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ABSTRACT

Background: Diabetes mellitus-induced retinopathy is the leading cause of adult-onset
blindness. The retinopathy is characterised by the degeneration of the retinal microvascular and
neural components that form the blood retinal barrier (BRB), and is due to diabetic metabolic
derangements such as hyperglycaemia. The cellular components of the BRB include
endothelial cells, pericytes and the glial cells (mainly astrocytes), which together maintain the
integrity and barrier function of the retinal vasculature. However, there is limited data
regarding the interconnecting biochemical pathways that lead to pericyte loss, astrocyte
degeneration, and endothelial dysfunction as well as the thinning of the glycocalyx in the
retinal vasculature of diabetics. As such, the underlying mechanism of how hyperglycaemia

induces retinal damage is not fully understood, particularly at the early stages of the disease.

Aim and Objectives: To establish and validate an ex vivo rat retinal model and use a multi-
immunolabelled approach on the retina to study the effects of hyperglycaemia on the
vasculature and cellular components of the BRB, including effect of time and the retinal

preparation type.

Methods: Eyes of euthanised Wistar and Sprague-Dawley adult rats (n = 68) were enucleated
and the retinae were either dissected out (explant) or kept in situ after removal of the anterior
segment, lens and vitreous (eyecup). Retinae were superfused continuously (for 1-, 2- or 3
hours) in a chamber with oxygenated Krebs-Henseleit buffer containing either physiological
glucose (5.5 mmol/L; control group) or high glucose (25 mmol/L; hyperglycaemic group). For
longer incubation (48 hours), explants were cultured in Dulbecco’s Modified Eagle Medium
containing the above glucose concentrations. Retinae were multi-immunolabelled to identify

pericytes, astrocytes and the glycocalyx protein syndecan-1 with anti-neuron-glial 2 antigen
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(NG?2), anti-glial fibrillary acidic protein (GFAP), and anti-syndecan-1 antibodies respectively.
Retinal blood vessels were detected with FITC-conjugated lycopersicon esculentum (Tomato)
lectin. Fluorescent signals were detected using confocal microscopy imaging where Z-stack
images were randomly sampled from the mid-peripheral retina. Images were analysed using
Image J software. Additionally, western blotting was used to determine the abundance of
syndecan-1 and heat shock proteins in the rat retina. P value < 0.05 was considered statistically

significant.

Results: Retinal blood vessels, pericytes and astrocytes showed normal morphology in both
explant and eyecup of normoglycaemia retinae, with no difference in fluorescence intensity
between explant and eyecup preparations at each time point (1-3 hours). Similarly, there was
no change in the vascular-associated syndecan-1 signal intensity over time. However, the
syndecan-1 intensity was generally weak and localised mainly to the retinal arteries and their
branches, but rarely in capillaries and was unevenly distributed throughout the entire retina in
both retinal preparation types. Under hyperglycaemia, at the 3-hour time point of perfusion,
the vessel width was reduced in the eyecup group, the neuron glial 2 (NG2) fluorescence
intensity on pericytes was diminished with a noticeable reduction in number of pericyte nuclei
bulge in the lower vascular bed in the explant and eyecup groups. Although the area coverage
and fluorescence signal intensity of astrocytes did not change, retraction of astrocyte processes
and signs of cellular disintegration were more evident in the hyperglycaemic eyecup group
compared to that in the explant group. Syndecan-1 signal intensity was raised in
hyperglycaemia compared to controls in the eyecup group. The preliminary investigation on
retinae cultured for 48 hours showed signs of fragmentation and morphological deterioration
of the BRB, which included narrowing of blood vessels, loss of pericytes and disintegration of

astrocytes, especially in the hyperglycaemic group. Syndecan-1 signal intensity was also lower
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in the hyperglycaemic groups compared to the control groups cultured for 48 hours . Syndecan-
1 protein abundance in the 3-hour superfused retina using western blotting was significantly
higher in the hyperglycaemic group than in control. Heat shock proteins showed higher

expression in hyperglycaemic rat retina compared to the normoglycaemic group.

Conclusion: This study validated the suitability of the ex vivo rat retinal model to study the
components of the BRB. The study revealed that there is no significant difference between the
retinal preparations (explants vs eyecup) and that the BRB is still structurally intact up to 3
hours in normoglycaemic conditions. The subtle morphological changes of the BRB (blood
vessels, pericytes and astrocytes) induced by hyperglycaemia which were more apparent in the
lower vascular layers, suggests that this ex vivo model is suitable to study the early pathogenesis
of diabetic retinopathy. Furthermore, this study showed that syndecan-1 levels were affected
by hyperglycaemia ex vivo, and that this occurred prior to morphological changes to the other
BRB structures, thus supporting the notion that syndecan-1 plays a role in the pathophysiology
of DR. Preliminary data suggest that heat shock proteins may play a role in response to

hyperglycemia-induced oxidative stress.
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CHAPTER 1 INTRODUCTION

1.1 Definition and epidemiology of diabetes mellitus

Diabetes mellitus (DM) is a major health problem globally and is reported to be the leading
cause of adult-onset blindness worldwide.!: 2 The prevalence of DM is rapidly increasing
globally, particularly in low and middle-income countries predominantly due to obesity,
unhealthy diet, physical inactivity, poor health systems, increased ageing and genetic
susceptibility.’> According to the 2019 International Diabetes Federation (IDF) report, 463
million people are living with DM worldwide, with the low and middle-income countries
accounting for the most incidences.? It is projected that the global prevalence of DM will rise
to 700 million by 2045.2 In Africa and South Africa, the prevalence of DM in 2019 is estimated
to be 3.9% and 5.3%, according to the IDF report, respectively.? Alarmingly, it is estimated
that half the number of people diagnosed with DM are undiagnosed, and two-thirds of diabetics
are of working age (20-79 years), causing a significant negative social and economic impact.?
This further suggests that a large proportion of the working age population, particularly those
with type 2 DM, are likely to present for the first time with DM complications. DM is
associated with chronic microvascular and macrovascular complications, especially in those
with poor glycaemic control.® Landmark studies such as the United Kingdom Prospective
Diabetes Study (UKPDS) and Diabetes Control and Complications Trial/Epidemiology of
Diabetes Interventions and Complications (DCCT/EDIC) have demonstrated that intensive
insulin treatment is associated with a reduction in microvascular complications in both type 1
and 2 DM.”-® The duration of diabetes mellitus has been reported to have a directly proportional
relationship with microvascular complications. Chawla et al. demonstrated the presence of
microvascular disease in 25-40% of diabetic patients across different age groups with a

duration of diabetes more than 5 years.’



Among the chronic microvascular complications of DM, diabetic retinopathy (DR) is the most
common and has been reported to affect about 100 million people worldwide, amounting to a
huge healthcare burden.!® !! Visual impairment caused by diabetic retinopathy is one of the
earliest presenting signs for most diabetics.!? Therefore, identifying early eye changes in the
retina can lead to earlier therapeutic interventions to reduce this morbidity. Of interest to this
study, are changes in the retinal vasculature and Blood Retinal Barrier (BRB) that are
associated with the early onset of DR. The BRB is comprised of retinal blood vessels lined by
a single layer of tightly adherent endothelial cells attached to a basal lamina, which is
surrounded by smooth muscles cells in retinal arteries/arterioles and a continuous layer of
pericytes that surround the retinal capillaries.!* '* In addition, glial cells (particularly
astrocytes) have a close structural and functional association with the retinal capillaries. The
following sections will review these key components that make up the BRB and important

cellular relations and their structural characteristics and functions in DR.

1.2 Complications of diabetes mellitus

DM is a metabolic disorder characterised by chronic hyperglycaemia with disruption of
carbohydrate, lipid and protein metabolism due to insulin secretory defect, insulin resistance
or both.!® Poorly controlled blood glucose leads to long term dysfunction and damage of organs
such as the eyes, heart, kidneys, nerves and blood vessels, making DM the leading cause of
adult-onset blindness, end-stage renal disease and lower limb non-traumatic amputation
globally.> ¢ These complications can be categorised into acute and chronic complications.
Acute complications include hypoglycaemia, hyper-osmolar hyperglycaemic state and diabetic
ketoacidosis.!> Chronic complications of DM are associated with vascular pathology and plays
a leading role in diabetic morbidity and mortality. On the one hand, macrovascular disease

manifests as myocardial infarction, cerebrovascular accidents, and peripheral vascular disease.



On the other hand, microvascular disease (microangiopathy) is a frequent long-term sequel of
DM that culminates in nephropathy, neuropathy and retinopathy, and the latter will be reviewed

in more detail below.!°

1.3 Pathogenesis of diabetic retinopathy

Diabetic retinopathy is a severe microvascular complication of poorly controlled DM and is
reported to be the major cause of blindness.!” It is characterised by vessel damage, capillary
hyperpermeability, loss of pericytes, capillary occlusion, shedding of the endothelial
glycocalyx layer and loss of astrocytes. DR is classified as either proliferative or non-
proliferative, with proliferative being characterised by the growth of new blood vessels (retinal
neovascularisation). Proliferative diabetic retinopathy (PDR) and diabetic maculopathy are the
leading causes of severe visual loss.'® Most patients with Type 1 diabetes and over 60% of
patients with Type 2 diabetes are at risk of retinopathy within the first decade of developing
diabetes.!®- 2% PDR occurs due to the formation of new vessels that is a sequel to severe retinal
ischaemia.?! Non-proliferative diabetic retinopathy (NPDR) is classified into mild, moderate,
and severe forms, with or without the involvement of macular oedema development.?? The
mechanisms underlying NPDR are abnormal permeability of retinal capillaries and closure of
capillaries leading to retinal oedema and retinal non-perfusion and ischemia respectively.?? The
significant reasons for visual loss in PDR are vessels haemorrhage and retinal detachment. In

untreated patients, approximately 50% may proceed to blindness within five years.??

The underlying mechanism of how hyperglycaemia leads to retinal microvascular damage is
still unclear. However, several interconnecting biochemical pathways that have been proposed
and tested as major contributors in the development of diabetic retinopathy include increased

polyol pathway, activation of protein kinase C and sorbitol pathways, accumulation of



advanced glycation end products (AGES), oxidative stress, activation of the renin-angiotensin-
aldosterone system, inflammation, capillary occlusion and growth factors expression such as
vascular endothelial growth factor (VEGF) and insulin-like growth factor-1(IGF-1),
endothelial dysfunction and procoagulability state.?* ?* In diabetes, the polyol pathway is
activated and metabolises excess glucose through the action of the enzyme aldose reductase
present in the various retinal cells into sorbitol. Sorbitol dehydrogenase then converts sorbitol
into fructose. Since sorbitol does not penetrate cellular membranes, it accumulates within the
cell, and eventually, sorbitol is metabolised to fructose.?> The accumulation of sorbitol is
believed to have osmotic damage to retinal cells.?® Studies have reported high levels of aldolase
reductase in several retinal cells such as pericytes?’, Miiller cells?®, retinal endothelial cells,?®:

28,30 and neuronal cells.’® These studies have reported that increased activity

29 ganglion cells
of aldolase reductase leads to damage of these retinal cells. The pathophysiological

mechanisms involved in the development of diabetic retinopathy is summarised in Figure 1.1.
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Figure 1.1. Pathogenic mechanisms involved in the development of diabetic retinopathy. Adapted

from Simo et al.*!




1.4 Blood retinal barrier and diabetic retinopathy

The BRB is a selective physical barrier that consists of tightly joined cells that regulate the
movement of molecules and solutes across the retina.!> The BRB comprises of two functional
compartments, which includes the inner and outer BRB compartments that consist of adherence
and tight junctions of the vascular endothelial cells and retinal pigment epithelium,
respectively.3> 33 The retinal endothelium of the inner BRB is covered by pericytes. Like the
tightness of blood brain barrier (BBB), the BRB is being attributed to adherent and tight
junctions located between endothelial cells.!* The coverage of pericytes on the BRB is
paramount in forming a structurally mature barrier and helps maintain the barrier function and
tissue homeostasis. These pericytes, together with the endothelium, glial and neuronal cells,
form the neurovascular unit.>* The glial cells such as astrocytes are important in maintaining
retinal neurons and blood vessel function. They also modulate the function of the BRB via the
antioxidants and trophic factors released in the retinal microenvironment.* The BRB integrity
is maintained by endothelial tight and adherence junctions that form a tight monolayer to
prevent free penetration of macromolecules across the retinal unit.® The hallmark of diabetic
retinopathy is blood retinal barrier breakdown, sequel to chronic hyperglycaemia and is
associated with pericytes death and decline in endothelial function.” These cascade of events

lead to visual loss as a result of macular oedema as well as vitreoretinal neovascularization.3®
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1.5 Functions of the endothelial glycocalyx

The glycocalyx layer, a membrane-bound glycolipid, is an essential component of the vascular
endothelial layer.*® It is primarily made up of negatively charged proteins and lipid
side-chains.*! Syndecan-1 protein, encoded by the SDC! gene in humans, is a vital component

of the vascular endothelial glycocalyx structure and has been demonstrated to mediate cellular



function by interacting with their receptors.**#** The endothelial glycocalyx provides a physical
barrier between the vascular wall and blood, thereby regulating the transportation of cellular
components and ions across the vascular endothelium.*® 4 4 Tt has been shown to promote
vascular dilatation through shear stress-induced nitric oxide production.*’ In addition, the
endothelial glycocalyx also modulates inflammation, which is one of the mechanisms
mediating retinal vascular disease in diabetes,.*® % The disruption of the endothelial glycocalyx
results in vascular hyperpermeability, inflammatory responses and activation of the
coagulation pathway.*> 46 The endothelial glycocalyx is compromised in retinal blood vessels
in DM where thinning of the glycocalyx, seen in retinal arteriole but not venules has been
demonstrated, clearly indicating an alteration in the glycocalyx integrity in DM.>° Furthermore,
shedding of glycocalyx components, particularly syndecan-1 in many chronic inflammatory
states such as cardiovascular disease and DM has been reported.>!->? In diabetes, syndecan-1 is
shed systemically, and increased levels are found in the blood of DM patients, but little is
known about its expression in the retina of diabetic persons. Insights into the potential role of
the endothelial glycocalyx in diabetic retinopathy may serve to provide evidence for the

development of targeted therapeutic approaches for the treatment of diabetic retinopathy.

