculation permeability. One group of diabetic mice were
treated systemically with Sphinx314 (0.8mg/kg i.p. twice per week) for three weeks before
tissue removal for electron microscopy. Fiji software was used to measure the mean
basement membrane thickness and eGLX coverage. EXT1 knockout was established
through induction by tamoxifen on days 5 & 9 followed by weekly urine measurement of
albumin levels and urine creatinine ratio. FFA was performed on day 1, day 21 and Day 35.
After 42 days mice were anesthetized using ketamine 75mg/kg (Ketaset) and medetomidine
1mg/kg (Sedastart) and an eye was removed. The mice were then euthanised by perfusion
fixing using the LaDy GAGa buffer. Retinal resin blocks were 80nm sectioned and
transmission electron micrographs collected.

Results:

Diabetic Albumin Creatinine Ratio is increased after inducing Diabetes and reversed after
Sphinx31 Treatment. Retinal Permeability is increased in early STZ-induced Diabetes.
Basement Membrane thickness increased in Diabetes and reversed after Sphinx31
treatment. Endothelial Glycocalyx has less coverage in Diabetic Retinal microcirculation.
EXT1 knockout mice display a change in eGLX coverage and basement membrane
thickness similar to that observed in diabetic mice.

Conclusion:

As predicted, there was an increase in basement membrane thickness and decreased eGLX
coverage in STZ model correlated to an increase retinal vascular permeability. A pilot
diabetic group treated with systemic SRPK1 inhibition showed a normal basement
membrane thickness. These data are consistent with the hypothesis, yet to be confirmed,
that the initial basement membrane thickening in diabetes could be increased hydration

rather than remodelling due to increase permeability at least in part due to eGIx. The inferred



reversal by treatment with an SRPK1 inhibitor indicates that basement membrane thickness
is relatively rapidly reversed either by remodelling or reducing hydration.

The increase in basement membrane thickness observed in EXT1 knockout mice supports
the rationale that attributes this change to an increase in oncotic pressure that leads to a
build-up of water within the basement membrane thickness. All of which occurring due to

impairment in eGLX function in both sets of experiments.



CHAPTER 1 INTRODUCTION:

1.1 DIABETES
1.1.1 EPIDEMIOLOGY

Diabetes is defined by the World Health Organisation (WHO) as a systemic metabolic
disorder diagnosed as chronically elevated blood glucose levels, delineated as repeated
readings of casual plasma glucose levels higher than 200 mg/dL. Diabetes was reported as
the direct cause of 1.6 million global deaths and ranked among the top 10 causes of
mortality in 2016(1). The International Diabetes Federation estimated the international
prevalence of diabetes in the year 2000 as 4.6%, the estimates in 2019 are 9.3% of the
world’s population with evidence of exponential increase over the coming decades reaching
10.2% in 2030 and 10.9% by 2045. Furthermore, there is significant higher prevalence in
developed countries compared to developing countries, currently at 10.9% and 4%
respectively(2). As with all systemic diseases, there is an evident reduction in quality of life
and average life expectancy in diabetic patients due to the comorbidities associated and
brought on by diabetes. Diabetes has become an increasingly heavier financial burden on
the developed countries. Treatment and prevention of diabetic complications and
comorbidities is a leading financial burden for all health care systems. While the annual
global expenditure is estimated to be 578bn GBP(3), the NHS estimates its spending to be
13bn GBP annually on indirect costs of diabetes complications alone, accounting for more

than 10% of the NHS total budget(4,5).

1.1.2 DIAGNOSIS AND COMPLICATIONS
There are three types of diabetes: Type 1, Type 2 and Gestational Diabetes. Gestational
diabetes is a state of hyperglycaemia brought on during pregnancy that is associated with
adverse effects on both mother and fetus. Type 1 usually presents in prepubescent years of
life is an autoimmune disorder in which the pancreatic beta-cells are destroyed, thus

insufficient production of insulin to sustain healthy homeostasis of glucose.



Type 2, being the most common and preventable type of diabetes, is caused initially by
insulin resistance due to increased desensitisation of insulin receptors found on cells. This in
turn leads to several pathogenic pathways including decreased utilisation of circulating
glucose, and consequently triggers increased production of glucose by the liver through
lipolysis. The eventuality of sustained glucose imbalance causes damage to insulin
producing beta cells and glucagon producing alpha cells in the pancreas as they
compensate to the cells constant need for glucose alongside the hyperglycaemic state,
further hindering the peripheral tissue ability to metabolise glucose. The end result is a
cellular state of glucose starvation, an unsuppressed loop of increased glucose and insulin
production that releases pro-inflammatory metabolites as a by-product.

The gold standard test for diagnosing diabetes and predicting its complications is an HbAlc
blood test; a value of 48 mmol/mol or higher is indicative of a diabetic diagnosis(6). The
measurement of HbAlc indicates the proportion of glycated red blood cells due to sustained
increased blood glucose over a lengthy period of time. Hyperglycaemia is recognised as a
cause of endothelial dysfunction observed in diabetes. The continuous systemic
hyperglycaemic state accounts for microvascular and macrovascular complications present
in uncontrolled diabetes individuals(7). Thus, HbAlc reflects the risk of vascular
complications caused by diabetes. The process through which high degrees of
hyperglycaemia leads to cellular injury has been intensively researched. The UK prospective
diabetes study showed the distinctive preventative effect of controlling blood glucose levels
on reducing the diabetic comorbidities and complications(8).

Diabetic vasculopathy poses the highest risk of causing progressive chronic comorbidities
affecting various organs such as the kidneys, eyes and heart in diabetic individuals(9).
These comorbidities and complications are the leading cause of death from diabetes(10).
Due to their inability to regulate sugar absorption, endothelial cells, mesangial cell and
neuronal cells are the most type of cells affected by chronic hyperglycaemic states(11).
While it is clinically reported and understood that diabetes increases vascular permeability,

the structural molecular pathogenesis of diabetic vascular complications remains incomplete



(12). Various research experiments have been able to provide insight into the structural
alteration that leads to the clinical presentation. Imaging technigues have been developed to
observe and study these microvascular changes(13,14). The use of vitreous
fluorophotometry has been used to detect early effects of diabetes on vascular permeability
before patients had clinical presentation of retinal microvascular disease. Retinal capillaries
in healthy individuals were impermeable to fluorescence dye, while it demonstrated an
increased degree of permeability that was attributed to disturbance on the blood-retinal
barrier. Furthermore, this experiment supported the role of a structural component that
actively transported negatively charged molecules(15). Other studies looked at paracellular
structural proteins that had a role in maintaining permeability function of capillaries but were

affected in hyperglycaemic states of diabetes(16).

1.1.3 PATHOGENESIS

Multiple molecular pathogenic pathways are proposed to explain the multitude of damage
caused by hyperglycaemia on the vascular endothelium. It is most likely that diabetic
vascular damage is the result of an overlap of these interlinked theories(17). The hallmarks
of diabetic microvascular disease include thickening of the basement membrane, increased
vascular permeability and prothrombotic state (18).

Some of the well understood pathogenic pathways include the formation of Advanced
Glycated End-products (AGE) and Reactive Oxygen Species (ROS) due to oxidative stress,

the polyol pathway and the activation of Protein Kinase C.

1.1.3.1 Advanced Glycation End Products
Persistent hyperglycaemia causes the formation of AGEs through Maillard reactions

between carbohydrates and free amino group of proteins. AGEs are unstable reactive
compounds, due to the glycated lysine residue, that play a role in increased vascular
permeability and endothelial cell dysfunction in diabetes(19). The binding of AGEs to their
specific AGE Receptors (RAGE) acts as a catalyst for a pro-inflammatory and pro-

coagulatory cascade(20). Additionally noting the inhibition of specific advantageous AGE



receptors favouring the clearance and breakdown of AGEs in diabetes(21,22). In addition to
preventing hyperglycaemic state, other treatment plans were tested to decrease the effect of
AGE. Decreasing oxidative stress, inhibiting AGE formation, and breaking down of AGE
crosslink in order to improve their removal. However, no clinical trials have been able to
demonstrate the efficacy of using such therapeutics, such as aminoguanidine and
alagebrium, to significantly decrease the effect of AGE in the progression of diabetic

vascular disease(23,24).

1.1.3.2 Aldose Reductase
As hyperglycaemia causes an increased cellular sugar flux, Aldose Reductase (AR) is the

enzyme that initiates the irreversible conversion of the excess free glucose to its alcohol
counterpart sorbitol through the polyol pathway(25). As the cell lacks the ability to remove
sorbitol, which has been ascribed to be a cause of osmotic stress. Osmotic stress plays a
direct role in the development of diabetic microvascular disease(26,27). The intracellular
accumulation of sugars expedites basement thickening, loss of pericyte and microaneurysm;
hallmarks of diabetic micro-vasculopathy(28). Studies that used Aldose Reductase Inhibitor

have been unable to prevent or reverse these effects(10).

1.1.3.3 Vascular Endothelial Growth Factor
Vascular Endothelial Growth Factor (VEGF) is a cytokine that has mitogenic and angiogenic

properties specific to endothelial cell lines(29), It constitutes of heparan-binding,
homodimeric glycoprotein with variable isoforms(30). The gene responsible for the
expression of VEGF and upregulation of VEGF binding sites are regulated and induced
through various mechanisms that depend on oxygen availability (31), and pro-inflammatory
factors (32).

In vivo and in vitro experiments of VEGF have demonstrated its role in increasing
angiogenesis (33) as well as increasing vascular permeability (34,35). VEGF has been
linked to the early stages of diabetic retinopathy before clinical changes can be observed
(36). The upregulation of VEGF is also reported in proliferative stages diabetic retinopathy in

human and animal in vivo experimental models, suggesting a strong causative



correlation(37). An experiment demonstrated that the intensity of VEGF staining was
proportional to severity of the disease(38). VEGF plays an important role in promoting
angiogenesis that leads to the dysregulated vascularisation observed in diabetic retinopathy
and its inhibition provides a prospect for treatment and prevention of diabetic
complication(39).

Hyperglycaemia has a direct effect on stimulating VEGF expression and release(40).
Intermittent hyperglycaemic states cause higher increase in the expression of VEGF
compared to persistent hyperglycaemic states, emphasizing the importance of preventing
hypoglycaemic states and fluctuating blood glucose levels. Inhibition of ROS production by
mitochondria, decreases the expression of VEGF in hyperglycaemic states in vitro, further
affirming the interlapping of all the biochemical pathway theories that attempt to explain

diabetic complications(41,42).