1.6 Role of pericytes in vascular endothelial function

Perivascular cells and endothelial cells are two critical vascular cellular components that
interact to maintain vascular integrity, function and regeneration.>* Pericytes are specialised
perivascular cells that are also known as Rouget or mural cells which surround arterioles,
venules and capillaries throughout the body where they modulate vascular tone and capillary
bed integrity as well as regulating blood flow, vessel permeability, and stabilization.>> 3¢ Also,
pericytes by interacting with endothelial cells regulate neovascularisation via the regulation of

vessels formation and stabilisation effect during wound healing as well as having a role in



inflammation by directly inducing inflammatory responses in endothelial cells and perivascular

infiltration of macrophages.®’

Pericytes were first reported over 100 years ago as perivascular cells surrounding capillaries.>®
They have a prominent nucleus and a small cytoplasm content with several long processes
embracing the endothelium wall. They have been found to express alpha-smooth muscle actin
(aSMA), a contractile filamentous component that mainly indicates vascular smooth muscle
cells.” Pericytes are often found embedded within the basement membrane of small vessels,
and communicate with endothelial cells through paracrine signalling pathways and direct
physical contact. Gap junctions are important mediators of the physical connection between
pericytes and the endothelial cells and allow for ions and small molecules exchange.5! Pericytes
are anchored to the endothelial cells by adhesion plagues.®® The ratio of pericytes to endothelial
cells differ according to various vascular regions of the body, and varies from 1:1 in the retina
and central nervous system, 1:10 in the skin and lungs, and 1:100 in striated muscle.%
Degeneration of retinal pericytes has been reported at early stages of retinopathy in mouse
models of diabetes.®* ¢ Pericyte loss is the earliest sign of diabetic retinopathy prior to vascular
permeability and progressive vascular occlusion, but the cause remains unclear.®
Understanding the role of these cells in early diabetes may aid in developing a future

therapeutic intervention that targets the pericytes.

1.7 Astrocyte interaction within the retinal vasculature
Glial cells secrete cytokines by interacting with retinal vessels to modulate the BRB that are

essential for maintaining the normal function of the retina.%® ¢

They are involved in
neurotransmission, transport of energy metabolites from the vasculature to neurons and BRB

integrity maintenance.®® Microglial and macroglial cells are present in the retina. Microglial



cells are CNS inflammatory cells that play a significant role in the pathogenesis and
progression of diabetic retinopathy, and its activation has also been reported as an early sign
of diabetic retinopathy.®” 7° In the retina, astrocytes and Miiller cells are the two main types of
macroglial cells.®” 7! Astrocytes are produced from different progenitor cells in the CNS
neuroepithelium, and they are characteristically stellate in their morphology. Most astrocytes
in the CNS cells express the glial fibrillary acidic protein (GFAP).”> 73 In the retina, astrocyte
cell bodies and processes are almost entirely restricted to the nerve fibre layer that overlies the
ganglion cell layer. Both astrocytes and Miiller cells have processes surrounding retinal blood
vessels forming the glia limiting membrane where they regulate various endothelial cell
functions.®” Macroglial cells secrete neurotransmitters, eicosanoids, steroids, neuropeptides,
and growth factors such as VEGF, as well as maintaining both the ion balance and pH of the
retinal environment.®® The specific role of astrocytes in retinal function is still not fully
understood as their processes do not project into the synaptic layer of the retina. Therefore,
they cannot similarly modulate neuronal function as the Miiller cells involved in removing
neurotransmitters through high affinity or potassium buffering.®”- ’* Astrocytes are reported to
play a critical role in ion homeostasis neuronal signalling as well as the formation of retinal
endothelial properties.”> Overall, macroglial cells provide functional and structural support to
the BRB through crosstalk between neural and vascular endothelial cells; and alteration of
these critical functions may lead to adverse retinal damage.%” Overall, in diabetic retinopathy,
the breakdown of the BRB leads to vascular leakage (hyperpermeability).”® Denuded
capillaries and microglial cell proliferation and loss or death of astrocytes have been reported

in rodent models of type 2 diabetes.®*



1.8 Small heat shock proteins and DR

Oxidative stress is highly implicated in the pathogenesis of DR. The metabolic dysfunction
seen in diabetes leads to the overproduction of mitochondrial superoxide in endothelial cells of
macro and microvessels. This increased superoxide production results in the activation of
major pathways involved in the pathogenesis of complications.”” Expression of stress proteins
is markedly elevated in numerous pathological and pathophysiological conditions such as
hyperthermia, hypoxia, ischemia, endotoxins, and reactive oxygen species and are shown to
proffer protection against tissue damage. These stress proteins are also called heat shock
proteins (Hsps). Chronic hyperglycaemia found in diabetes may impose cellular stress on the
retina. There is a group of low molecular weight Hsps ranging from 16 to 27 kDa in monomer
size, called small Hsps (sHsps). These sHsps are heterogeneous with a characteristic feature of
a conserved C-terminal region, called the a-crystallin domain. Ten Hsps exist in mammals and
include HspB1, myotonic dystrophy protein kinase (MDPK) (HspB2), HspB3, a-crystallin A
(HspB4), a-crystallin B (HspB5), HspB6, HspB7, HspB8, HspB9 and sperm outer dense fibre
protein (HspB10). The Hsps were derived using the human Hsp27 protein sequence present in
the human genome.” 7 Small Hsps function as molecular chaperones by inhibiting protein
aggregation during stress; they also play a role in cellular processes such as maintaining
cytoskeleton architecture, intracellular protein transport and antiapoptotic events.3% 8! It has
been reported that heat shock response is regulated by heat shock transcription factors, such as
HSF1, HSF2 and HSF4. HSF1 mediates many heat shock genes and responds to external
stressors such as hyperthermia. HSF2 is involved in cellular differentiation and development;
the third, HSF4, regulates postnatal expression of Hsps expression.®? In diabetes, studies have
reported increased expression of MDPK, HspB3 and aBC in the retina.®® In diabetic rat retina,
increased aA-crystallin, tBC and Hsp22 expression but decreased Hsp20 expression was

demonstrated.®* Furthermore, increased Hsp27 mRNA levels and reduced protein expression
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were reported. The study also showed that the expression of HSFs was reduced or remained
unchanged in the diabetic rat retina. Also, Hsp27, c AC, aBC and pS59-aBC aggregation was
induced in the retina. Strong Hsp27, aAC, aBC and phosphorylated «BC immunoreactivity

was localised in different retinal layers of diabetic.®*

1.9 Previous experimental approaches on rodents and relevance to this study

Different experimental approaches have been used to evaluate the presence of pericytes,
astrocytes and the endothelial glycocalyx, which are implicated in the pathogenesis of diabetic
retinopathy. Enzyme linked immunosorbent assay (ELISA) has been used to demonstrate the
presence of soluble syndecan-1 in the ocular vitreous in non-diabetic individuals and those with
diabetic retinopathy.>® The study further found that mean levels of vitreous soluble syndecan-
1 were higher in PDR patients compared to their non-diabetic counterparts.>> ELISA has been
used to investigate serum syndecan-1 levels where syndecan-1 concentrations were found to

be higher in type 2 diabetic patients compared to controls.**

Toh et al. investigated the early vascular retinal changes in diabetic Nile rats by correlating
increased acellular capillaries and pericyte loss with the duration of diabetes.®® Here, they
utilised retinal whole-mounts and transverse sections stained with isolectin GS-IB4 conjugated
to Alexa-647 to label retinal blood vessels and microglial cells following induction of diabetes.
They found that diabetic rats exhibited a spectrum of retinal lesions mostly seen in humans,
including vascular leakage, capillary non-perfusion and neovascularisation, and decreased
pericyte-to-endothelial cell ratio and pericyte loss over time in early retinopathy.®> Also,
fundus fluorescein angiography, an essential and powerful technique, has been used for the

measurement of retinal blood vessel diameter in vivo.3% 87
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Furthermore, introducing confocal microscopy, which has not been largely used in previous
rat eye studies, adds to the merits of this study. Briefly, confocal microscopy is largely used to
resolve the detailed structure of specific objects within the cell. Various components of living
and fixed cells or tissue sections can be specifically labelled using immunofluorescence and
then visualized in high resolution. Confocal microscopy enables the creation of sharp images
of the exact plane of focus with minimal background from autofluorescence or other regions
of the specimen; this is a unique and distinctive feature.®® Therefore, structures within thicker
objects can be conveniently visualized using confocal microscopy. Furthermore, by stacking
several images from different optical planes, 3D structures can be analysed. The sample

penetration depth is limited, however, when using confocal microscopy.

1.10 Ex vivo experimental models

The BRB ex vivo model has been reported as a useful experimental technique for interrogating
the mechanisms underpinning retinal diseases. The ex vivo technique generally includes
superfusion and culture models.?**> Superfusion is a technique where tissue is bathed with a
physiologically treated solution under standard conditions such as supplemental oxygen (Oz)
and carbon dioxide (CO) to maintain tissue viability.”! About a century ago, Finkleman
suspended a portion of rabbit intestine in air and kept it in a physiological state by a running
solution over the tissue to study the nature of inhibition of smooth muscle contraction.®® More
recently, Mishra et al. have used the superfusion model on male Long-Evans rat eyes perfused
with HEPES buffer.”> Retinal explant culture models have been well established in
understanding the pathobiology of retinal disease. Similarly, while characterising insulin
signalling in rat retina, Reiter et al. used an ex vivo tissue culture model where they
demonstrated insulin signalling pathway activation following the addition of exogenous insulin

similar to observations from in vivo technique.** Also, multiple cell co-culture of BRB has been
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previously utilised for understanding the interaction between the cellular components of
BRB.?!:9°-% For example, endothelial cells and pericytes were cultured in transwells with each
seeded on either side of the membrane. Astrocytes were seeded at the bottom of the culture
plate, which demonstrated similar histology and function of retina unit.> * In addition,
Gaddum et al. added 40 mmol/L and 5 mmol/L of glucose to triple cultured retinal cells for 48
hours while studying the effect of hyperglycaemia BRB cellular components.®! None of these
studies have investigated this model of the intact retina ex vivo for examining the effect of
hyperglycaemia on the BRB. Overall, there are merits to the use of the ex vivo approach such
as bypassing any form of systemic physiological compensation that may occur in vivo in a
diabetic rat, and ability to challenge the tissue with specific levels of hyperglycaemia while not

harming the animals.

1.11 Summary

The above review has identified gaps in the knowledge of structural changes associated with
retinal vessels, particularly in early DR. It has also discussed the functions and characteristics
of the key cells that are implicated in the pathogenesis of DR. To the best of our knowledge,
no previous studies have categorically assessed the retinal vasculature for syndecan-1 changes,
pericytes and astrocyte loss altogether in a single study and at an early stage of the disease. The
current study thus seeks to provide further insight into the potential functions and structural
characteristics of the endothelial glycocalyx, pericytes and astrocytes in vascular remodelling
in diabetic retinopathy. Furthermore, this study will provide a basis for further research that
may lead to the development of targeted therapeutic approaches for the treatment of diabetic

retinopathy.
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CHAPTER HYPOTHESIS, AIM AND OBJECTIVES

2.1 Hypothesis
There is depletion of pericytes, astrocytes and endothelial glycocalyx in the rat retina of

hyperglycaemic but not normoglycaemic ex vivo conditions over time.

2.2 Null hypothesis
There is no difference in the structural integrity of the retinal vasculature, pericytes and
astrocytes and their vascular associations in hyperglycaemic and normoglycaemic ex vivo

conditions over time. Furthermore, the endothelial glycocalyx is unchanged.

2.3 Aim
To establish and validate an ex vivo rat retinal model and use a multi-immunofluorescent
approach on the retina to study the effects of hyperglycaemia on the vasculature and cellular

components of the BRB, including effect of time and the type of retinal preparation.

2.4 Relevance of the study

This study aims to provide a better understanding of the structural changes that may impact the
functional mechanisms implicated in the early stages of diabetic retinopathy, which may
contribute towards the development of future targeted therapeutic approaches to ultimately

decrease morbidity resulting from diabetes mellitus.
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2.5 Specific objectives

1. To optimise retinal preparations for fixation, fixation period, antibody dilutions and antibody

combinations/cocktails used for multiple immunolabelling.

2. To evaluate the presence of any morphological differences between the dissected-out retinae

(explant) and the retinae in the intact eye globe (eyecup).

3. To investigate the structural changes of pericytes and astrocytes within the retinal

vasculature in normo- and hyperglycaemic ex vivo conditions over time.

4. To determine whether the retinal vascular endothelial glycocalyx is affected by

hyperglycaemia in vitro.

5. To determine the expression of potential signalling factors such as heat shock proteins that

may be expressed in the retina in acute exposure to hyperglycaemia by multi-immunolabelling

of retinal whole-mounts.
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CHAPTER 3 MATERIALS AND METHODS

3.1 Ethical approval

Ethical approval for this study was obtained from the Animal Research Ethics Committee of
the Faculty of Health Sciences, University of Cape Town, South Africa (UCT HSF AEC018-
021 and C 019 021, Appendix 1). All animal procedures were authorised by the South African

Veterinary Council (SAVC) (Number: AR20/17790).

3.2 Materials

The materials that were used for the experiments in this study were obtained from MERCK
(PTY) LTD, Sigma-Aldrich and B&M Scientific. Those obtained from MERCK (PTY) LTD
included bovine serum albumin (BSA) calcium chloride (CaCl,), ethanol, magnesium sulphate
(MgS04), potassium chloride (KCl), sodium chloride (NaCl), glycerol/1, 4-diazabicyclo
(2.2.2) octane (DABCO), disodium hydrogen phosphate (Na,HPO4) and methanol. Others
include, Triton-x, Tween-20, paraformaldehyde (PFA), potassium dihydrogen phosphate
(KH2PO4) and glucose, all from Sigma-Aldrich, and sodium bicarbonate (NaHCO3) from
B&M Scientific. Other solutions used were phosphate buffered saline (PBS) and Krebs-
Henseleit buffered solution pH 7.4 (hereon referred to as Krebs buffer), Dulbecco’s Modified
Eagle Medium (DMEM) and penicillin/streptomycin (1%). The details of primary and
secondary antibodies used, and their concentrations are presented in Table 3.1. Note that the

dilutions used for the secondary antibodies are from 1:1 antibody: glycerol stock solution.
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Table. 3.1 Antibodies and vascular marker used for immunolabelling

Antibodies and Lectin Dilution Catalogue Source
number
Rabbit monoclonal Anti syndecan-1 1:500 Ab32337/56-2 Abcam
Rabbit Anti-Syndecan-1 1:2000 Ab128936 Abcam
Mouse monoclonal Anti-alpha smooth 1:50 Ab7817 Abcam
muscle actin (aSMA) [1A4]
Chick Anti-GFAP 1:1000 Ab4674 Abcam
Mouse Anti-NG2 [132.38] 1:200 Ab50009 Abcam
Rabbit Anti-NG2 chondroitin sulphate 1:200 AB5320 Merck
proteoglycan
Rabbit Anti-collagen IV 1:500 Ab19808 Abcam
Rabbit Anti-a-crystallin A 1:200 GTX65843 GeneTex Inc (North
America)
DyLight TM 405 Affinipure Donkey 1:50 703475155 Jackson Immuno
Anti-Chicken IgY (IgG)(H+L) Research
Laboratories
Alexa Fluor® 647-AffiniPure F(ab’), 1:500 715606151 Jackson Immuno
Fragment Donkey Anti-Mouse IgG Research
(H+L) Laboratories
Cyanine Cy™3 AffiniPure F(ab’): 1:1000 711166152 Jackson Immuno
Fragment Donkey Anti-Rabbit IgG Research
(H+L) Laboratories
Alexa Fluor® 647 AffiniPure F(ab’): 1:500 703606155 Jackson Immuno
Fragment Donkey Anti-Chicken IgY Research
(IgG) (H+L) Laboratories
Fluorescein isothiocyanate- (FITC)
Lycopersicon Esculentum (Tomato) 1:200 FL1171 Vector laboratories

Lectin

3.3 Experimental design

A total of 68 rats were used in this study. Forty-eight rats were used for validation of the ex

vivo retinal model, whereas twenty rats were used for the hyperglycaemic experiments on the

retinae: 6 rats each were used for the control and hyperglycaemic superfused model, while

another 6 rats were used for western blotting, the remaining rats were used for 48- hour culture

model. The detail of the experimental design is seen in Figure 3.1.
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3.3.1 Validation of the ex vivo retinal model: Three aspects were considered, viz:

1. Identifying the BRB structures using various antibodies.

2. Determining the anatomical integrity of retinal tissue after different dissection approaches
(explant and eyecup).

3. The effect of time (1, 2 and 3 hours) on superfusion model using immunolabelling technique.

3.3.2 Hyperglycaemia experiments:

3.3.2.1 Superfusion model:

1. Hyperglycaemic group: Rat retinae (explant and eyecup) were superfused in Krebs buffer
with a glucose concentration of 25mmol/l for 1 hour, 2 hours and 3 hours, respectively.

2. Control group (Normoglycaemia): Rat retinae (explant and eyecup) were superfused in

Krebs buffer with a glucose concentration of 5.5mmol/l at 1 hour, 2 hours and 3 hours.

3.3.2.2 Tissue culture model:

1. Hyperglycaemia group: Rat retina (explant only) was incubated in Krebs buffer in a tissue
culture chamber with a glucose concentration of 25mmol/I for 48 hours.

2. Control group (normoglycaemia): Rat retina (explant only) was incubated in Krebs buffer

in a tissue culture chamber with a glucose concentration of 5.5mmol/I for 48 hours.

3.4 Animals

3.4.1 Animal welfare and housing

Two month-old male Wistar and Sprague-Dawley adult rats with an average body weight of
250-300g were obtained from the Faculty of Health Sciences Animal Facility, University of
Cape Town (UCT HSF RAF). They were housed in groups of four per cage in a spacious euro

standard type IV conventional cage and maintained at a temperature between 20-23°C with 12-
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hourly on and off light autoregulation at an intensity of 150lux. Humidity was measured
frequently using a manometer and was maintained between 40 -70%.°” The rats had access to

rat chow, and fresh drinking water ad libitum.

3.4.2 Anaesthesia, euthanasia and thoracotomy

Rats were deeply anaesthetized using either sodium pentobarbitone (Vertsev, Cape Town)
administered intraperitoneally at a dose of 70mg/kg or lethal dose of isoflurane (3ml injected
into a gauze in the euthanising chamber). The absence of pedal and corneal reflexes were
checked intermittently to confirm deep anaesthesia, followed by thoracotomy for in vivo
perfusion experiments by exsanguination or to remove the heart and induce euthanasia. A
lateral incision of 5-6cm was made through the integument and abdominal wall under the rib
cage, and the liver was carefully separated from the diaphragm, followed by another incision
along with the diaphragm through the entire length of the rib cage to expose the pleural cavity
using curved blunt scissors placed in one side of the ribs while carefully displacing the lungs
and making a cut through the rib cage to expose the heart. The thymus was lifted away from
the heart along with the sternum to provide a clear view of the major vessels (aorta and
subclavian vessels). For rats from which eyes were to be harvested for immediate immersion-

fixation and for glycaemic experiments, the heart was excised to confirm death.

3.4.3 Fixation of tissue by perfusion or immersion

For rats undergoing perfusion fixation, a small incision was made on the posterior end of the
left ventricle using iris scissors. Then a 15-gauge blunt perfusion needle was passed through
an incision on the left ventricle to cannulate the heart into the ascending aorta. Thereafter, the
rat was exsanguinated with phosphate-buffered solution (PBS) at 37°C to washout out blood

from the vasculature followed by fixation with 4% paraformaldehyde (PFA) for 15 — 20
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minutes. An incision was then made at the right atrium to release the pressure of perfusion and
the perfusate into a waste container during the perfusion process. Immersion-fixation in 4%
PFA overnight was done for the aorta and retinae after tissue harvesting and dissection as

described in section 3.4.4.

3.4.4 Tissue harvesting, eyes enucleation and retinal dissection

After thoracotomy, the aorta, eyes and occasionally the spleen were harvested. The aorta was
removed first using a scalpel to carefully remove a segment just before the bifurcation and
immediately placed into either 4% PFA or ice-cold Krebs buffer. Next, the spleen was
removed, rinsed in PBS and placed into 4% PFA/PBS. Eyes were enucleated by using the
scalpel to cut along both sides of the eye, thereby separating the eye muscles from the eye
globe. A forceps was forced gently below the eye globe, and with a blade, the eyes were
separated from the head around the optic nerve. This manoeuvre was done to prevent damage
to the retina. Perfusion-fixed eyes were rinsed in 1 x PBS and then placed in 4% PFA/PBS for
post-fixation, before being dissected under a stereomicroscope. Eyes dissected from non-
perfused fixed rats were transported in ice-cold PBS. At the microscope, forceps were used to
rotate the eye such that the posterior end with the optic nerve faces up. The eye was gripped
with forceps the tissue and muscle surrounding the sides of the eye carefully cut away using
micro dissection scissors, and the optic nerve cut off. The eye was gently rotated such that the
cornea and lens points face the dissector lens. While still maintaining a grip on the eye a 30 G
needle was used to puncture the eye at the iridocorneal angle. The one point of the dissection
scissors was inserted into the puncture site and the cornea and iris were removed by cutting
around the eye. The lens and most of the vitreous was gently removed with forceps while
gripping the posterior end of the eyecup. The eyecup was placed on filter paper soaked with

PBS which was laid on a wax platform, with the anterior end facing upwards. Four radial cuts
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from the open anterior end towards approximately 2 mm away from the optic nerve head were
made through the retina and underlying sclera of the eyecup using a no.11 scalpel blade, taking
note not to completely severe each quadrant of the retina (see second image in Fig 3.2). The
peripheral edges of the quadrants were trimmed using a blade to remove non-retinal tissue
which allowed eye/retina to flatten out the and prevent each quadrant from folding back on
itself when flat-mounted (see third and fourth images in Figure 3.2, and Figure 3.3). Retinae
were either dissected out from the sclera (referred to hereon as explant) or remained in situ
(hereon referred to as the eyecup), then superfused in Krebs buffer for 1, 2 and 3 hours or
cultured for 48 hours before fixing in 4%PFA. The spleen was harvested as mentioned above,
and used as positive tissue control for syndecan-1 immunolabelling. After 48 hours in 4%
PFA at 4°C, the tissue was sliced into thick pieces, and sucrose-embedded for cryoprotection
by placing the tissue sequentially in 10% 20% and 30% sucrose in PBS for 12 hours in each
solution until the tissue had sunk to the bottom of the container. Thereafter, pieces of spleen
were placed in OCT (optimal cutting temperature) tissue freezing medium and frozen.

Cryosections (20um thick ) were produced on a Leica CM1850 cryostat.
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Anterior segment Cut into 4 quadrants Edges removed to Flat on dissection
removed prevent curling up slide

Figure 3.2. Schematic diagram illustrating a stepwise method for retinal dissection: from
the eye globe to cutting into four quadrants, followed by cutting out the edges to allow the eyes

flatten out.

Retina

Figure 3.3. Picture showing freshly harvested retina. A. Dissected retinal flat-mount
placed on a wet filter paper placed on solidified wax in a petri dish. B. Retinal flat-mount in a

multi-well tissue culture plate used for the multi-immunolabelling process.
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3.5 Hyperglycaemia experiments

3.5.1 Ex vivo superfusion

Enucleated eyes and pieces of the dissected aortas (see section 3.4.2) were placed into a pre
oxygenated ice-cold (4°C) Krebs buffer solution containing NaCl 118.5, KCl1 4.7, CaCl2 1.2,
MgS0O4 1.2, NaHCO3 25, KH2PO4 1.2 all in mmol/L. The harvested retinae (as described in
section 3.5.4), either as explant or eyecup were flattened out onto a filter paper pre-wet with
Krebs buffer and gently immersed into ice-cold Krebs buffer before mounting in the perfusion
chamber. The retinae were superfused in a chamber simulating the Langendorff perfusion
system. The Krebs buffer was continuously bubbled with 95% oxygen and 5% carbon dioxide
(Air liquid, SA) and regulated to about 15-20 drops per minute to prevent damage to the retinal
tissue due to high pressure flow, whilst being immersed in the buffer. The temperature of the

buffer solution was maintained at 37°C by a heated water-jacketed system (Figure 3.4).
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Figure 3.4. Ex vivo continuous oxygen superfusion system, used for the retinal tissue

superfusion.

3.5.2 Retinal tissue culture

Extended time point experiments were not feasible on retinal tissue using the superfusion
technique Therefore an exploratory investigation included culturing retinal explants for 48
hours to determine how well the structural integrity of the BRB was retained, and whether this
timepoint could be suitable for ex vivo retinal studies. Tissue culture work was performed
wearing clean laboratory coats and sterile gloves, and all procedures done using aseptic
techniques. Retinal tissue cultures were handled under laminar flow in a Bio-Flow Biological
Safety Cabinet. All bottles, pipette tips and centrifuge tubes were autoclaved and sprayed with

70% ethanol before use. Retinal tissue was cultured in 95% humidity and 5% CO> at 37°C in
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a water-jacketed incubator (Thermo Scientific, USA). After tissue harvesting under sterile
conditions, the retinal tissue (explants only) were cultured in a sterile culture dish using culture
media containing Dulbecco’s Modified Eagle Medium (DMEM) 4.5 1 g/L (25mMglucose), or
1 g/L (5.5mM glucose), supplemented with foetal bovine serum (FBS) (10%), glutamax (1%),
penicillin/ streptomycin (1%), and B-mercaptoethanol (0.1%). The culture medium was filtered
through a 0.22 pm filter after preparation and stored at 4°C. The retinae were cultured for 48

hours. Culture media and all components were purchased from Thermo Scientific, USA.

3.6 Laboratory procedures

3.6.1 Immunolabelling

3.6.1.1 Immunofluorescent labelling protocol

Retinal whole-mounts were fixed in 4% PFA overnight, washed three times (20 min each in
1x PBS), and thereafter permeabilised with 0.5%Tween 20 in PBS or in absolute methanol for
2 hours. After rinsing in 1 x PBS, retinae were blocked in 3% bovine serum albumin (BSA) in
PBS, followed by incubation in different primary antibody combinations overnight to detect
the retinal vascular bed, pericytes, endothelial syndecan-1 and astrocytes. This was followed
by another washing step in 1x PBS (3 times for 20min each), then incubation overnight in
species-specific secondary antibodies conjugated to fluorophores with excitation spectra of
488nm, 561, 647nm and 405nm to detect the bound primary antibodies raised in different
species to achieve multi-immunolabelling. After the washing step in 1x PBS (3 times 20
minutes each), retinae were cleared in a DABCO-glycerol solution overnight or longer. Prior
to microscopic imaging, retinae were mounted between two coverslips (Appendix 2). After
microscopy, retinae were removed from the mounting coverslips and stored in

DABCO/glycerol at 4°C.
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Importantly, various combinations of antibodies raised in different species, were used to find
the optimal cocktail for detecting all the structures in one sample for multi-immunofluorescent
labelling. In most cases, all primary antibodies were initially detected using a CY3 secondary
antibody as this fluorophore has a strong emission. After that, secondary antibodies conjugated
to other fluorophores were used to detect pericytes, astrocytes and syndecan-1 in multi-
immunolabelling procedures. All primary antibodies used for the experiment were diluted in
0.1% Tween 20 in 3% BSA while all secondary antibodies were diluted in 0.1% Tween 20 in
0.1% BSA (see table 3.1 for details of antibodies). Methanol was found to be suitable for
permeabilization and was used to permeabilise the retinae from the superfusion and culture

experiments.

3.6.1.1.1 Immunofluorescent labelling of the BRB

3.6.1.1.1.1 Detection of retinal blood vessels: Fluorescein-labelled lycopersicon esculentum
lectin (also referred to as tomato lectin -FITC) was used to detect vascular endothelium. Several
dilutions were tested with a 1:200 dilution giving the best signal to background. To determine
whether lectin stained up all retinal vessels, immunolabelling of the basement membrane with
rabbit anti-Collagen IV antibody (1:500 dilution) was used as a proxy for blood vessels
architecture. Note in all immunolabelling procedures below, lectin was included with the

secondary antibodies to identify blood vessels.