1.1.3.4 Protein kinase C
Protein Kinase C plays a vital role in cell signalling cascades; thus, its activation occurs in

normal physiologic states. It is responsible for controlling proteins downstream of signalling
pathways(43). Hyperglycaemia causes an increase in the glycolytic intermediate
dihydroxyacetone phosphate that is then reduced to glycerol-3-phosphate, which in turn
stimulates the production of diacylglycerol(44). Diacylglycerol, which is upstream of PKC cell
signalling pathway causes the chronic activation of PKC in various tissues, including the
retina and kidney during hyperglycaemic states(45). Oxidative stress, AGEs and ROS can
all potentiate this activation, thus adding to the damaging effect of diabetic vascular
disease(46,47). A study found a 90% increase in PKC activity when VEGF was added to
endothelial cells to demonstrate its effect on glucose uptake compared to normal growing

endothelial cells(48).

1.1.4 SYSTEMIC EFFECT OF DIABETES

Shortly after developing frequent hyperglycaemic states due to diabetes, haemodynamic

changes have been observed(49). These changes include increases in blood flow and



pressure reported in the most organs most affected by diabetic angiopathy; the retina and
the kidney(50)(51). A well-reviewed concept attributes the systemic effect of diabetes to
vasculopathy, which causes dysfunction in the endothelial glycocalyx that impairs its ability

to regulate vascular permeability(52).

1.1.4.1 Diabetic Retinopathy
Diabetic vascular retinopathy is the most common microvascular complication of diabetes. It

also poses a global financial burden as the most common cause of blindness in adults within
the working age in developed countries(53). A systematic literature review done in 2010 to
report the global prevalence of Diabetic Retinopathy (DR) established that around 93 million
people live with DR, and that 34.6% of diabetics have developed DR through their
illness(54). Another study predicted that by 2030, the prevalence of DR will have increased
to 191 million globally(55).

Diagnosis of DR is typically made through clinical observations of microvascular lesions in
the retina. The clinical stages of DR are divided into non-proliferative and proliferative. One
of the earliest studies that studied the vascular complication associated with diabetic
retinopathy took place in 1921(56). The hallmarks of non-proliferative DR include
microaneurysms, retinal haemorrhages, exudate formation, and changes in venous
diameter. In proliferative DR, being the more severe and progressed form, includes
intraretinal and preretinal neovascularization(57,58).

DR shares the same molecular pathogenesis with other microvascular complications of
diabetes(59,60). The earliest changes in retinal vasculature in states of hyperglycaemia is
the dilatation of blood vessels in order to meet the increased metabolic need of retinal
tissue(61,62). Loss of pericyte in retinal vasculature is another pathogenic hallmark
observed in DR (63,64), which in turn plays a significant role in the earliest vasodynamic
clinical sign observed in diabetes(65,66). Furthermore, the blood retinal barrier becomes
impaired due to apoptosis of endothelial cells and thickening of basement membrane(67).
The loss of endothelial cells and pericytes causes decreased blood flow to capillaries, thus

leading to ischaemia and upregulation of VEGF expression by endothelial cells(68). The



involvement of VEGF has a direct effect on vascular permeability as well as an indirect effect
through phosphorylation of occludin and ZO-1(69).

At its current state, successful management of diabetic retinopathy include surgical and
sustained release pharmacological therapies(70,71). In addition to carrying their own risks
and complications, these management approaches have only been able to mitigate the
progression of the disease temporarily, with high rates of relapse(72,73). This can be
attributed to the gap in our understanding of the changes in the endothelial glycocalyx that

lead to the clinical manifestation and diagnosis of the disease.

1.1.4.2 VEGF in diabetes
The vascular changes observed in diabetic retinopathy have been hypothesized to be

caused by an excess of a substance produced within the eye in diabetic states(74). In order
to produce the effects seen in diabetic retinopathy, the substance must be angiogenic,
diffusible and induced in ischaemic states, among other retinal specific characteristics(75).
These characteristics are distinguishable in VEGF. VEGF is endothelial specific angiogenic
and Vaso-permeable factor that has an affinity to tyrosine kinase activity receptors(76).
Previous studies have presented evidence of increased VEGF, among other angiogenic
growth factors, production by retinal pigment cells in diabetic states(77)(78). Studies
performed on mice and monkeys, in which VEGF production was inhibited by the use of

receptor chimeric proteins, showed a decrease in retinal angiogenesis(79)(31).

1.2 VASCULAR WALL STRUCTURE

The basic anatomy of the vascular wall is divided into three layers, each referred to as
tunica; tunica intima, tunica media and tunica adventitia. Each layer differs in morphological
structure and function(80). The structure of the blood vessel wall originates from the
embryonic mesoderm. The thickness of a blood vessel wall is consists of three main layers
that vary in thickness depending on the blood vessel type, and the organ it supplies(81,82).

Starting with the outermost layer, the adventitia is made up of elastin, collagen, and

fibroblasts. It structural components give it the tensile strength to maintain its shape by

10



resisting excessive extension and recoil while still allowing capacity for expansion and
dilatation(83).

The middle layer, the media, consists primarily of smooth muscle cells that present in two
categorical phenotypes, the contractile and the synthetic(84). The contractile cells, as the
name suggests, provide the contractile strength and ability of the blood vessel. The synthetic
cells are important for maintaining the proliferation of the cell depending on the force
exhibited on the vessel wall(85).

Lastly, the intima consists of endothelial cells, a basal lamina and a cell free subendothelial
layer in all blood vessel types(86). Additionally, a layer of smooth muscle cells as well as
various types of white blood cells can be present in big arteries(87).

The layers present in structure of the blood vessel depends on the function of the specific
blood vessel(88). Some of these functions include transport of blood throughout the body;
whether to sustain high pressure blood flow in arteries or to increase and support blood flow
in veins, and transport of solutes and water across the vascular wall in capillaries(89,90).
While in arteries, all the layers are present with an abundance of smooth muscle cells(91),
capillary vessel walls only have the intima with its endothelial cell layer and basal
lamina(92).

The capillary wall structure allows the direct diffusion of small lipophilic molecules and
gases(93). Other molecules, such as glucose amino acid and ions, require transport
mechanism that depend on facilitated diffusion through specific channels(94). Large proteins
are transported into and through endothelial cells by endocytosis and exocytosis.
Additionally, intercellular clefts and tight junctions are needed for larger molecules and ions
to move across the vascular wall(95,96).

Mass transport, also referred to as bulk flow, involves an efficient transport mechanism that
depend on two pressure forces. These two forces, hydrostatic and osmotic pressure, prompt
the movement of fluid from a compartment of high pressure to low pressure(97—-99). The
result of the two forces leads to filtration that causes movement of fluid from intravascular

fluid into the interstitial space at the arteriolar end of the capillaries. While it leads to
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reabsorption on the venous end of the capillary in which fluid moves back into the

intravascular space from the interstitial area(100,101).

1.3 REVISED STARLING PRINCIPLE

The classic Starling principle hypothesized that the movement of fluid across the capillary
wall is driven and regulated by the net of four contributing forces: the hydrostatic pressure
gradient between the capillary lumen and the interstitium and the oncotic pressure gradient
between the capillary lumen and the interstitium. The Starling principle demonstrated that
the balance of these four forces is needed to maintain blood volume within circulation.
Adding that the capillary hydrostatic pressure decreases as the fluid moves from the
arteriolar end of the capillary to the venous end. Thus, indicating a filtration net movement
at the arteriolar end and an absorption net movement at the venous end(102). The work
published by Starling on fluid absorption across the capillary was widely accepted into the
literature but no further experimentation by Starling or subsequent literature was done to
apply a demonstration of his hypothesis(103). The first demonstration that provided further
evidence of Starlings work was done in 1927 and showed a significant positive linear
correlation between fluid filtration or absorption rates through the walls of single capillaries
and the hydrostatic pressures fluid(104).

A century after the publication of the Starling principle, a paper was presented that called
attention to a few errors in the experiments undertaken to demonstrate the Starling principle
when applied to the general vasculature and an absence of the venous reabsorption that
was described in the Starlings paper(105). While Starling principle was able to predict and
explain the movement of fluid in specific tissue types, i.e. the kidney and intestinal mucosa, it
could not establish the same results in the general vasculature(106).

One of the limitations of the classic Starling principle involves the assumption that the fluid
moving across the capillary wall forms an ultrafiltrate, thus excluding the relevant movement

of macromolecules(107). The steady state described in Starling principle cannot be reached
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because an equilibrium between the hydrostatic and colloid osmotic pressure between the
plasma and interstitial fluid is never reached due to the movement of macromolecules(106).

Another flaw with the Starling principle is its failure to recognise the role played by the
endothelial glycocalyx. The effective osmotic pressure regulating the movement of fluid
across the capillary is dependent on the difference in pressure the ultrafiltering layer the
glycocalyx structure provides The effective osmotic pressure created by the endothelial
glycocalyx varies from the osmotic pressure hypothesized by Starling driven by the

difference in pressure across the wall of the capillary as shown in Figure 1.1(108-110).
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Classic Starling Equation
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Figure 1.1: Blood Vessel lllustrating Starling Hypothesis and the Endothelial Glycocalyx
a. Shows a cross section of the capillary wall. The endothelial cells are lined with eGLX on the luminal surface and a basement membrane that lies between the endothelial cell

and the pericyte.

b. A magnified illustration of the forces that account for the movement of fluid and molecules across the capillary wall. It demonstrates the difference between the classical
Starling Hypothesis and the Revised Starling Hypothesis with the eGLX present. Jv= Transendothelial solvent filtration per second, Pc= Capillary Hydrostatic Pressure,
Pi=Interstitial hydrostatic pressure, mi= interstitial oncotic pressure, mc= plasma oncotic pressure, Lp= hydraulic conductivity of the membrane, S= surface area for filtration, o=
reflection coefficient.
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1.4 ENDOTHELIAL GLYCOCALYX
1.4.1 STRUCTURE AND COMPOSITION OF ENDOTHELIAL GLYCOCALYX

The presence of the Endothelial Glycocalyx (eGLX) was first hypothesized as a porous
protein layer that plays a role in the development of oedema in 1940(111). The eGLX is a
carbohydrate-abundant coat that lines the inner most luminal layer of vascular endothelium.
It is comprised of anchoring core proteins with GAG chains at specific attachment sites
forming a mesh of fibrous molecules(112). The main core proteins that form the structure of
the eGLX are the syndecans and glypicans (113,114) and the most common occurring GAG
chains are heparan sulphate, chondroitin sulphate, both of which covalently linked to
glycoproteins, and hyaluronan (115,116). They serve as the contact barrier between the
endothelial cell layer and blood contents as they flow through the vessels(117,118). The
components of the eGLX varies in different tissue types (119) depending on the function
needed by the eGLX (120) through specific core proteins that determine the quantity and
location of each GAG chain as shown in Figure 1.2(121).

The sulphate group in the proteoglycans and glycoproteins gives the membrane bound layer
a negatively net charge(112). The repelling function of the negative charge is important in
controlling and limiting the movement of plasma proteins across the capillary wall, most
importantly albumin(122). The eGLX is responsible for maintaining microvascular and
endothelial physiology, thus lines all healthy vascular endothelium(123,124). The depth and
thickness of the eGLX is varying in different vessel thickness and in different vessel
structure(125,126). While it was first postulated that the eGLX has a thickness ranging
between 10 to 30 nm(127), succeeding experimentation provided evidence that it occupies a
significantly bigger thickness ranging between 0.5 pm to several micrometres(128).
Visualising the dimensions of the endothelial glycocalyx is challenging (129) as studies have
shown that the structural thickness is significantly underestimated in vitro in comparison to in

vivo due to the fragility of its structure (130,131).
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1.4.2 FUNCTION OF THE ENDOTHELIAL GLYCOCALYX:

The eGLX is responsible for maintaining microvascular and endothelial physiology. For
starters, the eGLX has an evident role in protecting the endothelial cell layer from
mechanical shear stress created by flow of blood(132,133). Another protective capacity
provided by the eGLX is limiting the effect of oxidative stress on the endothelial cell
layer(134). One mechanism that helps reduce the enzymatic mediators of oxidative stress is
the presence of heparan sulphate and hyaluronan, which hinders the effect of oxygen
radicals and maintains the availability of the vasoprotective nitric oxide(112,135,136). An
experiment demonstrated the upregulation of incorporating sulphated sugars in the
composition of the eGLX through a change in size and distribution when exposed to
oxidative stress(137).

An important role of cascading effect is the binding of cytokines to eGLX(60). Similar to the
effect of cytokines on other cellular mechanisms, cytokines have an effect on the synthesis
of eGLX to accommodate for local and systemic physiological and pathological
changes(138,139). The eGLX has also been shown to have a role in limiting the
extravasation of LDL molecules from the plasma for cellular uptake(80,140).

Regulation of vascular permeability is the most prominent role evident in the pathological
states that affect the eGLX(141). The selectivity of the eGLX is based on size and charge of
solute (e.g. albumin). The layered structure of the endothelial glycocalyx allows the selective
passage of water and solute as they cross through the varying porous sizes(142).

Another important characteristic that enables the eGLX to regulate vascular permeability is
its electrostatic negative property(143). Charged dextrans used in experiments have
demonstrated that negatively charged molecules are not filtered across the capillary wall,
while positively charged molecules become bound and retained by the eGLX to be filtered
through the capillary wall(144).

In addition to serving as a mechanical barrier against the inadvertent adhesion of platelets

and leukocytes to the vascular wall, the eGLX provides specific binding sites for
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anticoagulant enzymes such as antithrombin IIl and tissue factor pathway inhibitor (145) on

heparan sulphate(146).

1.4.3 VISUALIZATION TECHNIQUES USED FOR DETECTION OF THE
ENDOTHELIAL GLYCOCALYX

Oxidative stress, caused by hyperglycaemic states, leads to morphological changes within
the vascular endothelium. Visualizing the changes that lead to increased permeability is
paramount for the development of effective treatment and prevention of diabetic
retinopathy(147).

The use of effective imaging techniques poses a crucial opportunity to enhance our
understanding of the role of the eGLX in the vascular endothelial. The effect diabetes has on
vascular permeability provides a mean of understanding the mechanism and structural
composition with which the vascular endothelial layer is able to function. The morphological
changes observed in diabetic endothelial models can explain the altered functional ability of
the endothelium to maintain homeostasis(148). Understanding the physiological role of the
endothelium in maintaining homeostasis and the pathogenesis of diabetic vascular
impairment provides an effective and vital breakthrough to better advance management and
prevention of diabetic comorbidities. The increased vascular permeability in diabetes affects
the molecular transport needed to maintain homeostasis. Novel imaging techniques such as
high-resolution electron microscopy can be used to develop 3D electron tomographic
reconstruction to better understand the altered compositional and structural change
observed in diabetic vasculopathy(147).

Several methods have been utilised for direct visualization of the eGLX. Most commonly
through the use of fluorescently labelled lectins that bind to specific sugar molecules on the
GAG chains(112).

The first attempts at visualising the eGLX took place in 1966 through the use of ruthenium
red as a stain and imaged using an electron microscope. The use of ruthenium red is due to

its cationic charge, thus binding to the negatively charged acidic mucopolysaccharides in the
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eGLX and resulting in electron densities when osmium tetroxide is present(127). Thereafter
came the use of gold colloids and immunoperoxidase labelling (149,150). Followed by the
use of positively charged ferritin to provide an outline of the eGLX, which illustrated a
thickness much higher than the 20 nm previously viewed and tested its dependence on
plasma proteins to maintain its framework(151).

Direct in vivo visualisation of the eGLX was performed to provide an estimated
measurement of the thickness of around 0.5 pm. It used a FITC dextran plasma tracer that is
not permeable to the eGLX to compare the functional diameter available for blood
components to occupy as they flow(128).

Achieving the highest resolution through electron microscopy is limited by the sample
preparation method used, as fixation and processing of the sample alters the structural
composition(106). The physical and physiological structure of the eGLX makes it fragile and
challenging to fix. The eGLX in its innate form is a hydrated gel-like structure (139), loss of
the water component will thus lead to a change in the dimensions. When preparing the
eGLX for imaging, the tissue undergoes several processes during fixation that may cause its
dehydration(152). These include the use of alcohol for dehydration and resin embedding, as
well as the general decrease of extracellular components, which may aid in providing a
hydrated environment for maintaining the eGLX(153).

Visualising attempts that eliminate the use of dehydrating steps have provided promising
results (154-156), however the use of electron microscopy remains lacking in providing the
precise and min spatial resolution required to understand the structure of the eGLX.
Additionally, the glare caused by the fluorescein dye reduces from the resolution of the
image produced and creates imaging artifacts(157).

Finally, it is of importance to discuss the use of high-pressure freezing method to preserve
the structure of the eGLX for visualisation. Through the use of rapid freezing methods, water
is sublimated. Thus, permits the conservation of the hydrophilic structure and prevents the
collapse of molecular structure, all necessary to visualise the eGLX(158). These methods

provide higher detection ability of smaller structural changes that are needed to demonstrate
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functional roles played by the eGLX and how they are affected in disease states(157). They
have provided results closest to the mathematical predictions and in vivo experiments of the

eGLX thickness and structure thus far.

1.4.4 VISUALIZATION METHODS

1.4.4.1 Light Microscopy
The first compound microscope, first invented in 1590, were used in visualising biological

microorganisms from the start. Soon after, a diverse array of changes allowed for the
invention of different types of microscope instruments based on the original technique of a
compound microscope(159). While the concept of a confocal microscope dates back to the
1950s, it wasn't used in research laboratories until the 1980s. Since then, drastic
improvements to the instrument have allowed the confocal microscope to remain in
use(160).

While the use of light microscopy compromises the resolution in comparison to the electron
microscope, it allows the visualising of viable hydrated cell structures(161). Thus it provides
an advantage when viewing highly dynamic and fragile structures such as the eGLX.

One way of visualising the eGLX using the confocal microscope is through the use of lectins
that bind to specific carbohydrate moieties and 3D structures(162). The most frequently
utilised lectins in viewing the eGLX are lycopersicon esculentum agglutinin (LEA) and wheat
germ agglutinin (WGA)(163). The biggest limitation of using lectins in the case of eGLX is its
inability to visualise specific structural and compositional change. Lectins are typically
combined with the use of fluorescent dyes to image particular structures that make up the
eGLX(164).

Means of visualising the eGLX include using optical microscopy that have been recently
developed and utilised include the Stochastic Optical Reconstruction Microscopy
(STORM)(165). STORM is one of the few super-resolution imaging techniques that
increases the optical microscope imaging spatial resolution by over an order of magnitude

down to few nanometres(166). Thus, it has been used to visualise and study biologic
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samples at the molecular level(167). The ability to achieve images of biological events using
single-molecule-based super-resolution imaging provides vital opportunities to examine

molecular scale structural knowledge(168).

1.4.4.2 Electron Microscopy
The 1924 de Broglie theory compared a moving electron to a light wave, alongside a

demonstration by Busch that an electron beam can be focused through the appropriate
shaping of magnetic or electrostatic fields to create an image led to the development of the
technique of electron microscopy(169-171). Electron microscopy (EM) is a technique used
to produce high resolution images of the biological and non-biological specimen
ultrastructures through a focused beam of electrons(172). The first electron microscope, built
in 1932 by Knoll and Ruska (173), lacked a condenser lens and produced lower resolution
images than optical microscopes(174).

The ability of electrons to produce high resolution images lies in their very short wavelength
property of negligible mass. Furthermore, electrons have low penetrating ability, thus can
only be used to visualise ultrathin structure. Specimens and slides must be carefully and
critically prepared using the suitable technique, depending on the tissue type, for optimum
visualisation(175).

There are two main types of electron microscopes, Transmission Electron Microscope
(TEM) and Scanning Electron Microscope (SEM). The difference lies in the ability of the
TEM to, as the name suggests, be transmitted through the structure it is illuminating to
produce a 2D image of the internal features(176). TEM through interpretation of loss events,
provides the most powerful combination of spectral and energy resolution(177). SEM
however scans the surface of the structure, usually of thicker depth, to produce a 3D image.
In the case of endothelial glycocalyx, TEM has been the method of viewing since the first
visualisation attempts(127,178,179). Different techniques have been used but they all
involve the use of a heavy metal and usually perfusion fixing rather than post staining. The

use of SEM was limited by low resolution(180,181).
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The first image produced of the Endothelial glycocalyx by TEM showed a gap of thin filament
between the red blood cells circulating and the endothelial cell layer. The thin filament,
described as scanty material, seemed to also fill the space junction between the endothelial
cells(182). Since then, several techniques of staining and fixation methods have been
developed and attempted to provide better visualisation and understanding of the endothelial
glycocalyx(125,183). Stabilisation methods that use cationic probes have advanced imaging
of the eGLX. These include ruthenium red (184) and alcian blue (185), which improve the

reduction of osmium, thus increasing the eGLX polysaccharide electron density(186).

1.5 BASEMENT MEMBRANE

Three decades after the discovery of the vascular changes observed in diabetic retinopathy,
a study described the increase in thickness of the vascular wall with a higher intensity in
basement membrane staining(187). After which the development of electron microscopes
enabled the first investigation of the basement membrane in diabetic states in muscle
tissue(188). The findings then prompted a streptozotocin induction of diabetes in rats to
study the changes of basement membrane(189). All vascular studies in diabetic retinopathy
provided evidence of increased basement membrane thickness as the earliest and most
prominent vascular structural changes(190-192).