3.6.1.1.1.2 Detection of pericytes: To identify pericytes, dual-immunolabelling was carried
out with a pericyte marker and one of the blood vessel markers above (mainly lectins) on rat
retinas using a mouse anti- alpha-smooth muscle actin (aSMA) at al:50 dilution. This dilution
was previously validated in our laboratory. Initially, a rabbit anti-NG2 chondroitin sulphate

proteoglycan antibody was used at 1:200 dilution alone and in dual immunolabelling with the
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aSMA antibody. Thereafter, the mouse anti-NG2 antibody was used at a 1:200 dilution in
multi-immunolabelling protocols. The bound anti-NG2 antibody was detected initially with

anti-mouse Cy3 (1:1000 dilution) and thereafter with anti-mouse Alexa 647 secondary

antibody (1:500 dilution).

3.6.1.1.1.3 Detection of the endothelial glycocalyx: From previous studies in our laboratory,
Araibi et al. established a syndecan-1 immunohistochemistry protocol on heart tissues using
chromogenic detection.”® The antibody used in this previous study was used to detect syndecan-
1 protein in the retinas with some modifications. Monoclonal rabbit anti-syndecan-1 antibody
at 1:200, 1:500 or 1:600 dilutions was used to determine the best signal to background labelling
with 1:500 dilution giving the best signal. The antibody was detected with anti-rabbit Cy3
secondary antibody (1:1000). An additional syndecan-1 antibody suitable for WB was also

attempted on whole-mounts as an alternative for labelling.

3.6.1.1.1.4 Detection of astrocytes: To detect astrocytes initially, rabbit anti-glial fibrillary
acidic protein (GFAP —kindly gifted from Prof Lang and which was known to detect astrocytes
in previous studies) was used to determine if the anti- GFAP antibody raised in chick (intended
for the present study) was equally suitable. Rabbit anti-GFAP antibody was used in different
dilutions viz- 1:1000, 1:500 and detected with anti-rabbit Alexa 647 1:500. Anti-chick Cy3
antibody at a 1:1000 dilution was initially used to detect the primary antibody, before using
anti-chick 405 antibody at a 1:50 dilution. Chick anti-GFAP antibody (1:1000 dilution) was

used for the rest of the immunolabelling procedures.
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3.6.1.1.1.5 Detection of heat shock proteins: HSPs were detected using rabbit anti-o-
crystallin A antibody and anti-rabbit Cy3 secondary antibody (1:1000 dilution). Several

dilutions were optimised and 1:200 dilution for the primary antibody gave the best signal.

3.6.1.2 Immunolabelling controls
To verify the specificity of the primary antibodies, the immunolabelling procedure excluded
the primary antibodies and tissues were stained with only secondary antibodies and the blood

vessel marker (lectin).

3.7 Western blotting

The purpose of western blotting was to confirm the specificity of syndecan antibody as it was
unexpectedly immunolocalised to the ganglionic fibres in retinal whole-mounts. It was also
used to determine if hyperglycaemia influenced syndecan levels and heat shock protein. The
other organs (heart and kidney) previously known to express syndecan-1, were used as positive
controls. After retinal tissues were superfused in a continuous oxygen bath chamber for 3 hours,
tissues were homogenised by sonication (Soniprep 150, UK) for 20 seconds in
Radioimmunoprecipitation assay (RIPA) lysis buffer containing 50 mM Tris-HCI (pH 8), 1%
Triton x-100, 150 mM NacCl, 0.1% sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate
with a protease and phosphatase cocktail inhibitor (Halt protease and phosphatase inhibitor,
ThermoScientific, USA). Centrifugation of the lysates was done at 12000 relative centrifugal
force for 20 minutes at a temperature of 4°C (Labnet International, NJ07095, USA). The
supernatant was then collected, and the protein concentration of the supernatant was measured
using the Pierce protein assay kit (Thermo Scientific, Rockford, USA). RIPA buffer is used to
prepare the Bicinchoninic Acid (BCA) working reagent, a 96 well plate is used for the

standards and samples, the absorbance is measured using a microplate reader, then finally a
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standard curve was created, and the volume of protein required was calculated. For more details
on the western blot protocol, see Appendix 3. The loading samples were prepared with equal
amounts of the protein content of the lysate with Laemmli dye (Bio-Rad, SA), RIPA buffer
and dithiothreitol. Samples were then boiled for 5 minutes at 95° before use. The samples were
then loaded and electrophoresed on 12% SDS-polyacrylamide gel using Mini-PROTEAN
Tetra Cell System (Bio-Rad, SA) at 150 voltage for 90 minutes. The protein was transferred
from the gel to Polyvinylidene fluoride (PVDF) transfer membrane (Immuno-Blot PVDF
Membrane for Protein Blotting, Bio-Rad, South Africa), using a semi-dry transfer unit (Trans-
Blot Turbo Transfer System, Bio-Rad, South Africa). The transfer process was confirmed by
staining the PVDF membrane with a ponceau stain. The membranes were then de-stained by
washing with distilled water and blocked with 5% non-fat milk in phosphate-buffered saline
with 0.1% Tween-20 (PBST) for 1 hour at room temperature. The membranes were incubated
with primary antibodies (rabbit monoclonal anti-syndecan-1 antibody [EPR6454], #
AB128936 Abcam) against the protein of interest at 1:1000, 1:2000 and 1:4000. 1 in 2000
dilutions was used in 5% non-fat milk in PBST rocking overnight at 4°C. Similar was done for
sHsps (a-crystallin A) at 1:1000 dilution. The membranes were then washed with PBST 3
times for 10 minutes each and then incubated with horseradish peroxidase (HRP) conjugated
secondary antibody 1:5000 for 2 hours, then washed using PBST 3 times for 10 minutes each.
After draining excess PBST, detection solution was applied on the membrane, then covered
with transparent plastic and into a film jacket for detections in the darkroom. The film was
exposed for 30 seconds, 1 minute and 2 minutes respectively, to get the best signal. $-actin was
used for the loading control at a 1:5000 dilution after stripping the membrane. Syndecan-1,
heat shock protein and B-actin densitometry was analysed using GelQuantNET software

version 1.8.2.

30



3.8 Imaging

Three-dimensional imaging was done on the Zeiss LSM 880 Airyscan and LSM 510 Confocal
microscopes (Zeiss.com) fitted with an Argon laser (488nm), Diode laser (405 nm), diode-
pumped solid-state laser (564 nm) and Helium-Neon laser (647). Lectin-labelled blood vessels
were detected in the green channel (488nm). Astrocytes were detected in the blue channel (405
nm), syndecan-1 was detected in the red channel (564 nm), pericytes in the far red (yellow)
channel (647nm) and HSPs were detected in the red channel on the confocal microscope. The
choice of secondary antibodies couple to these fluorophores was based on the relative
brightness of the signals for each of the structures, as determined by the optimization steps.
The pinhole was set to 189 nm and 20x objective used, and optical sections were for most part
6-8um apart. A minimum of six regions of interest (ROI) selected from the mid-peripheral
retina, covering all quadrants were selected for detailed image analysis. Additional images

were also taken from regions near the optic disc.

3.9 Analysis

3.9.1 Image analysis:

The morphological assessment was done by examining the images for general morphology,
blood vessel architecture, location of syndecan-1 positive signals and associated pericytes and

astrocytes.

3.9.2 Qualitative analysis

The retinal blood vessels were analysed for lectin signal intensity as well as their architectural
patterns- large, primary and secondary branched vessels and capillaries. The astrocytes and
pericytes were examined for the degrees of their signal intensities cellular coverage, which

included the presence of nuclear bulge of pericytes, preservation, and presence of any
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morphological changes. Furthermore, syndecan-1 immunolabelling and distribution in

different blood vessel type were assessed.

3.9.3 Semiquantitative/quantitative analysis using image J

Image J software (National Institute of Health, USA)” with plug-in macros specifically
designed for astrocytes for this study was used to analyse the proportional area coverage of
astrocytes overall and the proportional area covered by astrocyte processes interfacing with the
blood vessels. Pixel intensity was used to analyse syndecan-1 signal intensity in blood vessels
and ganglionic fibres. Maximum pixel intensity was determined from lines drawn across the
blood vessels (5 lines per image) and across ganglionic fibres (5 lines per image) as well as
randomly across the background. The background values were subtracted from the lower pixel
intensity values. For detailed instructions for Image J used for the images analysis, (see

Appendix 4).

3.10 Statistical analysis

All data were analysed using GraphPad Prism version 8 for windows (San Diego California,
USA). Descriptive analyses were conducted, and normally distributed quantitative variables
were presented as means and standard error of mean. Non-parametric quantitative variables
were presented as median and interquartile range. Shapiro-Wilk test was used to determine
data normality distribution. The Students’ t-test and Mann Whitney U test were used to
determine the difference between two normal and not normally distributed data groups,

respectively. P-values of < 0.05 was considered statistically significant.
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CHAPTER 4 RESULTS

4.1 Validation of antibodies and identification of BRB components

4.1.1 Identification of the retinal vasculature

Two vascular markers, collagen IV and Fluorescein labelled Lycopersicon Esculentum Lectin
(lectin), previously used in other studies on whole-mount tissues in our laboratory, were tested
to determine suitability for the planned multi-immunolabelling protocol on retinae in the
current study. In the perfusion-fixed and immersion-fixed retinae labelled with lectin (Figure
4.1 A) and anti-collagen IV antibody (Figure 4.1B), a typical branching pattern of blood vessels
was observed. Both signals were colocalised on all blood vessels (Figure 4.1C) with a high
signal intensity to background fluorescence, thus validating that lectin was a suitable
immunolabelling vascular marker. Lectin-labelling revealed different patterns of blood vessels
in relation to the different parts of the retina with a radiating pattern emerging from the central
retinal artery in the optic nerve, a prominent branching pattern towards the peripheral region,
and the presence of a capillary plexus in the lowermost layer of the retinal vasculature (Figures
4.2 and 4.3). Lectin also labelled other non-vascular cellular structures thought to be glial or
microglial cells based on their morphology (Figure 4.3). The lectin fluorescence signal quality
was similar for perfusion and immersion-fixed retinae. Lectin was used in all the subsequent
experiments presented below in this study to label blood vessels due to its allowance for multi-

channel labelling.
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Figure 4.1 Single plane images of the superficial retinal vascular layer showing lectin and collagen
IV colocalization (immersion-fixed). A. Lectin-labelled blood vessels shown in the green channel. B.
Collagen [V-labelled blood vessels shown in the red channel. C. Merged channel showing lectin and

collagen IV colocalization. White arrows indicate possible microglial cells.
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Figure 4.2. Single plane image of lectin-labelled blood vessels showing different patterns in
different regions of the retina. Superficial image planes showing: A. Radiating pattern of blood
vessels from the central retinal artery (arrow) at the optic nerve head in the central retinal region
(perfusion-fixed). B. The peripheral region of the retina shows a branching pattern of blood vessels
(immersion-fixed). Note the similarity in lectin fluorescence signal quality in both perfusion-fixed and

immersion-fixed retinae.
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Figure 4.3. Gallery showing Z-stack images of lectin-labelled retinal blood vessels. The superficial
plane shows a branching pattern of retinal blood vessels and the deepest vascular bed appears as a
capillary plexus. Sections were taken at Z planes of 00.00 — 58.2um, respectively. Note the vasculature
is clearly seen in all Z planes with a slight reduction in lectin signal intensity in the lower planes. Non-
vascular cells (white arrowheads) are detected in layers 8.35 to 25.04um which are likely microglial

/glial cells. Note that these predominate just below the superficial vessel layer.

4.1.2 Identification of pericytes

The alpha smooth muscle actin antibody (¢SMA) was initially used to determine its suitability
for detecting vascular mural cells, including pericytes, but as shown in Figure 4.4, aSMA-
positive signals were only detected in mural cells (based on the location of the signal which
appeared more peripheral to the lectin signals) associated with the radial retinal arteries and
precapillary arterioles (primary branches), while pericytes associated with the retinal
capillaries were not detected. By contrast, the NG2 antibody used at 1:200 dilution was optimal

and showed up all retinal vessels (Figure 4.5 B). Interestingly, NG2 was also detected in mural

36



cells (smooth muscle cells) lining the radiating retinal arteries, the latter vessel type which was
also aSMA-positive. Pericytes were identified by their nuclei bulges observed around the
periphery of the blood vessels and which are more obvious when pseudocoloured in red (Figure
4.5B, C and D). A gallery image that shows bright NG2 fluorescence intensity on pericytes
from the superficial to the deep layer of the retina is shown in Figure 4.6. Note that the signal
intensity is still bright at the deepest layer compared with the image on lectin labelling shown

in Figure 4.3 above.

Figure 4.4. Single plane images of lectin and aSMA-labelled retinal blood vessels to detect
pericytes. Superficial image planes of the perfusion-fixed retina showing: A. Lectin-labelled radial
artery, its branches and capillaries. B. Perfusion-fixed retinae showing that aSMA is detected only in

the radial artery (on the left) and its primary branch, where capillaries are undetected (right).
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Figure 4.5. Single plane images of lectin and NG2-immunolabelled retinal blood vessels to detect
pericytes. Superficial planes showing: A. Lectin-labelled radial arteries, primary and secondary
branches and the capillary bed. B. NG2 is detected in pericytes covering the radial arteries and
capillaries which are also stained by aSMA C. Showing perivascular pericytes nuclei bulge (white
arrowheads). D. Pericyte nuclei bulges at the deep layer. Note that the NG2 signal in C and D are

pseudocoloured (red) to show the nuclear bulge more clearly.
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Figure 4.6. Gallery showing Z-stack images of NG2-immunolabelled retinal blood vessels to detect
pericytes. Note the signal clarity of NG2 positive signals from the superficial layer (0.00um) to the

deepest capillary plexus.

4.1.3. Identification of astrocytes

Anti-glial fibrillary acid protein (GFAP) antibody was used to detect astrocytes. Several
dilutions were used, with a 1:1000 dilution providing the best signal to background
fluorescence. Astrocytes were seen as stellate-shaped cells with processes forming a network
around the blood vessels (Figure 4.7). Microglial-like cells were detected with lectin and these

cells also associated with astrocytes in the superficial planes, as seen in Figures 4.7 and 4.8.
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Figure 4.7. Single plane images showing GFAP immunolocalisation in astrocytes in the rat retina.
A. GFAP-positive astrocytes in the blue channel. Note the stellate shape of astrocytes and their
processes (white arrows). B. Lectin-labelled blood vessels in the green channel. Note the associated
outline of the blood vessel (yellow arrowhead) with astrocytes in Figure 4.7A. C. Merged channel shows
colocalisation of GFAP-positive signals with lectin-labelled microglial cells (blue arrows). Astrocytes

are represented in pseudocolour red for better clarity.
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Figure 4.8. Gallery of Z-stack images showing the location of astrocytes (in pseudocolour red)

and microglial cells in the retina. Astrocytes are located in the most superficial plane. Lectin-labelled
microglia are present in the superficial retinal vascular layer through to approximately halfway down

to the deepest layer (0.00pm — 32.85um).

4.1.4 Identification of the endothelial glycocalyx and syndecan-1 immunolocalisation

Syndecan-1 monoclonal rabbit antibody had previously been used to detect rat coronary blood
vessels in our laboratory.”® Other tissue types, including rat aorta and spleen, were used as
positive tissue controls to optimise for syndecan-1. Syndecan-1 positive signals were detected
in the vasa vasorum and capillaries in the adventitia of the aorta (Figure 4.9) as well as on the
luminal endothelium of the aorta (Figure 4.10) with a high signal to background intensity.
Syndecan-1-positive signals were detected in the retinal blood vessels with the best signal to
background intensity at a 1:500 dilution of this antibody. However, signal intensity varied in
different regions of the retina, with some areas showing higher signal intensity of syndecan-1
compared to other regions (Figure 4.11). Nerve fibre-like structures located in the plane just

beneath the superficial retinal vessels and which were seen to converge on the optic disc, were
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incidentally found to have a consistently high signal intensity, mainly at the central region
compared to the peripheral region but still more intense than that seen in the blood vessel with
this antibody (Figure 4.11 A). Based on the morphology and z-plane location of these fibres,
they were identified as the nerve fibres arising from neurons in the ganglionic cell layer
(hereafter referred to as the ganglionic fibres). Retinal tissues were stored in either ethanol or
methanol, and it was observed that tissues stored in ethanol yielded a slightly brighter signal to
background fluorescence. Also, retinae that were perfusion-fixed with PFA showed a brighter

signal compared to retinae that were not perfusion-fixed (Figure 4.12 C, D).
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Figure 4.9. Single plane images of syndecan-1 localisation in the rat aorta and spleen. A. Syndecan-
1 is present in the vasa vasorum (yellow arrowhead) and capillary bed (white arrowhead) in the
adventitia of the aorta. B. Lectin-labelled counterpart and C. Merged channel showing syndecan-1 and

lectin are colocalised. D. Syndecan expression in the rat splenic vessel (white arrow).
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Figure 4.10. Extended focus image covering the endothelial surface of syndecan-1 and lectin-

labelled rat aorta. A. Syndecan-1 is immunolocalised on the endothelial surface of the aorta. B.

Corresponding lectin-labelled channel.
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Figure 4.11. Single plane image of syndecan-1 and lectin labelling of the central rat retina. A.
Syndecan-1 positive fluorescence signals were more intense in the ganglionic fibres (blue star)
compared to that seen in the blood vessels. Large retinal radial artery (white arrowhead), primary branch
(yellow arrowhead), secondary branch (blue arrowhead) and location of capillaries (purple arrowhead).
Note the absence of syndecan-1 in the capillaries. B. lectin-labelled showing the corresponding vessels

in A. C. Merged channel for syndecan-1 (red) and lectin (green).
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Figure 4.12. Single plane images of syndecan-1 and lectin labelling of the peripheral rat retina. A.

Syndecan-1 expression is stronger in the peripheral region of the retina in the blood vessel (white
arrowhead), blue star indicates ganglionic fibres. Note that ganglionic fibres in the peripheral region
have thinner fibres and paler syndecan-1 staining B. Corresponding lectin labelling in the vessels
(immersion-fixed) Syndecan-1 labelling in the peripheral region shows brighter signal intensity

compared to A. D. Corresponding lectin labelling in the vessels (perfusion-fixed).
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4.1.5 Identification of all BRB structures by multi-immunolabelling

Multi-immunolabelling with the final selection of antibodies (rabbit anti syndecan-1, mouse
anti-NG2, and chick anti-GFAP, detected with anti-rabbit Cy3, anti- mouse Alexa 647 and DL
405) of the rat retina revealed intact structures of all the BRB components. These antibody

combinations were then used for the rest of the study (Figure 4.13).

Figure 4.13. Single plane images showing multi-immunolabelled rat retina identifying all the BRB

components. A. GFAP-positive astrocytes in the blue channel. B. Lectin labelling blood vessels in the
green channel. C. NG2-labelled pericytes in the yellow/far red channel D. Syndecan -1 in blood vessels
in the red channel. E. Merged channel image. All structures are clearly identified showing the multi-

immunolabelling of all antibodies.
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4.1.6 Identification of Heat shock protein (a -Crystallin A)

Different dilutions of a-Crystallin A antibody were used to identify Hsp, and a 1:200 dilution
gave the best signal intensity. The Hsp was expressed in the superficial layers with intense
fluorescence on ganglionic fibres similar to that seen for syndecan-1 (Figure 4.14). Some
cellular like structures between the ganglionic fibres are being detected with Hsp antibody but

with a lower signal intensity.

Figure 4.14. Single plane images showing multi-immunolabelling of the rat retina identifying Heat

shock proteins (a-Crystallin A). A. Merged channel of lectin (green) and a-Crystallin A (red)
showing ganglionic fibres (blue star) with some cellular-like structures showing positive signal

(white arrow). B. An orthogonal image showing Hsp at the superficial level.
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4.1.7 Negative immunolabelling controls

To verify the specificity of the primary antibodies, the immunolabelling procedure excluded
the primary antibodies, with only secondary antibodies and lectin used in the secondary
antibody solution. Only lectin signals are present with no detection of primary antibodies seen

in the other channels (Figure 4.15).

Figure 4.15. Single plane image of rat retina immunolabelled with only secondary antibodies. A.
Lectin-positive signals delineating the blood vessels. B. Anti-rabbit Cy3 used for detecting rabbit anti-
syndecan-1 or anti-a-crystallin A antibodies. C. Anti-ChickDL405 antibody used for detection of Chick

anti-GFAP D. Anti-mouse Alexa 647 used for detection of for mouse anti-NG2.
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4.2 The effect of time and retinal preparation on the integrity of the BRB in
normoglycaemic superfused or cultured retinae
4.2.1 The effect of time and retinal preparation on the vascular cellular components of

the BRB in normoglycaemic superfused or cultured retinae

All structures that make up the blood retinal barrier (BRB, i.e., the vascular endothelium,
pericytes and astrocytes), were well preserved after 3 hours of normoglycaemic oxygen
superfusion in both retinal explants and eyecups. The only noticeable difference between the
superfused versus freshly harvested retinae was a slight reduction in signal intensity of the
pericytes and astrocytes (Figure 4.16). In general, there were no significant morphological
differences in the vasculature, pericytes and astrocytes between explant and eyecup preparation
types after 3 hours of superfusion. However, a slight reduction in GFAP signal intensity and
occasional possible clumping of astrocyte processes was observed at the 3-hour time point in
explants (Figure 4.17). Similarly, there was no morphological evidence of significant
differences in astrocyte area coverage between 1 and 3 hours of normoglycaemic superfusion
(Figure 4.17). Quantitative analysis showed no significant differences between time points for
either explant or eyecup preparations but statistically significant higher astrocyte area coverage
in the eyecup compared to explant retinae at the 1-hour superfusion time-point (Figure 4.18).
In retinal explants cultured for 48 hours, GFAP-positive astrocytes were still present with a
moderate signal intensity. However, on morphological examination, astrocyte processes
appeared to be thickened or clumped and astrocytes showed moderate to severe apoptotic-like
changes with a punctate pattern which appeared to be associated with possible degenerating

astrocytes processes along vessels (Figure 4.19).
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Figure 4.16. Single plane images showing evidence of intact structures and preservation of the
blood retinal barrier for up to 3 hours: Superficial retinal planes showing lectin-labelled blood
vessels, NG2-immunolabelled pericytes and GFAP-immunolabelled astrocytes. A. Freshly harvested
(time zero) retina B. Retinal explant after 3 hours of superfusion. C. Retinal eyecup after 3 hours of

superfusion.
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Figure 4.17 Effect of time in normoglycaemic superfusion on astrocyte coverage. A. Retinal eyecup
preparation after 1 hour of superfusion. B. Retinal explant preparation after 1 hour of superfusion. C.
Retinal eyecup preparation after 3 hours of superfusion. D. Retinal explant preparation after 3 hours of

superfusion. Slight clumping of astrocyte processes (white arrow).
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Figure 4.18 Box and whisker plots of astrocyte abundance (area coverage) in retinal explant and

eyecup preparations superfused under normoglycaemic conditions for 1, 2 and 3 hours. P <0.0108

(n = 2 retinae per group).

Figure 4.19. Single plane images of astrocyte morphology after 48 hours in normoglycaemic
culture conditions. A: GFAP-positive astrocytes with punctate pattern suggestive of apoptotic-like
features. B: Lectin-labelled blood vessels in corresponding green channel. C: Merged pseudocoloured

GFAP signal (red) showing a punctate pattern concentrated along blood vessels (arrows).
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4.2.2 The effect of time and retinal preparation type on Syndecan-1 in retinal blood
vessels of normoglycaemic superfused or cultured retinae.

This section describes the effect of time and retinal preparation type on Syndecan-1 in retinal
blood vessels of normoglycaemic superfused or cultured retinae on the expression of
syndecan-1. Morphological assessment of the blood vessels of explant and eyecup retinal
preparations superfused under normoglycaemic conditions for up to 3 hours, showed the
presence of syndecan-1-positive signals in the larger blood vessels, with lower fluorescence
intensity in the primary and secondary branches and lastly, the capillaries, which had the lowest
fluorescence intensity (Figure 4.20). Semiquantitative analysis of syndecan-1 fluorescence
intensity in retinal blood vessels showed no significant difference in Syndecan-1 fluorescence
intensities between time points for explant and eyecup preparations, but showed a significantly
higher syndecan-1 signal intensity in the retinal explants compared to the eyecup preparations
after 1 hour of normoglycaemic superfusion (p = 0.0034) (Figure 4.21). After 48 hours in
culture under normoglycaemic conditions, retinal explants showed bright syndecan-1 signal
intensity in all blood vessels which was higher than that seen in the superfusion groups (Figures

4.22 and 4.23).
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Figure 4.20. Single plane images of astrocyte morphology after 48 hours in normoglycaemic
culture conditions. A. Syndecan-1 immunolocalisation in blood vessels in a retinal eyecup
preparation after 1-hour normoglycaemic superfusion (white arrow indicates retinal radial artery) B.
Lectin-labelled blood vessels in the corresponding green channel. C. Slightly reduced syndecan-1
signal intensity is seen in the blood vessel in a retinal explant preparation after 1-hour
normoglycaemic superfusion (white arrow indicates retinal radial artery). D. Lectin-labelled blood
vessels in corresponding green channel. Note: although 1-hour image is shown above, findings were

similar at 3 hours.
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Figure 4.21. Box and whisker plot of Syndecan-1 fluorescence intensity in explant and eyecup
preparation types after 1, 2 and 3 hours of normoglycaemic superfused retinae. P = 0.0034. (n =

2 retinae per group).

Figure 4.22. Single plane image of syndecan-1 in the capillaries of a retinal explant after 48 hours

in culture under normoglycaemic conditions. White arrows indicate syndecan-1 in the capillaries.
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Figure 4.23. Box and whisker plots of syndecan-1 fluorescence intensity in control superfused

retinal explants over time. **** = p<(0.0001. (n = 4 retinae per group and n=1 for 48-hour group)
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4.3 Effect of hyperglycaemia on the integrity of the BRB and other retinal structures
4.3.1 Effect of hyperglycaemia on retinal blood vessels

4.3.1.1 Effect of hyperglycaemia on blood vessel morphology

In the rat retinal superfused model, the lectin-labelled blood vessels were intact across all time
points in the control and hyperglycaemic groups for both retinal explants and eyecup
preparations. A slight difference was noted in the blood vessel width in randomly selected
images between the control and hyperglycaemic group in the deep layers of the 3 hours
superfusion eyecup group (Figure 4.24) with the lowest width = 4.09um and highest width =
6.18um in the control group, and lowest width = 3.57um and highest width = 4.84um in the
hyperglycaemia group. Other representative images of the superficial and deepest vascular
planes of explant and eyecup groups at the 1 and 3 hours superfusion time points are in
Appendix 5. After 48 hours in culture, lectin-labelled blood vessels were relatively intact and
signal intensity was bright in control and hyperglycaemic groups. The width of the capillaries
was reduced in the hyperglycaemic group compared to the control counterpart both in the

superficial and deep vascular layers (Fig 4.25).