The observation has led a new approach of experiments to attempt to correlate the
increased permeability with the paradoxical basement membrane thickening(193,194).
Deposition of extracellular matrix has been recognized as one of the mechanisms that leads
to the increase in thickness of the basement membrane in hyperglycaemic states. Studies
showed a compositional change in the basement membrane in diabetic tissue through the
upregulation of Fibronectin and Collagen IV expression(195). The role of the basement
membrane is suggested to be compromised in diabetic pathogenesis due to changes in
composition. The cross linking and glycation of its filaments into bundles that contributes to
the increased permeability(193). Thus far, evidence has suggested the increase in thickness

has a contributary role in the development of increased permeability. The impairment in the
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ultrafitering barrier on the endothelial lining has been discussed by many as the possible
cause of basement membrane changes(196,197). The hypothesis we address in our

experiments is the effects of changes in the eGLX on the basement membrane thickness.

1.6 SPHINX-31

Vascular endothelial growth factor (VEGF) A is a highly specific endothelial cell inducer of
angiogenesis. Additionally, VEGF regulates the synthesis and cleaving of
glycosaminoglycans that constitute the eGLX(198). Studies have supported evidence of the
critical role it plays in development of neovascular eye diseases, including diabetic
retinopathy(199,200). There are different isoforms of VEGF-A, each with a different role. The
alternative splicing of the 8 exon VEGFA gene determine which isoform is synthesized(201).
The two isoforms most relevant to diabetic retinopathy include the pro-angiogenic
VEGFA165a and anti-angiogenic VEGFA165b(202). An imbalance favouring VEGFA165a
synthesis leads to excessive angiogenesis observed in diabetic retinopathy(203).
Furthermore, VEGFA binds to VEGF Receptor 2 (VEGFR?2) induces its phosphorylation and
activates intercellular signalling cascades, that are essential for endothelial cell survival,
proliferation and motility(204). Fast effects of VEGFR2 phosphorylation include increased
permeability through destabilization of endothelial cell junctions such as VA-Cadherin(205).
Other slower acting effects of VEGFR2 include the protective and restorative activity on the
eGLX(206).

Several Serine-Arginine protein are responsible for the regulation of VEGF splicing, one of
which being serine arginine-rich splicing factor 1 (SRSF1).(207) SRSF1 is phosphorylated
by the Serine-Arginine Serine Kinase (SRPK1) gene(208). SPHINX31 is an SRPK1 inhibitor,
thus has been suggested as a potential therapeutic agent in various vascular diseases such
as diabetes(209).

Previous studies have been able to provide evidence of its efficacy in restoring a functional
balance between pro-angiogenic and anti-angiogenic protein(208). It's pharmacokinetic

properties as well as its potency as a topical agent in the eye present an opportunity for
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advancement a suitable treatment for different diabetic complications(210). The purpose of

this study is observe its effect on diabetic retinopathy as a topical agent.

1.7 EXT GENES

Exostosin Glycosyltransferase 1 (EXT1) and Exostosin Glycosyltransferase 2 (EXT 2) are
protein coding gene located on chromosome 8. The EXT proteins are reported to have a
vital role in formation and elongation of the Heparan sulphate glycoprotein backbone
composed of alternating glucuronic acid (GlcA) and N-acetylglucosamine (GIcNAC) units.
The role of EXT1 involves encoding for an endoplasmic reticulum-resident type |l
transmembrane glycosyltransferase necessary for the chain elongation step of heparan
sulphate biosynthesis(211-213). Mutation of EXT1 is reported in hereditary multiple
exostoses type |I. Due to the gene’s tumour suppressor role, loss of its function leads to
formation of multiple osteochondromas and affecting the development of bone leading to
skeletal deformities, including limb length discrepancy(214,215). Alternatively, experiments
involving EXT2 mutations did not exhibit negative effect on the production and function of
Heparan Sulphate as observed in EXT1 mutations. The glycosyltransferase activity of a fully
functioning EXT1/EXT2 protein complex bring about more heparan sulphate production than
the sum of EXT1 or EXT2 proteins when present separately(212). It has been hypothesised
that EXT2 gene dose not have direct involvement in the hepran sulphate glycoprotein chain
elongation process but rather in enabling the folding and transportation of necessary
proteins to the Golgi apparatus complex by EXT1(216). Additionally, studies on individuals
with EXT1 mutations have reported their role in maintaining endothelial homeostasis through
their ability to increase Nitric Oxide bioavailability(217).

This finding supports the compositional function played by heparan sulphate glycoprotein
within the endothelial glycocalyx in flow-mediated dilatation(218,219).

The biological function of heparan sulphate is determined by the location of the sulfate
groups and the length of the polysaccharide chain. Thus different heparan sulphate

proteoglycans differ in specific binding sites for different specific proteins, while other
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proteins bind non-specifically to negative regions on the polysaccharide chain(220). Even
though the structure of heparan sulphate proteoglycan chain is cell-specific, it remains
dynamic and responsive. It is adjusted through cell signalling process to the developing
cellular needs and surrounding(221).

The role of the EXT genes is involved in catalysing the initiation and chain elongation on a
proteoglycan backbone. It works alongside N-deacetylase/N-sulfotransferase and
O-sulfotransferase involved in chain sulfation. The glucosaminyl N-deacetylase/N-
sulfotransferase act as the first modification enzymes that initiate the work on the growing
heparan sulfate polysaccharide chain along the proteoglycan backbone(222). EXT1 and
EXT2 genes carry out several in vitro glycosyl transferase activity (212,223) by acting as
polymerizing enzymes that define the sulphation pattern. The end result pattern of the
heparan sulphate proteoglycan will determine which of the target molecules involved in the
function of the eGLX are to be able to bind(224,225).

The role of heparan sulphate chain and its pattern has been previously assessed in states of
vascular pathogenesis through observation of changes in the eGLX as a functioning
barrier(226,227). Gene targeting can be used to inhibition EXT1 gene to further understand
the role of heparan sulphate as a core protein of the eGLX(221). Additionally, heparan
sulphate proteoglycan has been reported to have a functional role as a VEGFR2 co-receptor

by facilitating its angiogenic activity(228).

1.8 CRE/LOX SYSTEM

The CRE/LOX system is made up of two key components, the Cre recombinase and the
LoxP as the recognition site(229). The components are produced, extricated, and adapted
from P1 Bacteriophage. The components do not occur naturally in any other species, thus
acts can be controlled to act on specific intended genes. The loxP is made up of 13 (x2)
base-pair recognition sites separated by an 8 base-pair spacer region(230,231). The loxP
component are always used in pairs that flank the selected gene(232). The Cre is inserted in

a gene that is expressed in specific tissue to enable tissue selectivity of gene targeting. In
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the case of EXT1 gene expression in endothelial cells, VE-Cadherin is selected as the tissue
specific promoter for the Cre location(233).

The direction of the two loxP components in relative to eachother determines the gene
expression alteration. While same direction loxP components lead to irreversible excision of
the targeted gene that lies in between, oppositely orientated loxP components lead to

reversible inversion of the targeted gene sequence that flips back and forth indefinitely(234).

1.9 AiMs AND OBJECTIVES

The importance of the eGLX in maintaining the capillary wall as an imperfect semipermeable
membrane needed to form the ultrafiltrate and maintain equilibrium between intravascular
and extravascular fluid compartments has been well reported(106,235). The evidence has
been supported by the effect of damage to the eGLX seen in disease states on increasing
permeability(236,237). However, there remains a gap in our knowledge of the structural
change in the eGLX that causes the increased permeability. Therefore, the scope of this
research will aim to explain some of underlying causes that lead to the increased

permeability observed in diabetic vasculature.

1.9.1 STRUCTURAL CHANGE OF EGLX

The structural changes in the endothelial glycocalyx that lines the vascular endothelium in
diabetic capillaries will be thoroughly discussed and investigated. The retinal capillaries will
be the focus of visualising these changes. A range of advanced imaging techniques and
tissue preservation methods will be employed and tested to visualise these structural
changes. These include transmission electron microscopy and high pressure freezing. The
LaDy GAGa staining method, has provided the most valuable tool established to visualise
the structural change, will also be utilised.

Images will then be analysed using ImageJ (238) for a change in depth and percentage
coverage of the eGLX. The images are categorised based on being perfused or not
perfused, then subcategorised on whether the eGLX is present lining the endothelial cells or

having been shed due to perfusion. The eGLX’s role in permeability must be analysed
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alongside other vascular wall permeability barriers, including tight junctions and basement
membrane. Thus, the thickness of the basement membrane in retinal capillaries will also be
measured.

Based on preliminary data (Figure 1.3) previously carried out, we believe there is a decrease
in depth and percentage coverage of the eGLX but no change in the thickness of the
basement membrane. The data used is from diabetic mice, see Appendix | for an example of

the experimental plan.

Basement

Membrane
Endothelial

Glycocalyx

Endothelial cell

Pericyte

Figure 1.3: Transmission Electron Micrograph of Retinal Capillary.
A transmission electron micrograph showing the presence of endothelial glycocalyx perfusion fixed and stained

with the LaDy GAGa method in a diabetic mouse sample. Endothelial glycocalyx is visualised by the appearance
of dark staining with the basement membrane present between the endothelial glycocalyx and the pericyte.
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CHAPTER 2: METHODOLOGY

2.1 TREATMENT OF MICE

For this study, ethical approval was required as experiments involving mice took place. All
experimental animals were treated in accordance with the ARVO statement for the Use of
Animals in Ophthalmic and Vision Research at the University of Nottingham (UoN) Biological
Services Unit (BSU) under the UK Home Office licence PPL 30/3184 for the
diabetic/SPHINX31 experiments and Home Office licence P3E735452. Thus, the most
compassionate ways to cull the mice was ensured and in-vivo work was carried out by

trained and certified individuals (Claire Allen & Penny Lohrer).

2.2 DIABETIC AND SPHINX-31 TREATED EXPERIMENT

30 Female DBA2J mice were used; 15 served as non-diabetic controls and 15 mice were
randomly selected to become diabetic. After diabetic status was achieved, 4 of the diabetic
mice were randomly selected for a SPHINX-31 treatment as a pilot study to observe its
effect on permeability. Randomised selection of the mice treatment was implemented by
blind selection of a treatment option from an envelope for each mouse.

The experiment only included female mice to eliminate any sex-based differences. Female
mice were selected to decrease the weight increase likelihood that is observed in male mice,
as weight is a direct confounding factor in diabetes. Female mice provide less varying weight
measurements as experimental subjects. While it has been previously reported that female
mice are resistant to diabetic induction with STZ, more recent studies have reported no
difference in diabetic progression between the sexes(239). The mice were age and weight
matched at 22 weeks and over 20 g, respectively. The only exclusion criteria was a weight
below 20 grams and lean mice were chosen to ensure that diabetic state was a result of STZ

treatment exclusively.