58



Figure 4.24. Superficial and deep optical planes showing the effect of hyperglycaemia on rat
retinal blood vessels in 3 hour superfused rat retina. A. Control eyecup after 3 hours of superfusion
— superficial layer. B. Hyperglycaemia eyecup after 3 hours of superfusion — superficial layer. C.
Control eyecup after 3 hours of superfusion — deep layer. D. Hyperglycaemia eyecup after 3 of hours
superfusion — deep layer. Note the narrowing of the blood vessels seen in the hyperglycaemic groups
compared to the control. The values in red on the images represent retinal blood vessel width (white

arrow).
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Figure 4.25. Superficial and deep optical planes showing the effect of hyperglycaemia on rat

retinal blood vessels after 48 hours in culture. A Control — superficial layer B. Hyperglycaemia -
superficial layer. C. Control — deep layer. D. Hyperglycaemia — deep layer. Note the narrowing of the
blood vessels seen in the hyperglycaemic groups compared to the control. The values in red on the

images represent retinal blood vessel diameter (white arrow).
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4.3.1.2 Effect of hyperglycaemia on syndecan-1 fluorescence intensity in blood vessels

Analysis of immunolabelled retinae revealed that syndecan-1 fluorescence intensity was

significantly higher in the 1-hour hyperglycaemic superfused retinae compared to the controls

(p =<0.0001). A similar trend was observed at 2 and 3 hours, but these did not reach statistical

significance (p = 0.7734, p = 0.7965, respectively). Although the statistical power is very low

(n=1), syndecan-1 fluorescence intensity was lower in the hyperglycaemic group compared to

the control after 48 hours in culture (Figure 4.26). Syndecan-1 fluorescence intensity was also

statistically analysed at individual time points for explants and eyecups. Eyecups showed a

statistically significant increase in signal intensity at 1 hour and 3 hours in the hyperglycaemic

groups. Explants from 1 to 3 hours showed no significant difference between control and

hyperglycaemic groups across the time points (Figure 4.27).
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Figure 4.26: Box and whisker plots of syndecan-1 fluorescent intensity in hyperglycaemic and

control groups of rat retina at different time points (1, 2, 3 and 48 hours). P value <0.05

statistically significant, **** = p value <0.0001, * = p value <0.0083. (n = 4 retinae per group and n =

1 for the 48-hour group). Note: HYPER= hyperglycaemia.
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Table 4.1. Syndecan-1 protein expression in hyperglycaemic and control combined

explant and eyecup at 1, 2 and 3-hour time points

Syndecan-1 Syndecan-1 P value

CONTROL HYPERGLYCAEMIA

Median (25% -75% IR) | Median (25% -75% IR)
1-hour 7.95 (0.00-19.33) 18.05 (0.00-33.50) <0.0001
2-hour 11.00 (0.00- 21.00) 12.00 (0.00- 22.40) 0.7734
3-hour 11.65 (5.60- 17.38) 12.15 (0.00- 19.83) 0.7965

62




Explant
> 2007 3 CONTROL
@ —_ 3 HYPER
[
il ——
£
3 150+
c
)
o
n
o
S
= 100+
k= ns
2 — ns
o —
S
Q
-
& 50
©
3]
]
°
c
)
0 T  E— T I I T
1 hour 2 hour 3 hour
B Eyecup
* %k % * =33 CONTROL
N — —
80 _ = HYPER
>
=
n
o
.E 60— ns
() I I
8 —_
c
) —_
o
7]
Q 404
o
=)
[
S
c
S
°
c
>
n
0 || || ||
1 hour 2 hour 3 hour

Figure 4.27 Box and whisker plots of showing the effect of hyperglycaemia on Syndecan-1
fluorescence intensity. A. eyecup hyperglycaemic and control groups of rat retina 1, 2 and 3 hours. B
explants hyperglycaemic and control groups of rat retina at 1, 2 and 3 hours. P value <0.05 = statistically

significant. **** = <(0.0001 * = <0.0199, (n = 2 retinae/group). Note: HYPER = hyperglycaemia.
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4.3.1.3 Effect of hyperglycaemia on pericyte morphology

After superfusion and immunolabelling of rat retinae, morphological assessment showed no
difference in NG2 signal intensity in both the control and hyperglycaemic explant and eyecup
preparations across the time points (Figure 4.28). However, the hyperglycaemic group showed
a reduced number of “nuclear bulges” of the pericytes in the deep layers of the retina (both
eyecup and explant). This was objectively scored based on the number of nuclei in the
capillaries per field. All control superficial layers had a semiquantitative score of 3, while the
deep layers had a score of 1. Additional images are attached in Appendix 6, (where there is a
clear difference between the control and hyperglycaemia at 3 hours). After 48 hours in culture,
there was no reduction in the fluorescence intensity of pericytes compared to the superfused
retinae. However, there was a marked reduction in the number of pericyte nuclei bulges after
48 hours in culture with slightly greater loss in the hyperglycaemic group compared to the
control group which was more evident in the deep layer of the hyperglycaemic group having a

score of 0 with complete loss of pericytes. (Figure 4.29).

64



Figure 4.28. Single image planes of the superficial and deep layers of the retinal vessels showing
the effect of hyperglycaemia on pericytes. A. Control explant: after 1-hour superfusion — superficial
layer. B. Hyperglycaemia explant: after 1-hour superfusion — superficial layer. C. Control explant: after
1-hour superfusion — Deep layer. D. Hyperglycaemia explant: after 1-hour superfusion — Deep layer.

Note: Pericytes and their nuclei around lectin-labelled blood vessels (white arrow).
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Figure 4.29. Single image planes of the superficial and deep layers of NG2 labelling on pericytes
after 48 hours in culture. Combined channel images of lectin and NG2- labelled pericytes. A. Control
—superficial layer. B. Hyperglycaemia— superficial layer. C. Control — Deep layer. D. Hyperglycaemia—

Deep layer. Note: White arrows showing pericyte nuclei bulge.
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4.3.2 Effect of hyperglycaemia on neural tissues

4.3.2.1 Effect of hyperglycaemia on astrocyte morphology and area coverage

Astrocytes area coverage in the hyperglycaemic and control groups of the superfused model
were assessed in different retinal preparation types, i.e. explant and eyecup and at different
time points 1, 2 and 3 hours. Morphologically, astrocytes were observed in all fields of the
retinal explant, and there was no significant difference in signal intensity in both the
hyperglycaemic and control groups across the time points. At 3 hours post-superfusion, there
was some evidence of astrocytes appearing fragmented with features of apoptosis (Figure
4.30). Similarly, quantitative analysis showed no statistical difference between astrocyte area
coverage in control and hyperglycaemia groups across the time-points in the superfused model
(Figure 4.31). In the 48-hour cultures, astrocytes were substantially reduced in number with a
higher degree of cell loss in the hyperglycaemic group compared to the control. Also, there
was severe astrocytes damage in the hyperglycaemic group compared to the control group

(Figure 4.32).
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Figure 4.30. Single plane images of GFAP immunolabelling showing astrocytes in the

superfused control and hyperglycaemic explant and eyecup rat retina at 1 and 3 hours. A. Eyecup
from 1 hour hyperglycaemia group. B. Explant from 1-hour hyperglycaemia group showing punctate
labelling (orange arrowhead) in the superficial layer of the image reflecting cell fragmentation. C.
Eyecup from 3-hour hyperglycaemia group. D. Explant from 3-hour hyperglycaemia group showing

punctate labelling (orange arrowhead).
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Figure 4.31. Box and whisker plots of Astrocyte area coverage in control and hyperglycaemic
groups of rat retina at different time points (1, 2, and 3 hours). (n = 4 retinae/group) Note: HYPER

= hyperglycaemia.
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Figure 4.32. Single plane images of GFAP immunolabelled astrocytes in the 48-hour cultured
retina. A. GFAP-positive astrocytes showing punctate signals along the processes suggesting
disintegration (Control). B. Astrocytes in hyperglycaemic medium show weak GFAP signal intensity
and show severe apoptotic-like changes associated with the areas where processes attach to the blood

vessels.
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4.3.2.2 Effect of hyperglycaemia on ganglionic fibres

Morphologically, ganglionic fibres, which were incidentally observed with syndecan-1
positive signals in the retina, were present in both retinal explants and eyecups but with
decreasing signal intensity with increasing superfusion time (Figure 4.33). There was no
difference seen in retinal ganglionic fibres of the hyperglycaemic and control groups in the
superfused retina throughout the time points. (Figure 4.36). Ganglionic fibres were markedly

absent in the 48- hour retinal cultures in both control and hyperglycaemic groups. (Figure 4.37).

Figure 4.33. Single plane images showing syndecan-1 immunolabelled ganglionic fibres of
the rat retina. A. Syndecan-1 positive signal in ganglionic fibres of the freshly harvested retina. B.

Syndecan-1 positive signal in ganglionic fibres of 3-hour superfused control retina. Note the decline in

signal intensity by the 3-hour time point.
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Figure 4.34. Box and whisker plots of syndecan-1 fluorescence intensity in ganglionic fibres of the

superfused rat retinal model. There was no statistically significant difference between the

hyperglycaemic and control groups across the time points 1, 2 and 3 hours of combined retinal explant

and eyecup data. (n = 4 retinae/group) Note: HYPER = hyperglycaemia.
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Figure 4.35. Syndecan-1 labelling on ganglionic fibres from hyperglycaemic and control retinae
cultured for 48 hours. A. Control: Lectin-labelled blood vessels. B. Control: syndecan-1 positive
signals in blood vessels, no ganglionic fibres seen. C. Hyperglycaemia: lectin-labelled blood vessel. D.

Hyperglycaemia syndecan-1 positive signal in in blood vessels, no ganglionic fibres seen.
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4.3.2.3 Effect of hyperglycaemia on microglial-like cells
Microglial cells were detected with the blood vessel marker (lectin) on the freshly harvested
(time zero) rat retina (see Figure 4.1 C above). They were also present in all retinae after 3

hours superfusion of the rat retina (Figure 4.36 A and B). However, they were not present in

the retina cultured for 48 hours. (Figure 4.36 C).

Figure 4.36. Single plane image showing microglial cells in the lectin labelled freshly harvested,
superfused and cultured rat retina. A. Control explant after 3 hours superfusion showing microglial
cells. B. Hyperglycaemia explant after 3 hours superfusion of the retina still showing microglial cells.

C. Hyperglycaemia after 48 hours showing the absence of microglial cells.
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4.3.3 Effect of hyperglycaemia on heat shock proteins

The a-Crystallin A antibody was used to detect heat shock protein in the retina in the 48-hour
retinal cultures. Positive signals of a-Crystallin A were seen on ganglionic fibres like that seen
with syndecan-1 with additional low signal intensity on cellular-like elements. This was also
present at the 3-hour time point. However, at 48 hours, there were no positive signals noticed

on ganglionic fibres (also like that shown in syndecan-1), which suggests that ganglionic fibres

may have disintegrated (Figure 4.37).

Figure 4.37. Single plane image of Hsp in the immunolabelling on superfused and cultured rat
retina. A. Hyperglycaemia after 3 hours of superfusion showing Hsp in ganglionic fibres. B.
Hyperglycaemia after 48 hours of culture showing Hsp positive signals (red channel) and the lectin-
labelled blood vessel (green channel). Note the disintegration of ganglionic fibres in the retinae cultured

for 48 hours.
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4.4 Associations between retinal blood vessels, astrocytes and pericytes in the control and
hyperglycaemic rat retinal model

This section describes the relationship observed between the blood vessels with the pericytes
and astrocytes. The results of the experiment showed that blood vessels remained intact in the
superfused retina both in the control and hyperglycaemic groups. Blood vessel narrowing was
observed in the 48 hour culture model in the hyperglycaemic group. Pericytes that were present
in the superfused control group were slightly reduced in number and signal intensity in the
deeper layer of the retina. Astrocytes processes which were widely spread around blood vessels

were seen retracting away from the blood vessels with signs of disintegration.

4.5 The expression of syndecan-1 protein in rat retina using western blotting

To confirm the specificity of syndecan-1 antibody on retinal proteins as retinal ganglionic
fibres were unexpectedly labelled on retinal whole-mounts immunolabelling, western blotting
was performed. The western blot of the 3-hour superfused rat retinal explants showed higher
syndecan-1 protein expression in the hyperglycaemic group compared to the control with
normalised syndecan-1 protein densitometric values of 43.26 and 22.59, respectively.
Syndecan-1 protein was also expressed in the kidney tissue, which served as a positive control,
while there was no demonstrable expression of syndecan-1 in the RIPA lane (negative control)

(Figure 4.38).
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Figure 4.38. Representative immunoblot images showing syndecan-1 expression and B-actin
protein expression in control and hyperglycaemic rat retina at 3 hour time point. Kidney (positive

control). RIPA was used as a negative control. Abbreviation: Hyper = hyperglycaemia.

4.6 The expression of heat shock protein in rat retina using western blotting

Western blotting was performed to determine the expression of heat shock protein (using o-
crystallin A antibody for detection) in control and hyperglycaemic superfused rat retina. The
representative immunoblots images in Figure 4.39 show higher expression of heat shock
protein in hyperglycaemic superfused rat retina compared to the control with normalised a-
crystallin A densitometric values of 0.10 and 0.57 for control and hyperglycaemic groups,
respectively. However, there was no demonstrable expression of heat shock protein in the

RIPA lane (negative control).
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Figure 4.39. Western blot showing heat shock protein (a-Crystallin A) and B-actin protein
expression in control and hyperglycaemic rat retina at 3-hour time point. RIPA was used as a

negative control.
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CHAPTER 5 DISCUSSION

The BRB, a selective physical barrier within the eye, is made up of vascular and cellular
components, namely endothelial cells, pericytes and astrocytes, which regulates molecules and
solutes transportation across the retina.3 3* Disruption in the architecture in BRB may lead to
increased vascular permeability, acellularity and angiogenesis heralding the early changes in
DM retinopathy.”® 1% Previous studies have reported that hyperglycaemia is associated with
capillary hyperpermeability, neovascularisation and damage or loss of key components of the
BRB namely endothelial glycocalyx layer, pericyte and astrocytes.’!: ¢ 191 The structural
changes that mediate functional mechanisms involved in the early stages of diabetic
retinopathy is unknown. Animal and human diabetic models have been utilised to study the
effect of hyperglycaemia on retinal structure and function. This study investigated the effect of
retinal preparation type, superfusion time and hyperglycaemia on the vasculature and cellular
components of the blood retinal barrier (BRB) utilising a multi-immunolabelling approach to
study the early stages of diabetic retinopathy using ex vivo superfusion and culture models.
The ex vivo diabetic rat model was used in this study as it might offer more flexibility in
conditions that will not be affected by systemic physiology, and insights into early pathogenesis
may not be possible with in vivo models. Additionally, optimisation on perfusion-fixed versus
immersion-fixed retinae showed that all BRB structures were well preserved in both fixation
methods. This is a key study that investigates the effect of rat retinal preparation types on the

vascular and cellular components of BRB.

5.1 Optimisation of fixation and immunolabelling
Perfusion-fixed rats were initially used during optimisation to validate the ex vivo model as
perfusion fixing is regarded as the gold standard for optimal morphological preservation of

organs and particularly the retina. In the immersion-fixed freshly harvested retina, the lectin-
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labelled retinal vasculature (ex vivo model) showed similar findings to the in vivo model i.e., a
radiating pattern around the optic nerve, a branching pattern at the peripheral region and the
presence of a capillary plexus in the lowermost vascular layer in the retina. Furthermore, the
lowermost retinal vascular layer showed slightly reduced signal intensity and may be explained
by the fact that markers and antibodies with lower wavelength may show higher tissue internal
absorption leading to reduced signal intensity in the deeper layers (lowermost) as previously
shown by Naidoo et al. in whole-mount imaging on another organ.!?? In a previous study that
used lectin to label freshly harvested whole-mount retina, the authors showed a retinal vascular
branching pattern in non-diabetic rats.%* Perfusion-fixed retina had a higher syndecan-1 signal
intensity compared to that seen in the immersion-fixed model in this study. Despite this, retinal
vessels were clearly visible in immersion-fixed tissues and thus adequate to study the vessels
in the ex vivo experiments. As far as we are aware, there is no study that has compared
perfusion-fixed and immersion-fixed retinal whole-mounts to detect syndecan-1 using
immunohistochemistry (IHC). The optimisation findings suggest that immersion-fixed retina

show comparable results with the perfusion-fixation gold standard.

5.2 The effect of superfusion or culture time and retinal preparation types on the blood
retinal barrier under normoglycaemia

Whole-mount immunolabelling provides better clarity with respect to target protein expression
within a tissue compared to tissue sectioning and is therefore suitable for studying BRB

components.'%3

This study demonstrated normal morphology of blood vessels, pericytes and
astrocytes, which make up the blood retinal barrier in both explant and eyecup of superfused
retinae throughout 1- 3-hour time points. Furthermore, although there was some reduction in

signal intensity at 1 hour there was no real significant difference in the signal intensities at the

different time points in both explants and eyecups. With regards to the effect of time on
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astrocyte morphology on the BRB integrity in superfused retinae, this study showed normal
astrocytes coverage and morphology in both control explants and eyecups at 1 and 2 hours but
with some retraction of astrocytes processes at 3 hours in the superfused model. However, in
the 48-hour culture model, abundant apoptotic-like changes and retraction of astrocyte
processes were markedly prevalent in the retinal explant. These findings imply that a time point
earlier than 48 hours may be more suitable to study morphological and pathological changes

of astrocytes in control and disease states.

This study showed patchy syndecan-1 immunolocalisation in the retinal vasculature of both
explant and eyecup (central and peripheral regions) with similar signal intensity in both
preparation types, implying that superfusion of explant and eyecup has no effect on the
syndecan-1 pattern of distribution. The gradient in brightness of syndecan-1 signal intensity in
rat retinal blood vessels from the larger arteries to the capillaries with least intensity in the
latter, suggests that functional disruption of the endothelium in small vessels may be the earliest
pathology to occur when the retina is exposed to toxic or metabolic insults such as
hyperglycaemia, hypoxia, and hypertension. Interestingly, this is the first study to identify
syndecan-1 expression in either animal or human retinal vessels in superfused or culture
models. In this study, the expression of syndecan-1 protein was demonstrated in both
normoglycaemic superfused retinal explant and eyecup at three different time points (1, 2, and
3 hours). Additionally, both retinal explants and eyecups had comparable syndecan-1 signal

intensity and astrocytes abundance (area coverage) over time.

Overall, under normoglycaemic conditions, there is no difference between explant and eyecup

retinal preparations with regards to all parameters investigated in this study. Hence, this study

shows that eyecup preparations will be very suitable to study the BRB cellular and
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physiological components in future studies. The eyecup retinal preparation protocol may show
some benefit in terms of reproducibility, error minimisation, easy handling, shorter
experimental duration and cost-effectiveness compared to the protocol that utilises the

complete retinal extraction (explant).

5.3 The effect of hyperglycaemia on the morphology of pericytes and astrocytes within
the retinal vasculature in normo- and hyperglycaemic ex vivo conditions over time

Structural changes to pericytes and astrocytes within the retinal vasculature were examined
using multi-immunofluorescence labelling after superfusion and culture of rat retinal tissue in
the hyperglycaemic medium. Structural changes to pericytes and astrocytes in the retinal blood

vessels were observed after 3 hours of superfusion in the hyperglycaemic medium.

Retinal blood vessel width was reduced in the eyecup group, and the fluorescence intensity of
NG2-immunolabelled pericytes was diminished as well as reduction in the number of the
pericyte nuclei bulge in the lower vascular bed of the eyecup group (3-hour) and 48-hour
cultured retinal explants. Similar to these findings, Weerasekera et al., Toh et al., Li et al. and
Mizutani et al. found pericyte loss and increased acellular capillaries in diabetic rat retinae.*
85,104,105 pericytes are perivascular cells that play an essential role in maintaining the BRB by
regulating vascular tone and capillary bed integrity, blood flow, vessel permeability and
stabilization, and its substantial loss or degeneration along with endothelial cell loss result in
BRB functional disruption with acellular capillaries.>™ 3% 19 This is supported by studies that
have reported an increased number of acellular capillaries in the retina of humans and rodents

with diabetes mellitus.5% 19
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Astrocytes are macroglial cells that provide structural support to the BRB and play an important
role in blood vessel growth and function.®” Alteration or loss of astrocytes in diabetes may
result in retinal vascular changes such as hyperpermeability that is seen in diabetic

retinopathy.’6: 107. 108

In this study, although the signal intensity of GFAP-immunolabelled
astrocytes and area coverage show no substantial change. Retraction of astrocyte processes and
signs of cellular disintegration were more evident in the hyperglycaemic eyecup group at the
3-hour time point. This may be indicative of astrocyte cell death. The study by Rungger-
Brindle et al. demonstrated a significant reduction in astrocyte number in the central and
peripheral retina of diabetic rats at 4 weeks which is consistent with the finding of astrocyte
loss in 8-week old hyperglycaemic rat retina seen in the retinae cultured for 48 hours in this
study using.!?” The findings of this study suggest that hyperglycaemia may be associated with
more significant pericyte, astrocyte and blood vessel alterations in rat retinae in both superfused
eyecups (3-hour) as well as severe astrocyte loss and blood vessel narrowing in tissue culture
model at 48 hours. These findings may be explained partly by the influence of experimental
conditions such as impaired nutrient supply and availability of oxygen leading to mitochondrial
dysfunction in the eyecup retina during superfusion as previously postulated by Tsantilas et al.,
when they demonstrated decreased glutamine metabolism in mouse eyecups despite metabolic
stability of the retina and eyecup ex vivo.''? Following the preliminary investigation on retinae
cultured for 48 hours in the present study, narrowing of blood vessels, loss of pericytes and
disintegration of astrocytes was more pronounced in the hyperglycaemic group. These findings
are consistent with those of Ly et al., who found retraction of astrocyte processes in 4-week
diabetic rat retinae but differ from findings by Rungger-Brindle et al., Lechuga-Sancho et al.
and Garcia-Caceres et al., who reported astrocyte loss in rat retinae (between 4-6 weeks), the
cerebellum and the hypothalamus, respectively, in the streptozocin-induced diabetes mellitus

model.!%% -3 Similarly, Weerasekera et al. reported astrocyte loss or death in a mouse model
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of type 2 diabetes mellitus.®* Contrastingly, Kumar et al. and Xia et al., found increased GFAP
staining in astrocytes in diabetic mouse retinae and rhesus monkey retinae, respectively.!!4 115
The significant retraction of astrocyte processes and/or cell death may alter the functional

integrity of the BRB, particularly at the 3-hour time point in hyperglycaemic rat retinae,

suggesting this as one of the earliest signs of hyperglycaemic-associated BRB disruption.

5.4 Hyperglycaemia effect on retinal vascular endothelial glycocalyx

Whole-mount immunofluorescence and western blotting were used to determine the expression
of syndecan-1 protein, a significant component of the endothelial glycocalyx, following
superfusion and or culture of the retina in normoglycaemic and hyperglycaemic conditions. To
the best of our knowledge, the present study is the first to demonstrate the presence of
syndecan-1 protein in retinal blood vessels using immunofluorescence. Overall, the syndecan-
1 fluorescence intensity was significantly higher in the hyperglycaemic groups i.e. rat retina at
I-hour superfusion, and eyecup at 1 and 3 hours of superfusion) compared to the controls, but
lower syndecan-1 protein expression in the hyperglycaemic 48-hour cultured rat retina.
Furthermore, ganglionic fibres, being the bulk syndecan-1-labelled structure in the retina,
demonstrated no significant difference in syndecan-1 protein signal intensity between control
and hyperglycaemia after 3 hours of superfusion. Syndecan-1 protein expression in 3-hour
superfused retinal explants was significantly higher in the hyperglycaemic group than in the
control as determined by western blotting, but whether this includes the additive effect of
syndecan-1 positive structures such as neuronal processes of retinal cells, requires further
evaluation. Consistent with our findings, Kaur et al., reported higher syndecan-1 protein
expression in the retina of diabetic rats with western blotting, though his findings were from
an in vivo study at 8 weeks after treatment with streptozotocin. They further found an increase

in syndecan-1 protein in the plasma of diabetic rats and supernatant from endothelial cell
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cultures, indicating shedding.’! As hypothesised by Kaur et al., the findings in the present study
suggest that apart from the altered retinal glycocalyx occurring in diabetes mellitus as a result
of syndecan-1 shedding, increased retinal syndecan-1 expression in the hyperglycaemic state
perhaps suggests a compensatory response of the retina to hyperglycaemia in early diabetic
retinopathy.>! In this study, although we could not determine objectively syndecan-1 shedding
in hyperglycaemic retina by measuring plasma syndecan-1 levels, we hypothesise that the
increase in retinal syndecan-1expression could be due to the clumping of shed syndecan-1 and
lack of blood flow to wash away shed syndecan-1 protein that is closely associated with
endothelial glycocalyx. Furthermore, the insertion of syndecan-1 from the intracellular stores
or Golgi apparatus to the cell surface by the endothelial cells due to compensation for shed
syndecan, could be another possible explanation for our findings. However these hypotheses
require further interrogation in future studies. Syndecan-1 regulates the BRB by inhibiting
angiogenesis and leukocyte-endothelial interactions in the retinal vasculature; hence,
syndecan-1 loss in the retina may result in retinal endothelial dysfunction.!!'® It has been
reported that cellular syndecan-1 loss and a rise in soluble syndecan-1 is associated with
endothelial junction and epithelial cell disruption leading to hyperpermeability in
hyperglycaemic states.!°! In the present study, a weaker syndecan-1 signal intensity was
observed in the hyperglycaemic retinal explant compared to the control after 48 hours in culture
which is consistent with the finding by Wang and Yu, who reported decreased syndecan-1 in
the retinal ganglionic fibre layer, outer and inner plexiform layers and in the rods and cones
of 9-week diabetic rat and proliferative diabetic retinopathy.!!” These findings suggest that
although there is a possible compensatory upregulation of syndecan-1 in the hyperglycaemic
retina at the early time point, prolonged exposure of the retina to hyperglycaemia will result in
cellular or tissue syndecan-1 loss or shedding. This hypothesis may be supported by the

increased vitreous syndecan-1 levels in proliferative diabetic retinopathy patients compared to
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their non-diabetic counterparts.>® Similarly, a study reported higher serum syndecan-1 levels
in patients with type 2 diabetes mellitus compared to the controls using an enzyme-linked
immunosorbent assay.’? However, this may not be attributable to retinal syndecan-1 shedding
only as other cells or tissues such as intestinal epithelial cells, intestinal tissue, human umbilical
vein endothelial cells, and human renal glomerular endothelial cells have been reported to
express syndecan-1 and usually show syndecan-1 loss under hyperglycaemic conditions. 0! 118
9 Syndecan-1 expression has been reported by others to be found in rod photoreceptor cells,
glial cells, bipolar cells, and horizontal cells, hence there is reduced certainty that retinal
syndecan-1 loss is directly reflective of endothelial cell disruption.>! 17 Also, the present study
demonstrated the presence of nonvascular cells which are likely to be the cytoplasmic
processes of the cells in the lower layer of the retina which may correlate with the inner/outer
plexiform layer that could possibly be affected by hyperglycaemia (Appendix 7). Therefore,
future studies examining the effect of hyperglycaemia on the expression of syndecan-1 in other

retinal cell types, and to determine whether retinal endothelial glycocalyx or ganglionic fibres

is responsible for increased syndecan-1 signal intensity in the retina, will be critical.

5.5 Expression of potential signalling factors such as heat shock proteins in the retina in
acute exposure to hyperglycaemia

Heat shock proteins (stress proteins) are significantly expressed in both human and animal
retina in response to pathological and pathophysiological conditions such as hyperglycaemia,

78, 83, 120, 121 Oxidative

hypoxia, ischaemia and endotoxins mainly to prevent tissue damage.
stress, one of the pathophysiological mechanisms implicated in diabetic retinopathy, initiates
the process of heat shock protein expression.!?? 12> Consistent with findings by Kumar et al.,

Kandpal et al. and Losiewicz et al., the present study showed higher expression of heat shock

proteins in hyperglycaemic rat retina compared to the normoglycaemic group in the 3-hour
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superfusion model.!?*12® Furthermore, Reddy et al. demonstrated higher heat shock protein
mRNA expression in the diabetic rat retina than in the controls.”® However, Reddy et al. and
Simkhovich et al. reported decreased heat shock protein 27 expression in diabetic rat retina and
ischaemic hearts, respectively.’® 127 While this preliminary data and the sample size were
limited, the findings of this study suggest heat shock proteins may play a role in protecting

retinal cells of diabetic rats in response to hyperglycemia-induced oxidative stress.

5.6 Strengths of the study

To the best of our knowledge, this is the first study to use retinae which were harvested from
rats, superfused ex vivo and cultured to develop a diabetes model. In addition, no single study
has examined the retina for syndecan-1 changes, pericytes and astrocyte loss, as well as

vascular changes altogether at very early time points.

5.7 Limitations of the study

While the isolated enucleated eye is a valuable model in studying histological and
morphological changes in the retina, enucleating the eye, and superfusing the dissected-out
retina in a continuous oxygen organ chamber may not provide an adequate milieu to regulate
the body’s normal physiology, and metabolic function. Again, since the retina is an extremely
soft and delicate organ, extra dexterity is required during dissection as minor physical damages
could occur, leading to breakage of the retina that may be associated with some of the changes
found in the control samples. Furthermore, Krebs buffer, a crystalloid, was used for superfusion
and can potentially prevent adequate tissue oxygenation; hence, the possibility of compromised
tissue viability over time beyond 3 hours is likely. However, oxygen deprivation in the 48-hour
cultured whole retina may be more of a factor with regards to compromising tissue quality as

observed in the present study, as the retina is comprised mainly of neuronal cells which have a
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high metabolic requirement. Finally, using a live animal model to induce diabetes will provide
a clearer understanding of the disease process. Recently, Kaur et al. used the streptozotocin-
induced type 1 diabetic rat model for assessing changes in the retinal glycocalyx in vivo, while
glycocalyx shedding was studied in the plasma and culture medium using western blotting.>!
Finally, the sample size in the present study was limited, which could have led to a consequent

low statistical power.