2.2.1 INDUCING DIABETES

On day 0, diabetic induction of the diabetic mice was started by an intraperitoneal injection

of Streptozocin (STZ). STZ acts as an islet cell ablating agent that is taken up by the GLUT?2
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transporter on pancreatic B cells by having a structure similar to glucose(240). Uptake of
STZ by B cells lead to its alkylation of its DNA, resulting in inflammation and consequently an
infiltrative immune response of lymphocytes that destroys them. A lack of insulin producing
B cells mimic a state of insulin dependent diabetes, thus causing hyperglycaemia. Diabetic
induction by STZ is more feasible than the use of genetical or viral induction and more
favourable than chemical induction by alloxan for having a wider diabetogenic dose(241).
STZ dose was prepared by dissolving 10 mg of STZ in 2 ml of 0.1 M citrate buffer solution
with an adjusted pH of 4.5 to create a 5mg/ml STZ solution. The doses were prepared, filter
sterilised and stored on ice for 20 min before being administered.

A dose of 40mg/kg was given to each mouse in the diabetic and SPHINX-31 treated group.
To induce diabetes more effectively, STZ was given after a 6-hour fasting period to increase
the uptake rate by B cells. In order to prevent death from hypoglycaemic state due to the
rapid glycaemic fluctuation, a 10% sucrose was given alongside food after each dose. STZ
doses were repeated up to 5 times until hyperglycaemia (blood glucose > 15 mM) was
achieved. The use of several smaller doses of STZ was found to decrease remission rates
of diabetes (242) and avoids the risk of toxicity to the kidney(243). The welfare and weight of

the mice was monitored daily during this period.

2.2.2 MONITORING DIABETES

2.2.2.1 Blood Glucose Levels
Blood glucose level was measured prior to administering of STZ and consistently throughout

the experiment to ensure that diabetic state was achieved. Blood samples were taken
through a venous puncture with the use of a 25-gauge needle and glucose measured using
an Accu-Check glucose monitor. Successful induction of Type 1 Diabetes was set at a blood

glucose measurement > 25 mmol/l.

2.3 EXT1 KNOCKOUT EXPERIMENT

To ensure the activation of the EXT1flox/flox with Tamoxifen, two control groups was used.

To establish that the observed results were due to the controlled and selective Cre activity
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rather than background expression of the loxP component independent from the Cre, a
control group was needed lacking a Cre component (Extio¥loxyVEYWt + Tamoxefen). The first
control group was therefore homozygous with the loxP pair components EXT1"ox gene but
without the Cre present. Thus, the EXT1 gene were expected to be expressed as in the
general strain population.

Furthermore, for experimental purposes that require data before and after the effect of the
gene targeting, the Cre component was controlled by an inducible promoter or regulator. In
which case, the Cre component was not expressed until the promoter is added, thus setting
the Cre/lox in effect. In order to ensure the controllability of Cre activity, a second control
group was necessary that contained the Cre component but was not given the inducer
(Extfllodflox;\/Ecremt + \/ehicle).

The second control group had a genotype of EXT1"x with the Cre present in the VE-
Cadherin. All of which identical to the experimental group. However, this group was not
given a Tamoxifen dose to induce the gene inhibition by the Cre.

Previous studies have targeted heparan sulphate synthesis through the use of the loxP-Cre
activated system in different cell-types (e.g. bone and central nervous system) specific(244).
Confirmation of the success of heparan sulphate inhibition in Cre activated experimental
groups in these studies was achieved by the use immunocytochemistry with a monoclonal
antibody that binds to heparan sulphate(245). Additionally, these studies demonstrated the
incompatibility of EXT1 null phenotypes with life, where all experimental animal subjects led
to fetal lethality due to gastrulation abnormality(246). Thus, emphasizing the advantage of
using the Cre/lox system to produce selectively heterozygous inhibition of one copy of the
EXT1 gene.

For the purpose of this study, VE-Cadherin was selected as the Cre driver for being a strictly
endothelial cell specific adhesion molecule(233). Genetic testing was performed to confirm
the genotype of each mouse conforms with their experimental group. However, genetic

testing is unable to confirm inhibition of the EXT1 gene or Cre specificity to endothelial cells.
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2.4 ALBUMIN DETECTION

Weekly urine samples were obtained starting from Day 0. Each mouse was isolated in a
metabolic cage with water for fluids and an enrichment diet until a minimum amount of 50 pl
of urine was obtained for analysis. Albumin Creatinine Ratio (ACR) was measured using
Enzyme-Linked Immunosorbent Assay (ELISA). Mouse albumin specific capture antibody
added to 50 pl of urine in wells at a concentration of 1:10,000. Albumin specific biotinylated
detection antibody was then added to the well before being washed thrice to remove
unbound excess antibody. Streptavidin-Peroxidase Conjugate and TMB (3,3'5,5'-
tetramethylbenzidine) were added to the wells and incubated for 20 mins at room
temperature. A stop solution of Sulfric Acid turns the solution yellow on acidification, with the
density of the colour being proportional to the concentration of albumin in urine. A
measurement of the density was taken to ensure that albuminuria, a complication of

diabetes, had occurred, thus reflecting the progression of the disease.

2.5 FUNDUS FLUORESCEIN ANGIOGRAPHY

It is predicted that retinal vascular permeability will start increasing from Day 14 and further
progress the following 2 weeks(247). To observe the change in retinal vascular permeability
predicted to occur after inducing diabetes, Fundus Fluorescein Angiography (FFA) was
performed at Day 0 and Day 21 on all mice. Mice were anaesthetised with a solution of
Ketamine (50mg/kg) and Medetomidine (0.5mg/kg) and eyes dilated with phenylephrine

hydrochloride (2% w/v) and Tropicamide (0.5% wi/v).

2.6 EUTHANASIA AND PERFUSION FIXING

The mice were euthanised using a lethal dose of sodium pentobarbitone (Lethobarb, Ayrton
Saunders Ltd, Liverpool, UK) and kept on a heat pad for 20 min or until terminally
unconscious. The abdominal aorta was clamped below the renal branches to ensure that the
buffer was directed to the kidneys and did not accumulate in the tail. The diabetic and non-
diabetic group of mice were euthanised on week 8, while the SPHINX-31 (Figure 2.1) and

EXT1 (Figure 2.2) treated mice on week 12. Four different buffer solutions (Table 2.1) were
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made. An incision was rapidly made in the thorax to enable intracardiac perfusion fixation

using the LaDy GAGa method. Next, the left side of the heart was perfused at 60mmHg

pressure using a blunt 24-guage needle with Buffer 1 (room temperature, pH 7.5) to flush

with the positively charged lanthanum and dysprosium ions ,which bind to and stain

negatively charged glycosaminoglycans(248). Followed by, perfusion of Buffer 2 (room

temperature, pH 7.5) until the mice were stiff.

The use of heparan as an anticoagulant was avoided in all buffer solutions during perfusion

to prevent any damaging reaction with the eGLX or reacting with lanthanum and preventing

it from staining the eGLX. Fixing the tissue inactivates proteolytic enzymes present in tissue,

which may degrade and decontaminate it.

1L of Mammalian Ringers solution (Buffer 0) consisted of:

6.72g of NaCl
0.42g of KCI
0.24g of CacCl,
1.80g of Glucose

1.31g of HEPES

900ml double distilled water

Table 2.1: The composition of the buffers used for perfusion fixing of the mice.

Buffer 1

Buffer 2

Buffer 3

100ml Buffer O
0.59 LaN03.6H20

0.5¢g of DyCls;.6H-0

Buffer 1

2.5% Glutaraldehyde

2% Sucrose

Buffer 0
2.5% Glutaraldehyde

2% Sucrose
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Figure 2.1: Diabetic/SPHINX-31 Pilot Study Experiment Timeline.
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Figure 2.2: EXT1 Pilot Study Experiment Timeline and Breeding Genotypes.
2.7 TISSUE SECTIONING

Excision of both eyes was performed using surgical scissors and fine forceps. The right eye
was then isolated in Buffer 3 (pH 7.5) in a 12-well plate on ice. While the left eye was
immersed in phosphate buffered saline (PBS) in 1.5 ml falcon tubes and placed on ice. The
purpose of the PBS was to preserve the osmotic conditions and prevent the tissue from
drying out while the ice was necessary to slow down the enzymatic degradation of the
tissue. The left eye was then dissected into 4 separate petals under a light microscope. 2
petals were immersed in Mammalian Ringer's before being scheduled for high pressure
freezing the same day, 1 petal was fixed in paraformaldehyde (PFA) for cryosectioning and

the final petal was also fixed in PFA and scheduled for Isolectin B4 staining at a later date.

2.8 RESIN EMBEDDING
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In preparation for samples to be imaged by TEM, they were embedded in resin to enable
sectioning at 70 nm thickness. The fixed eye tissue was isolated, washed with cacodylate
and transferred into 0.1M sodium cacodylate buffer (pH). The next step involved the fixing of
lipids and staining the sample using 1% Osmium Tetroxide (OsQO,) for 1 hour. Followed by a
rinse with 0.1M sodium cacodylate buffer and a second rinse with 18.2MQ deionised water
(ddH20) to discard of potential artefacts. The tissue samples were then left overnight in
Uranyl acetate at 4°c to be stained and achieve further contrast. The use of Lead citrate was
excluded from the process to avoid the loss of eGLX visibility. After which, they were
washed twice with ddH,O for at least a min to remove excess uranyl acetate.

The dehydration process involved a series of 20 minutes immersion sessions in ascending
ethanol solutions (70%, 90%, followed by a triple wash of 100% ethanol) to allow the
transitional replacement of the water content of the tissue. Propylene oxide, while insoluble
in water is soluble in ethanol and was used to transfer to epoxy resin (itself with limited
ethanol solubility). Propylene oxide was used to act as a transition solvent between the
alcohol dehydrations and epoxy resin (Araldite). Starting by 100% propylene oxide, followed
by 1 hour in 2:1 propylene oxide: resin, 1 h in 1:1 propylene oxide: resin, 1 h in 1.2
propylene oxide: resin, ending with 100% resin left overnight. They were then moved into
suitable plastic moulds filled with 100% resin and polymerised for 48-72 hours at 60°C. Once
polymerized, the resin block is sufficiently hard and inert, allowing thin sectioning of the

tissue.

2.9 IMAGING

The samples were dried before going to the TEM (Technai T12 Biotwin), where micrographs
were captured under 100kV. Using the TEM, the 70nm thick sections of the retina with the
choroid still intact were examined and imaged. Low magnifications of 1050x with a 62 x 85
pm field of view were used to image the whole thickness of the retina to form a full thickness
image to demonstrate the different anatomical layers that constitute the retina (Figure 2.3).

Low magnification of 2,250x was also used to scan through the tissue sample and locate the
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blood vessels. Once a blood vessel is identified, various higher magnifications typically in
the ranges of 16,500x and 60,000 x with a 1 x 1.5 um field of view were used as necessary
to provide images for analysing the basement membrane and endothelial glycocalyx,
respectively. Additionally, it was necessary to use the suitable higher magnification to
identify endothelial cells, pericytes and intercellular spacing. The endothelial glycocalyx was
distinguished by a visible dark stain. While all layers where inspected for blood vessels, they
were most prominent in the Nerve Fiber Layer. Additionally, as part of the eGLX project,

images of capillaries were taken from other organs (Figure 2.4).

Figure 2.3:Montage of the Full Thickness of Retina Demonstrating the Different Layers
TEM images of perfusion fixed retinal capillary from DBA2J female mice showing the different layers of the retina

including: Inner Layer Membrane (ILM), Nerve Fibre Layer (NFL), Ganglion Cell Layer (GCL), Inner Plexiform
Layer (IPL), Inner Nuclear Layer (INL), Outer Plexiform Layer (OPL), Outer Nuclear Layer (ONL), Layer of Rods
and Cones (R&C), Pigmented Layer (PR), and Choroid (Crd).

A indicates location of capillary vessels imaged for analysis in the Nerve Fiber Layer.
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Figure 2.4: Endothelial Glycocalyx in Different Tissue Types

Images A-F are TEM images of perfusion fixed capillaries from DB2J female mice (A) an example of a heart
muscle tissue capillary of a diabetic mouse. Figure (B) a higher magnification of heart tissue that demonstrates
the presence and staining of eGLX.. Figure (C) an example of a brain tissue capillary of a diabetic mouse. Figure
(D) an example of a retinal tissue capillary of a diabetic mouse. Figure (E) is a higher magnifiction of retinal to
demonstrate the presence and staining of eGLX. Figure (F) an example of a retinal tissue capillary of a diabetic
mouse.

endothelial glycocalyx (eGX), Endothelial Cell (E ), Endothelial Cell Nucleus (EN), Junction (Junc), Basement
Membrane (BM), Pericyte (P), Mitochondria (Mit), Z line (Z), and Myofibrin (Myf).
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2.10IMAGE ANALYSIS

All images were analysed using ImageJ software(238)(https://imagej.net). Low magnification

micrographs were essential to capture whole blood vessels needed to measure things such
as % coverage of glycocalyx on endothelium and basement membrane thickness, while high
magnification micrographs were essential to capture close detail of structures as tight
junctions and the properties and appearance of the glycocalyx both associated with and
detached from the endothelium. The variety in images allows a thorough comparison
between diabetic mice to controls.

Blood vessel images were grouped into well-perfused and non-perfused depending on the
presence of blood cells within the lumen. The well perfused were then categorised based on
whether any eGLX remained intact and attached to the endothelial surface of the lumen into
excessively-perfused when lacking in intact eGLX and sufficiently-perfused when the eGLX
was visibly intact and attached the endothelial surface. The non-perfused and the
excessively-perfused vessels were eliminated from the images used for eGLX analysis due

to the inability of the LaDy GAGa method to stain it for suitable visibility. (Figure 2.5)

Red
Blood
Cell

WA
0.5 um B

Figure 2.5: Categorising Retinal Capillaries.
Images A, Bi and Bii are TEM images of perfusion fixed retinal capillary from DB2J female mice (A) an example

of a non-perfused vessel of a diabetic mouse (Bi) a standard perfused control (non-diabetic) retinal capillary. (Bii)
illustrates the visibility of the endothelial glycocalyx in a perfused vessel.
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2.10.1 ENDOTHELIAL GLYCOCALYX PERCENTAGE COVERAGE

The freehand tool on ImageJ was used to draw a distinctive line the luminal surface of the
blood vessel to quantify its luminal total surface area. Next, the freehand tool was used to
mark the luminal surface where the eGLX was present and adherent to the surface to
quantify the length covered by the eGLX. The eGLX coverage was then calculated as a
percentage using the following equation:

Length of Endothelial Surface Covered by eGLX (um)
eGLX Percentage Coverage (%) = Length of Endothelial Surface (um) x100

2.10.2 BASEMENT MEMBRANE THICKNESS
In order to calculate the mean basement membrane thickness for each mouse, a minimum
of 5 blood vessels were imaged. To avoid local variation more than 100 individual
perpendicular lines were drawn across the basement membrane, chosen at random and
spaced at 0.1 um intervals, for each blood vessel. Care was taken to ensure the shortest
distance across the basement membrane, though as manually it is conceded that there will
be a systematic overmeasurement of a couple of pixels (typical distance) which is far lower

than the variation within a mouse, and present across all mice groups.

2.11 RETINAL ENDOTHELIAL CELL CULTURE AND VE-CADHERIN
IMMUNOFLUORESCENCE STAINING

2.11.1 CELL CULTURE

The cells were cultured in Dulbecco's modified Eagle's medium containing 20 mM sodium
bicarbonate, 15 ng/ml-1 endothelial cell growth factor (ECGF), 10 U/ml-1 heparin, 100
U/ml-1 penicillin, 100 mg ml-1 streptomycin, 2.5 mg ml-1 amphotericin B, and 20 % fetal
bovine serum (growth medium-A) at 37°C in a humidifed atmosphere of 5 % COZ2/air.
After cell attachment the temperature was reduced from 37 to 33°C to activate SV 40

large T-antigen and the culture medium is changed to DMEM containing 20 mM
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sodium bicarbonate 15 ng/ml ECGF, 100 U/ml penicillin, 200 mg/ml streptomycin, and 10%

FBS (growth medium-B).

The colonies of the other cell types, such as pericytes and fibroblasts, were removed by
aspiration. Following two or three passages, cells were cloned from a single cell by
colony formation and isolated twice from other cells using a penicillin cup. Cells were grown
in Endothelial Basal Medium -2 (EBM-2) (LONZA New Orleans, LA, USA) containing
hydrocortisone. At 80-90% confluence, retinal endothelial were transferred to serum

starved-medium (1% serum) for 24 hours incubation.

2.11.2 VE-CADHERIN IMMUNOFLUORESCENCE STAINING

Cells were grown overnight on cell culture plate at initial seeding density of 4 x 104 cells per
cmz2 . The cells were then covered to a depth of 2-3 mm with 4% PFA diluted in PBS. The
cells were left to fix for 15 min at room temperature. Fixative was aspirated, rinsed three
times in PBS for 5 min each. The specimen was blocked using a blocking buffer (PBS / 5%
BSA) for 60 min then aspirated. The diluted primary antibody (0.2% BSA (1:200) was
applied and incubated on the specimen for 1 hr. Rinsed with PBS 3 times, then incubated in
fluorochrome-conjugated secondary antibody (Alexa Fluor 488-labeled) diluted in PBS / 1%
BSA for 1-2 h at room temperature in the dark. Rinsed three times with PBS for 5 min.
Hoescht (1:10000) with Mitotracker was applied and left overnight at room temperature.

Leica confocal microscope was used for imaging of figure 3.9.
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CHAPTER 3: DIABETIC RESULTS

3.1 IN VIVO EXPERIMENTS

In order to quantify the increase in retinal vascular permeability, a major retinal vessel was
selected and the mean fluorescence intensity within that vessel was recorded 15 frames per
seconds (fps) for a 3 minutes video and compared with nearby tissue (which includes
unresolved capillaries). A preliminary time course was used to for the graph. The graph was
then adjusted according to the regions where there was detectable tissue fluorescence. Any
major vessel saturation was excluded from analysis. A random point (rectangular in shape)
was selected within the major vessel to represent the fluorescent intensity and another
random point (of equal dimension) was selected outside the major blood vessel while
ensuring no visible distinct vessels where observed within that point.(247) The equation
used to calculate the permeability assumes the surface area available for exchange is the

same in both experimental groups (Figure 3.1).

pro <> ke T d<hy>
Flourescein dt 211 L. < ‘1-42 > 2< IVz = dt

Figure 3.1: Fundus Fluorescent Angiography Equation.

Vascular permeability was calculated using the equation provided (229). Due to the regions of interest being a
mixture of capillaries and interstitum knowing the vascular spacing and mean size is important for full
quantification. Ivl=fluorescent Intensity of tissue imaging volume, Iv2= fluorescent Intensity of major vessel
imaging volume, P t=0 fluorescent= initial fluorescent permeability, Lcon= length of vessel in confocal, Vcon=
volume measured in confocal post-euthanasia to contain all the depth field of the vessel plexuses, r= mean
radius of the vessel.

Fundus Fluorescent Angiography was used to calculate permeability on Day 0 of the
experiment and again on Day 21 (Figure 3.2), when diabetic status was achieved through

Streptozocin and confirmed with blood glucose levels higher than 25 mmol/l.
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Figure 3.2: Fundus Fluorescent Angiography

The mean intensity of NaF in the retinal tissue and a main retinal vessel were measured every 200 frames for 3
min. A1) Nondiabetic fundus at Day 1. A2) Nondiabetic fundus at Day 21. B1) Diabetic fundus at Day 1. B2)
Diabetic fundus at Day 21.

Non-diabetic mice showed no significant difference in retinal vascular permeability when
comparing Day 0 and Day 21 (p=0.38). The diabetic group of mice, which at the time
included the Sphinx 31 treated group, followed the predicted trend of having increased

vascular retinal permeability 21 days after inducing diabetes. (Figure 3.3)
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Figure 3.3 Permeability Data
(A) No significant difference in permeability in the Non-Diabetic group after 21 days. (B) Change in retinal
vascular permeability in Diabetic group is statistically significant. *** p<0.0001 using unpaired t-test.

As expected, the levels of Urine Albumin/Creatinine ratio (ACR) increased after diabetic
induction of the diabetic and Sphinx-31 treated group with Streptozocin (Figure 3.4). At week
15, treatment with Sphinx31 reverses the ratio to the normal range expected. The linear fit
between 9 weeks and 15 weeks was extrapolated to 18 weeks to reflect the expected
measurement if the mice had been left alive. ACR ratio was significantly different between
Diabetic group at 15 weeks and Sphinx31 group at 18 weeks (p<0.005). Unpaired t-test was

used to determine significance (**p<0.0005).
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Figure 3.4: Urine Albumin Creatinine Ratio Increases After Diabetic Induction and is Reversed with
SPHINX-31 Treatment.

Diabetic Albumin Creatinine Ratio is increased in Diabetes and reversed after Sphinx31 Treatment. ** p=0.0010
using unpaired t-test.

Basement membrane thickness was measured in a minimum of 5 different blood vessels for
each mouse with the average taken to represent each mouse measurement. More than 100
individual lines were drawn across the basement membrane, chosen at random, for each
blood vessel (Figure 3.5). At 8 weeks post diabetic induction, at the time of culling, there is a
significant increase in basement membrane thickness in the diabetic mice (0.38+0.11)
compared to the non-diabetic group (0.16+0.03) of mice (p<0.00001). Sphinx-31 (0.13+0.03)
treated mice on the other hand, had values similar to the non-diabetic group, and
significantly lower values than the diabetic group (p<0.0001). The diabetic group also had

the highest standard deviation compared to the other two groups. The data is summarised in

Figure 3.6.
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Figure 3.5: Basement Membrane Thickness.
TEM images of perfusion fixed retinal capillary from DB2J female mice (Ai) non-diabetic retinal capillary (Bi)

standard diabetic capillary that shows thickening of the BM. (Aii) & (Bii) are digital zooms to illustrate how the
BM thickness was measured in the images.
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Figure 3.6: Increased Basement Membrane Thickness Measurements in Diabetic Group Compared to
Control and SPHINX-31 Treated groups.
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The graph demonstrates the difference between the three groups of mice with the SD bars. ***p=0.0001 ****
p<0.0001. One-way Anova was used to measure statistical significance and Tukey’s multiple comparison as post
hoc test.