5.8 Future studies

Future studies investigating later time points may provide further insights into the
understanding of mechanisms underpinning early changes to the BRB in diabetes mellitus.
Also, investigating the effect of hyperglycaemia on the structures that make up the BRB using
a diabetic rat model for in vivo studies will provide additional information to early changes in
diabetic retinopathy; this may provide a better physiological environment and allow the
metabolic process to occur for a more clinically relevant study. Hyperglycaemia was seen to
have an effect on syndecan-1 levels. This effect could be due to compensation by the
endothelial cells which may or may not result from shedding of syndecan-1. This concept can
be explored in further studies. In addition, future studies utilizing the perfusate to assess

shedding of syndecan-1 before and after superfusion will provide interesting insight.

5.9 Conclusion

This study revealed that there is no significant difference between the retinal preparations
(explants vs eyecup) and that the BRB is still structurally intact up to 3 hours ex vivo. The
subtle morphological changes of the BRB (blood vessels, pericytes, and astrocytes) induced by
hyperglycaemia which were more apparent in the deeper vascular layers, suggests that this ex

vivo model is suitable to study the early pathogenesis of diabetic retinopathy. Furthermore, this
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study established that in response to hyperglycaemia, changes in syndecan-1 levels occurred at
an earlier timepoint to the morphological changes of the other BRB structures which supports
the notion that syndecan-1 plays a role in the pathophysiology of diabetic retinopathy. Findings
of these preliminary data suggest that heat shock proteins may play a role in response to

hyperglycemia-induced oxidative stress.
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Appendix 1

; UNIVERSITY OF CAPE TOWN
. s . Faculty of Heaith Sclences W

Animal Ethics Committee
Room E52-24 Old Maln Bullding
Groote Schuur Hu;’t;n'l
Telaphone [021] 406 6492
Emall:
Wabslte:
02 July 2018
Dr A Gwanyanya
Human Biology
4.10 Anatomy Building
FHS
Dear Dr Gwanyanya

PROTOCOL TITLE: The Investigation of the mechanisms underlying cardiac remodelling and vascular
changes in diabetes

FHS AEC REF NO: 018_021

Thank you for submitting your protocol to the Faculty of Health Sciences (FHS) Animal Ethics Committee
(AEC) for review,

I am pleased to inform you that the FHS AEC has approved your protocol, which will terminate on 30
July 2021.

Number of animals & species: 260 Wistar Rats
Please quote the FHS AEC REF NO {above) in all future correspondence.

Please note that the approval of this protocol imposes the following obligations on the principal
investigator (PI):

1. To submit an annual mandatory progress report. The first annual report for this protocol is due
on 28 February 2019. The forms can be accessed from
: .health imal
2. To submit a final mandatory report on the 30 July 2021, please access the final report form from:
: h |
3. Ensuring that all study participants perform within the confines of the procedures and
experimental design of the protocol as approved, or as amended.

AEC REF# 018_021
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9.

Ensuring that all study participants comply with all applicable national legislation, UCT policies,
FHS AEC policies and standard operating procedures {SOPs} and national standards (SANS 10386:
2008).
Ensuring that you as the Pl Immediately alert the FHS AEC to any event involving the welfare of
the animals which has occurred during the course of the study, as well as the actions that were
taken to respond to these events,
Ensuring that you as the Pl alert the FHS AEC to any new or unexpected ethical issues that arose
during the course of the study, and how these issues were addressed.
Ensuring that all study participants are registered with or have been authorised by the South
African Veterinary Council (SAVC) to perform the procedures on animals, or will be performing
the procedures under the direct and continuous supervision of SAVC-registered veterinary
professionals or SAVC-registered para-veterinary professionals,
if the Pl or any study participant is in any way uncertain how to respond to any of these
obligations or deal with any of the issues referred to above, they must consult with FHS AEC,
All animals found dead must be reported to the RAF on the appropriate form:

: an hi

3
10. All animals found in distress must be reported to the RAF on the appropriate form.

My best wishes for a successful research and for teaching endeavour,

Yours sincerely

singed by the chair

PROF PJ COMMERFORD
CHAIR, FHS AEC

AEC REF# 018_021
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UNIVERSITY OF CAPE TOWN

Room E53-46 Old Maln Buliding
Groota Schuur Hospital
Observatory 7625

' Telephone [021] 406 6492
Emall: sumayah.arefdien@uct.ac.za

o Faculty of Health Sclences
E Animal Ethics Committee
Website:
30 May 2019
Prof E van der Merwe
Division of Cell Biology
Room 6.02.3

Anatomy Building-FHS

Dear Prof van der Merwe

PROTOCOL TITLE: Request to harvest eyes from surplus rat carcasses euthanised at RAF

FHS AEC REF NO: 019_021

Thank you for submitting your request for approval of use of animal material for scientific purposes to

the Faculty of Health Sciences (FHS) Animal Ethics Committee (AEC).

I am pleased to inform you that the FHS AEC EXCO has approved your request, which will terminate on

30 April 2022.

Number of animal material & species: Rats eyes -30-40

Please quote the FHS AEC REF NO (above) in all future correspondence.

Please note that the approval of this protocol imposes the following obligations on the principal

investigator (Pl):

1. To submit an annual mandatory progress report. The first annual report for this protocol is due

on 28 February 2020. The forms can be accessed from

http://www.health.uct.ac.za/fhs/research/animalethics/forms

2, To submit a final mandatory report on the 30 April 2022, please access the final report form

from: http; 4 th imal

3. Ensuring that all study participants perform within the confines of the procedures and

experimental design of the protocol as approved, or as amended.

4. Ensuring that all study participants comply with all applicable national legislation, UCT policies,
FHS AEC policies and standard operating procedures (SOPs) and natlonal standards (SANS 10386:

2008).

AEC REF# 019_021
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My best wishes for a successful research and /or teaching endeavour.

Yours sincerely

signature removed

FPI
CHAIR. FHS AEC

AEC REF# 019_021
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Appendix 2

Standard whole-mount (Retinal tissue) immunohistochemistry protocol for Liz’s lab:

1.

2.

10.

11.

12.

Harvest the eyes, remove the lens, dissect out retina

Fix in 4% PFA overnight

Wash in 1 x PBS 3x 20 min each using a belly dancer or nutator

Permeabilise in 0.5% Tween 20/PBS for 2 hours at room temperature on a belly
dancer or nutator or in methanol for 1.5hours at 37°C in an incubator

Block in 0.1% tween/3% BSA for 3 hours or overnight on a rocker at 4'C
Incubate in primary antibody overnight

Wash in PBS 3x 20 min each using a belly dancer or nutator

Incubate in secondary antibody x Shours or overnight at 4°C

Wash in PBS 3x 20 min each using a belly dancer or nutator

Put sample into DABCO/glycerol for 2 hours at room temperature then into fridge
overnight

Mount on coverslips

Store in fridge in DABCO/glycerol after microscopy.

Mounting

1.

2.

Use two clean cover slips (22x50 and 22x32mm size)

Place a drop of DABCO/glycerol on the small slide

. Using the dissecting microscope for guidance, mount the retina using a forceps and

stick
Mount the retina facing upwards

Cover with the larger cover slip
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6. When placing on the microscope stage , turn the coverslips so that the larger one is
below while the smaller one is on top so that superficial surface of the retina faces

downwards towards the microscope objective.
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Appendix 3

Image analysis using image J software

Image J instructions for syndecan

1.

2.

Upload image into image J

Separate the channels

Run a macro which convert the images to 8 bits gray scale

Create individual image from the image stack

Then select the 1% or 2" image in the stack (based on the clarity of vessels in the
3D stack of lectin stained vessels) and compare syndecan channel with the blood
vessel layer

Draw a line on the ROI on that and then generate the line plot

Take a maximum and minimum plot profile values and find the average

000 (Fiji Is Just) ImageJ i
oo <ol A ool o1 slal 5| = ]

(=224.17 (270), y=55.63 (67), z=0, value=27
1/10(€:2/5z:1/10'= Retina GFAP405 SyndCy3 NG2Alexa647 CONTROL€X); 425: 10 17107 (c:3/5 z:1/ 10 - Retina GFAP405 SyndCy3 NG2Alexa647 CONTROL ex); 425.1/
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+++‘ ‘ ‘ ‘ ‘ ‘ Dy ‘Stk ® O @ Plotof Retina GFAP405 SyndCy3 NG2Alexa647 Lect CONTROL explant 2hr 1.czi - C=1
1‘ Q‘G‘@Vvﬂ’-‘“v NAQ Y >, 1 42.38x19.38 (696x405); 8-bit; 275K

1=14.11 (17), y=20.76 (25), z=0, value=39

1/10(c:2/5 2:1/10 - Retina GFAP405 SyndCy3 NG2Alexa647 C(

<Y
>

Gray Value

15 20
Distance (microns)

List Data » More » Live

Note: For analysis of astrocyte area , steps 1-5 above were used followed by an extended focus
image. The ROI was the frame of the whole image and a second macro was run which included
the threshold and area analysis.

Astrocyte Macro for area analysis:

run("Duplicate...", " ");

run("Measure");

setAutoThreshold("Huang dark");

//lrun("Threshold...");

setAutoThreshold("Huang dark");

run("Measure");
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Appendix 4
Western blot protocol
(Standard protocol being used in our laboratory)
1. Preparation of buffers
2. Sample preparation
3. Protein Quantification
4. Gel preparation and electrophoresis
5. Transfer process
6. Blocking of the membrane and antibody probing
7. Enhanced Chemiluminescence (ECL) detection
8. Stripling and re-probing

9. Scanning and analysis

1. Preparation of buffers: The following buffers are required for western blot analysis:
A- Radioimmunoprecipitation assay buffer (RIPA buffer): recipe for 50 ml include: NaCl (5
molar) 1.5 ml, Triton X -100 (100%) 500 ul, SDS (10%) 500 ul, Tris (1molar, Ph 7.5),
Deoxycholate sodium 0.5 g and distilled water 46.5 ml.

B- Phosphate Buffered Saline-Tween (PBS-Tx1): 8 g NaCl, 0.2 g KCI, 1.44 g Na2HPO4,
0.24 g KH2PO4, 2 ml Tween 20 and up to1000 ml distilled water, stir for 20 minutes and
adjust the pH to 7.4.

C- Running (tank) buffer: using a Bio-Rad buffer (10x Tris/Glycine/SDS TGS Buffer, Bio-
Rad SA). Mix 100 ml of TGS with 900 ml of distilled water.

D- Transfer buffer: using Bio-Rad buffer (Trans -Blot Turbo x5 Transfer buffer, Bio-Rad
SA). Mix 200 ml of 5x transfer buffer with 600 ml of distilled water and 200 ml of ethanol.

E- Stripling buffer: 8 g NaOH in 1liter distilled water.
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2. Sample preparation: A. Retrieve the frozen retinal samples from -80°C freezers. The
tissue weighed and placed in new labelled Eppendorf tube and calculate the amount of RIPA
extraction buffer (weigh of tissue in gram %19), this gives the volume of RIPA needed 86 to
add to tissue before homogenisation. Add protease and phosphatase inhibitor cocktail (Halt
protease &phosphatase inhibitor, ThermoScientific, USA) 2 ul of cocktail inhibitor per 1 ml
of RIPA buffer.

B. Tissue homogenisation by sonication (Soniprep 150, UK). The Eppendorf tube with tissue
and RIPA inside are placed in fetched place in the sonicator and allow the Soniprep probe
just touch the tissue inside the Eppendorf and sonicate at 180 watts for 20 seconds until all
tissue get homogenised in the buffer.

C. Centrifuge the samples in a centrifuge (Labnet International, NJ07095 USA), at 15 000
relative centrifugal force at 4°C for 30 minutes then transfer the supernatant into well labelled

Eppendorf tube and make aliquot of 20 ul for protein assay and store at -80°C.

3. Protein quantification: BCA protein assay using the Pierce protein assay kit (Thermo
Scientific, Rockford, USA).

A. Preparation of diluted bovine serum Albumin (BSA) standards using RIPA buffer as
diluent and standard Bovine serum solution as follows:

Vial volume of diluent (ul) volume of BSA (ul): A 0 300 of stock, B 125 375 of stock, C 325
325 of stock, D 175 175 of vial B dilution, E 325 325 of vial C dilution, F 325 325 of vial E

dilution, G 325 325 of vial F dilution, H 400 100 of vial G dilution
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B. Preparation of BCA working reagent

To calculate the amount of working reagent required use the following formula: Number of
standards used + number of samples x2 (for duplicate) +1 for pipetting error X200 (amount
required per well). To prepare WR mix 50 parts of reagent A and on I 400 part of reagent B
giving a clear green solution.

C. For a microplate procedure using a flat bottom 96 wells plate, pipette 25 pl of standards in
duplicate, 10 ul of samples in duplicate. Add 50 pul of RIPA buffer to the samples and 200 pul
of working reagent to both standards and samples. Shake the microplate briefly and cover
with parafilm and incubate in the oven at 37°C for 30 minutes.

D. Measure the absorbance in plate reader (RT-2100C, Microplate Reader, Germany) at 562
nm. Create a standard curve and calculate the volume of protein sample required and other
recipe, which include RIPA buffer, Lammli dye (Bio-Rad, SA) and diethyltritroil as shown

below:
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Appendix 5

Retinal blood vessels

Control explant 1 hour - Hyper.explant 1thour deep
deep

Hyper eyecup 1 hour deep
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deep
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Superficial and deep optical planes showing the effect of hyperglycaemia on rat retinal blood
vessels after 48 hours in culture: Superficial and deep layers of retinal explants and eyecups in control

and hyperglycaemic conditions.
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Appendix 6

Pericytes
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Appendix 6. Single image planes of the superficial and deep layers of the retinal vessels showing
the effect of hyperglycaemia on pericytes: Superficial and deep layers of retinal explants and eyecup

in control and hyperglycaemic conditions.
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Appendix 7

Syndecan-1 expression in the lower layers of the retina

Appendix 7 : Split image showing syndecan-1 and lectin staining in the lower layers of
the retina. The syndecan-1 staining at 3 hours showing up a network-like pattern which may
be the connecting processes of the cells in the outer nuclear layer and plexiform layer (the

cells would be the bipolar cells, and amacrine cells).
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