From the mice included in this experiment, 14 were perfusion fixed with the LaDy GAGa
method. All 4 diabetic perfusion fixed mice had visibly stained endothelial glycocalyx, but
only 7 of the 10 non-diabetic perfusion fixed mice had visibly stained endothelial glycocalyx
(Table 3.1). No Sphinx-31 treated mice were perfusion fixed due to COVID-19 restrictions
that impacted the separate day of culling. Therefore, no Sphinx-31 treated mice were

included in the endothelial glycocalyx results.

Table 3.1: Proportion of Mice with Visibly Stained Endothelial Glycocalyx Blood vessels From the total
Number of Perfusion Fixed Mice.

Perfusion Fixed Mice Well Perfused Blood vessels w/ eGLX
Non-Diabetic 10 7
Diabetic 4 4

While all mice in the Non-Diabetic and Diabetic Groups were Perfusion Fixed, not all had sufficiently stained eGLX to
allow data analysis. Only 7 mice from the control (Non-Diabetic) group had visibly stained eGLX. All diabetic mice had
visibly stained eGLX.

Only well perfused vessels that provided visibly stained and attached eGLX were used for
image analysis. A minimum of 10 different locations across multiple blood vessels were used
to calculate an average for each mouse. For the measurement of endothelial glycocalyx
coverage, the percentage coverage was taken by measuring the proportion of the
endothelial surface that was covered by a visibly stained and attached eGLX (Figure 3.7). A
line was hand drawn to cover the whole length of the endothelial surface, and separate
individual lines were drawn to mark the length that was covered by the eGLX. equation in
Section 2.10.1 was used to calculate the eGLX percentage coverage.

There was a significant decrease in the eGLX percentage coverage in the diabetic group
(69.57+8.33) compared to the non-diabetic group (52.22+2.73) with a mean difference of

25.56 * 5.422(unpaired t-test showed p<0.001) as shown in Figure 3.8.
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Figure 3.7: Endothelial Glycocalyx Percentage Coverage.

(Ai) & (Bi) TEM images of perfusion fixed retinal capillary from DB2J female mice (Ai) non-diabetic retinal
capillary (Bi) diabetic capillary showing a decrease in the percentage coverage of the eGLX (Aii/Bii) are digitally
zoomed to illustrate how the eGLX coverage was measured.
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Figure 3.8: Endothelial Glycocalyx Percentage Coverage Difference between Groups.
The graph demonstrates the difference between the two groups of mice with the error bars. Unpaired t-test was
used to measure statistical significance. (**) p < 0.01.

The eGLX maximum height was measured as the highest point visible of a stained eGLX
cluster. Due to the decreased percentage coverage observed in the diabetic group, the

measurement was less representative of the adherent eGLX for that group. Therefore, a
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surrogate measurement for indication of total eGLX content was calculated by multiplying
the maximum height by the percentage coverage of eGLX. An unpaired t-test showed no
significant difference between the two groups (p>0.05) as shown in Figure 3.9. The lack of
significance indicates the extra height is likely to be trapped eGLX from shedding or in the
diabetic case, weaker binding. Confirmation would require a more systematic approach

using an improved quantification for total content.
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Figure 3.9: eGLX Maximum Height increases in Diabetic Mice using the LaDy GAGa Staining Method.
The graph demonstrates the difference between the two groups of mice with the error bars. Unpaired t-test was
used to measure statistical significance. (ns) p>0.01 (*) p<0.05

3.2 IMAGING COMPOSITIONAL CHANGES IN ENDOTHELIAL GLYCOCALYX

Retinal endothelial cells was fluorescent stained for VE-Cadherin and imaged using an
optical microscope to observe potential changes in tight junction in diabetic vasculature.
Furthermore, EXT1 Knockout mice was used to examine the change in linking junctions and
eGLX.

Figure 3.10 is an example of VE-Cadherin stained for on retinal endothelial cells. However,
the cells proved as unviable for the desired experiments because they were too late of
passage. We were expected to conduct the experiment again as a co-stain with ZO-1 on a
lower passage to provide the images needed for analysis but were unable to do so due to

lack of time and COVID restrictions.
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Figure 3.10: VE-Cadherin stain in Human Retinal Epithelial Cells
20x lens stained for Cadherin antibody, with secondary antibody Alexa Fluor 488-labeled and Hoescht. Image A

and B are two different wells stained with a primary antibody dilution of 1:200. Image C was stained with a
primary antibody of 1:100. Image D & E are a Z stack of the two wells stained with the 1:200 dilution of primary
antibody. Image F shows a Z stack of the cells stained with a primary antibody dilution of 1:100.
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CHAPTER 4: EXT1 RESULTS

A minimum of 7 blood vessels were imaged and analysed to measure the thickness of the
basement membrane (Figure 4.1). An average of the two blood vessels was used to
represent the value for each mouse. The measurements provide preliminary evidence that
there is an increase in the basement thickness when the EXT1 inhibition was activated.
Tukey’s multiple comparison test was used; the increase is statistically significant compared
to the vehicle control group (p<0.05), but not statistically significant compared to the control

group that lacked the Cre (p=0.072) as demonstrated in Figure 4.3.

Figure 4.1: TEM Images of Standard Retinal Blood Vessels from each Group of Mice in the EXT1
Experiment

TEM images of perfusion fixed retinal capillary from C57BL/6J female mice.

A. Extlloxfflox:\yyEwtwt 1+ Tamoxefen

B. Extfloxfflox:yEcreMt + vehicle

C. Extfloxflox:y/Ecremt + Tamoxefen

Urine Albumin and Creatinine assays were taken on weekly basis from all mice and used to
calculate the ACR. The different groups presented no significant trend in ACR change
through the timeline of the experiment. Tukey’s multiple comparison test was used to test for

significance (p>0.9). (Figure 4.2)
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Figure 4.2 Urine Albumin Creatinine Ratio Shows no Significant Change in EXT1 Knockout Mice
The Albumin Creatinine Ratio didn’t display a significant difference between the different groups.
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Figure 4.3: Basement Membrane Thickness Measurements is significantly increased in Extflox/flox;\/gereiwt
Tamoxefen mice
The graph demonstrates the difference between the three groups of mice with the SD bars.

Extflodflox:\/Ecreit + Tamoxefen group showed a significant increase in basement membrane
thickness compared to the Exto/iox:VES™ + \/ehicle group. (Figure 4.3)

The set of results from the two experiments are presented on the same graph for
comparison (Figure 4.4). The graph illustrates the similarity in basement membrane

thickness measurement between the diabetic (0.38+ 0.12) and the Extflo¥fox;ygeremt 4+
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Tamoxefen group (0.34+ 0.07), relative to the control groups in the experiments.
Extliovflox:\yyEWW + Tamoxefen (0.16+ 0.05) ExtlodioxyEeremt + \ehicle (0.13+ 0.01) and Non-
Diabetic (0.16+ 0.03) . The results of Tukey’s multiple comparison test show a significant
difference between the Diabetic and the Extfiodilox:yyEcreMt + Tamoxefen, and all the control

groups (*p<0.05) (**p<0.005) (***p<0.0005).
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Figure 4.4: Basement Membrane Thickness Measurements is significantly increased in
Extflox/flox:VEcre/wt + Tamoxefen mice compared to Non-Diabetic Mice from the diabetic comparison.
The graph demonstrates the difference between the five groups of mice with the SD bars.

All 6 mice included in the experiment were perfusion fixed, but only 4 of which had visibly
stained endothelial glycocalyx suitable for analysis. Compared to the two control groups, the
ExtilovloxyygereMt + Tamoxifen had less eGLX percentage coverage, however a Tukey's

Multiple Comparison Test showed no statistical significance as shown in Figure 4.5.

51



O Exiflox/flox.\,gwtiwt | 150 vefen
o EX'[ﬂOX/ﬂOXZVEcre/Wt + Vehicle

®  Extll0X/flox.\ perewt | oo o efin

ns
1004 ns ns
I

o 80- 9
IS
+— O L
O o 60-
oo =
o O
0 o -
< > 40
1 0
oo
[ 20=

0 1 1 1

Ext"VEY + T Ext"*VET® +V Ext"VET® + T

Figure 4.5: Extflox/flox:VEcre/wt + Tamoxefen mouse had less Endothelial Glycocalyx Percentage
Coverage compared to the control groups.
The graph demonstrates the difference between the three groups of mice with the SD bars.
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CHAPTER 5: DISCUSSION

5.1 GLYCOCALYX STAINING METHOD

Achieving diabetic status was fundamental to correlate diabetic retinopathy and diabetic
kidney disease with the eGLX structural changes proposed in the hypothesis. The sets of
data in the EXT1 pertaining to the development of diabetes followed the predicted trends to
demonstrate the progression of diabetes and its vascular complication of increased
permeability.

All staining attempts in the experiments used the LaDy GAGa staining method. The set of
data obtained from eGLX percentage coverage study provides evidence of the capability
and efficiency of the LaDy GAGa staining method to demonstrate the changes previously
reported in the literature.(249) While the mean maximum height analysis demonstrated the
limitation of the LaDy GAGa technique to support previously evident observations of the
decrease in volume of the eGLX in diabetix vessels(60).

For the purpose of the data attempted from the samples, the staining method provided is
deemed adequate and suitable. One issue that arose from the use of the LaDy GAGa
included its inability to ensure all blood vessels imaged under TEM presented visibly stained
eGLX. This has been attributed to the perfusion fixing technique rather than the stain used.
While perfusion fixing, some blood vessels didn’t receive enough pressure to flush the lumen
contents and allow staining of the eGLX. In other cases, the high perfusion pressure
reaching the blood vessel lumen flushed the eGLX along with its contents. The perfusion
fixing technique is unable to control or maintain consistent pressure throughout the vascular
system. Even though not all blood vessels had visibly stained eGLX, it was able to provide a
statistically significant number.

Another aspect to be considered when interpreting the results is the angle of sectioning the
retinal tissue. While care was taken to ensure vessels used had what appeared to be a
normal cross section, normally by visual judgement of the endothelial layer there was no

mean of ensuring the angle precision. The normal method of checking the lipid bilayer is
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visible could not be used for all specimens due to staining quality. We therefore expect a
systematic over estimate for measurements, although this would be similar between groups.
It should be noted that diabetic blood vessels demonstrated higher proportion of detached
eGLX that clumped in groups over the endothelial surface. The effect of which could be a
reason for the decrease in percentage coverage evident in the diabetic group. An important
progression this observation requires an understanding of the effect of hyperglycaemia that
renders the eGLX more susceptible to detachment, and whether that structural change plays
a role in the increased permeability. Accordingly, indicating a difference in composition and
structure that occurs as a result of diabetes.

As part of the two experiments, in addition to the EM sections imaged and analysed, retinal
tissue sections have been prepared for different methods of visualisation. These include
cryogenic sections for immunofluorescne staining for WGA and R18, isolectin B staining and
high pressure freezing for mass spectroscopy. The former two retinal petals were placed in
5% parafolmaldehyde and the later was left in mammalian ringer’s solution until it was high
pressure frozen within a few hours of culling the mice.

Mice lacking in visibly stained eGLX could be to extensive damage caused to the eGLX at
earlier stages of tissue handling, before fixation, as the capillary vasculature is extremely
delicate(127).

While the depth and size of eGLX diminishes during fixation, thus giving an underestimated
value to the size of the eGLX in-vivo, this reduction will be consistent across all experimental
groups(250).

Techniques that involve various methods to ensure the preservation of the hydrated-gel-like
structure of the eGLX (i.e. HPF), localising areas of interest (i.e. cryo-correlative
microscopy), decreasing the thickness of samples (i.e. cryo-FIB) and 3D imaging techniques
(i.e. ORBI SIMS) are vital for further advancements in our knowledge of the structure and

composition of the eGLX.
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5.2 DIABETIC EXPERIMENT

In terms of retinal permeability, the data set from the diabetic and SPHINX-31 treated mice
presented diabetic values double those of the control group. The oncotic pressure within the
subglycocalyx space that overlies the intercellular junctions, maintains the oncotic pressure
gradient opposing water and solute flow(251). Therefore, the increased permeability to small
molecules in the diabetic group is in line with what has been reported in states of loss of
function of the eGLX(252)(253). All of which supports the hypothesis that the damaging
effect of the hyperglycaemic states on the eGLX is the fundamental cause of the increased
permeability. However, it doesn’t provide conclusive evidence for the direction of causality.
While an increase in basement membrane thickness has been widely well established in
diabetic state, the ambiguity lies in the process that leads to the increase. It has been
previously postulated that hyperglycaemic state causes the increase in thickness which in
turn is the primary cause of the increase in permeability. Understanding the structure and
function of the eGLX provides a different perspective that better explains the increase in
permeability.

If the Sphinx-31 treatment is to be assumed as correcting the impairment in eGLX function,
then its ability to reverse basement membrane thickening indicates the role played by the
eGLX in the progression of diabetic vasculature.

The diabetic experiment set of data for basement membrane thickness includes a diabetic
mouse outlier value that fits within the control mice range of values. The mouse (216705)
was confirmed to have developed diabetes through the regular glucose tests and has
presented diabetic range values in all other parameters, including an FFA value above the
diabetic mean (1.35 pm/s).

We were also unable to obtain eGLX data from that mouse. One interpretation for the value
of basement membrane thickness could be due to a fault in perfusion fixing or embedding
that led to membrane thickness collapse and flushing of the eGLX. More likely is this mouse

was not affected by diabetes in the same way.
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5.3 EXT1 PILOT STUDY

The EXT1 Knockout pilot study provides promising insight on potential evidence of the effect
of a dysfunctional eGLX on basement membrane thickness. While the values statistical
significance are statistically weak due to an inadequate sample size, they show a trend that
depicts the expected results to confirm the hypothesis of this research. Thus far, the EXT1
pilot study values of increased basement membrane thickness and decreased eGLX
percentage coverage in Exto/lox\VECeWt + Tamoxefen group show a similar trend of values
observed in diabetic mice. The results indicate that the effect of the functional loss of
heparan sulphate synthesis and elongation on the eGLX structure is similar to that caused
by diabetic state.

While it was previously assumed that hyperglycaemia leads to increased basement
membrane thickness which in turn causes the increase in permeability, the results of the two
experiments present evidence that supports a different explanation. The EXT1 lacked the
hyperglycaemic microenvironment of oxidative stress that is described to cause the damage
on the basement, yet the values present a trend of increased basement membrane with the
loss of the eGLX. The increased permeability to small molecules in the diabetic experiments
is in line with what previous literature has reported after the loss of the eGLX.(253) The sets
of results from the two experiments taken together build on the evidence that support the
hypothesis that links the impairment in eGLX as the root cause of diabetic microvasculature
changes (e.g. increased basement membrane thickness).

In other words, the results indicate that the increase in basement membrane thickness is
due to increased water content within the basement membrane, caused by the oncotic
imbalance rather than deposition of extracellular matrix as previously assumed(195).

In addition to inhibition of heparan sulphate on the endothelial cell’s luminal surface, EXT1
floxfflox js also expected to inhibit heparan sulphate production underneath the endothelial cell,
adjacent to the basement membrane. Endothelial cells have been reported to be responsible
for the synthesis and deposition of basement membrane proteins essential for maintaining

permeability(254). However, loss of eGLX doesn’t necessarily mean the junctional strands
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within the intercellular clefts remain intact. In the context of EXT1 knockout experiment, the
set of results nullify an alternative hypothesis that involves a dysfunction in junctional strands
that lead to the increase in basement membrane thickness.

The quality of the images obtained from the EXT1 pilot study (in-vivo finished mid-August
2021) did not meet the quality standard of the diabetic mice in terms of high resolution at
higher magnification. The inferior quality is expected to be due to insufficient incubation time
in embedding steps to ensure embedding steps are fully able to permeate the deeper eye
tissue. Therefore, modifications will be done on the embedding protocol to allow for longer
incubation periods in the full EXT1 experiment (in-vivo finishes mid October 2021).
Fluorescent Fundus Angiography data has been obtained in vivo, however they were not
ready for analysis during the timescale of this project.

The use of conventional genetic knockout methods, which involve inhibition of selected
genes early in embryonic development, provide experimental results of a biological system
that has adapted to the inhibition. The Cre/lox system on the other hand is more likely to
provide results that correspond to the acute stage of adaptation to the induced inhibition,
similar to the pathogenic process of diabetes that leads to diabetic retinopathy.

Finally, it should be noted that a Cre driver (VE-Cadherin) efficiency is limited by the
specificity of the promotor used (Tamoxifen in this case) and the Cre recombinase within the
targeted endothelial cells. Thus, the Cre/lox system will not be 100% efficient at inhibiting HS
synthesis in a given cell type while limiting the effect on other cell types through the use of

VE-Cadherin(255).

CHAPTER 6: FUTURE WORK
The aim of the study was to provide evidence on that the changes in permeability in diabetic

retinopathy, which then affects the ultrastructure of the basement membrane, can be fully

explained by loss of the endothelial eGLX. While the results of the study support the
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hypothesis, additional studies are needed to confirm that our data are a direct result of the
experimental design.

Evidence on the role of the eGLX in basement membrane expansion can be further
supported by ensuring there are no changes in the endothelial cells structural junctions in
the Extlo/lox:yvECe™t + Tamoxefen group (the knockout group). Demonstrating that loss of
eGLX didn't cause changes in structural junctions provides evidence that the physical
absence of the eGLX lead to the increase in basement membrane thickness. Additionally, it
ensures that inhibition of HS production and elongation by EXT1 gene led to the only change
targeted in the experiment; loss of endothelial eGLX rather than an alternative biochemical
process that disrupts the endothelial cellular layer.

Furthermore, the content layer of the expansional (EXT1 experiment) and contractional
(SPHINX-31 experiment) basement membrane needs to be further studied to confirm it is
due to the movement of water rather than deposition of fibrous matrix. A 3D reconstruction
of the layer through the use of Electron Tomography would be effective in demonstrating the
content and compositional change in case of pore structure changes(248).

Additionally, ensuring the heparan sulphate content was mainly changed on the luminal
surface of the endothelial cell surface can be confirmed through different methods. One of
which is the use of a membrane dye that stains for heparan sulphate, and further quantifying
its presence above the endothelial cell surface as well as below. A different approach could
be the use of Time of Flight Secondary lon Mass Spectrometry (ToF SIMS) to analyse the
content of the different glycosaminoglycan chains for a change in heparan sulphate between

the control and experimental groups(256).
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CHAPTER 7. CONCLUSION AND SUMMARY

While our understanding of the function, structure, and composition of the eGLX remains
limited, the pathogenic states, such as diabetes, provide incisive evidence of its importance
in maintaining a dynamic permeability homeostasis. Given the burden diabetic microvascular
complications pose on quality of life and deterioration of health, understanding the
ultrastructural sequence of events that lead to their development is vital.

Separately, each eGLX visualisation technigue remains lacking in providing the data needed
to build conclusive evidence. The LaDy GAGa staining method provides an efficient method
of quantifying the change of adherent eGLX structure. Various obstacles were overcome in
developing quantifiable evidence through the use of the LaDy GAGa technique. Some of
which include changes to perfusion fixing technique to ensure the best manner of preserving
the tissue and preventing further changes or damage caused by the use of heavy metals for
fixing. Embedding protocols have been altered to suit future experiments for better
preservation of tissue for imaging.

Furthermore, SPHINX-31 shows promising results as a therapeutic drug in reversing a
microvascular complication of diabetes rather than just blocking onset. Despite the hopeful
results, extensive efforts need to be made in understanding the drug’s physiological
mechanism of action and other pharmacological properties.

The EXT1 pilot study presented sufficient data to allow for improved protocols with a bigger
number of mice to provide conclusive evidence of the role played by heparan sulphate in the
structure and function of the eGLX. It also gave indications of the function of the eGLX in the

process of events that lead to basement membrane thickening,
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APPENDIX |: ExPERIMENTAL PLAN FOR DBA2J

DBA2)

Experiment
. ascular Wall
Retinal Composition
Permeability ke
To Fixinner
Structures
2
Fundus Fluorescence To Flush Blood To Fix O
Urinalysis Angiograph 0 lush bloo 0 Fix Quter
Elography Vessels g Structure
Isolate 1st Eye
Day 7,14,21,2835, #1 ay 21
Buffer

Inject 40 mg ‘ ‘ _ Perfusion Fixed using kill and to inactivate
DBA2J Female Inject with Keta
) of — induce ciabetes——p AL sthetize LaDy Gaga Method proteolytic enzymes Embedded in Resin {4
Mice ) and Medetomidine .
Streptozocin with HEPES Buffer
Day0

section at 70 nm for

Average
Dimension of
Vascular wall

Isolate Glomerula
from Kidney

mmunofleurecnce Glomerular

Freeze

section at 300 nm for

Vascular wall

Structure
1

eGlx Fine
Structure




APPENDIX II: PG TRAINING COURSES
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