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Abstract

Diabetic retinopathy (DR) is one of the complications of diabetes and the main cause of
blindness among working-aged people. Diabetic retinopathy affects the integrity and function of
vascular structure maintained by blood-retinal-barrier (BRB). In inner BRB, endothelial cell,
pericytes and astrocytes are cellular components of the vascular structure. To understand the
effect of high glucose conditions on the function of vascular cells, many studies have been
conducted. However, detailed mechanism for the dysfunction of vascular cells, and interactions

between vascular cells under high glucose conditions remain poorly defined.

Pericyte loss is a hallmark of DR and many studies have been performed to elucidate the
effect of high glucose conditions on pericyte apoptosis. However, the detailed signaling
mechanism for the apoptosis of pericytes under high glucose conditions has not been clearly
defined. In this study, | showed that the rate of apoptosis and expression of proapoptotic protein
Bim were increased in the retina of diabetic Akita/+ mice and mouse retinal pericytes under high
glucose conditions. This increased level of Bim in mouse retinal pericytes was mediated by the
sustained activation of STAT1 through increased production of inflammatory mediators. In
addition, apoptosis and oxidative stress in pericytes deficient in Bim expression was not affected
by high glucose conditions. Studies presented here demonstrate that STAT1-mediated Bim
expression plays a crucial role in the dysfunction of retinal pericytes under high glucose

conditions.

Astrocytes are macro glial cell and have an essential role in maintaining BRB and
development of retinal vascular structure. However, cellular mechanisms underlying dysfunction

of retinal astrocytes under high glucose conditions are poorly defined. In the present study, |
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demonstrate that high glucose conditions affected adhesion, proliferation and migration of retinal
astrocytes without affecting their apoptosis. Furthermore, high glucose conditions also affected
the levels of pro-inflammatory molecules including IL-1p, TNF-a and iNOS in retinal astrocytes.
Antioxidant, NAC restored the attenuated migration of retinal astrocytes under high glucose
conditions, and the attenuated capillary morphogenesis of retinal endothelial cells by conditioned
medium from retinal astrocytes under high glucose conditions. In addition, high glucose
conditions increased the expression of antioxidant proteins including Prdx2 and HO-1 in retinal
astrocytes, which were mediated by nuclear localization of Nrf2. Together, our results
demonstrated that oxidative stress and inflammatory mediators are key mediators of the

dysfunction of retinal vascular cells under high glucose conditions.

In the appendix, | demonstrate the impact of pigment epithelium-derived factor (PEDF)
deficiency on the function of lung endothelial cells. PEDF -/- endothelial cell prepared from lung
of PEDF -/- mice exhibited increased migration and decreased proliferation compared with
PEDF +/+ endothelial cells. In addition, PEDF -/- endothelial cells exhibited increased level of
pro-inflammatory molecules including VEGF, VCAM-1 and iNOS. Furthermore, an
inflammatory phenotype was observed in the lung of PEDF -/- mice. Together, these results
imply that PEDF has a crucial role in regulating inflammation and angiogenesis in the lung
endothelium. In addition, its altered production in the eye may contribute to the inflammatory

phenotype associated with diabetes.
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1. Introduction



Retina is a specialized tissue for vision by converting visible light into the neuronal
signals perceived by brain. Retina has a unique vascular system for providing nutrients and
oxygen to the inner and outer retina, whose integrity is essential for sensing light (1). Thus, the
retinal vascular structure acquires blood-retinal barrier (BRB) characteristics which are crucial
for the integrity of retinal vascular structure and the regulation of the retinal microenvironment.
In the retina, BRB consists of inner and outer components. Inner BRB consists of tight junctions
between endothelial cells, and outer BRB is formed by tight junctions between retinal pigment

epithelial (RPE) cells (2).

In inner BRB, endothelial cells are surrounded by pericytes and the foot processes of
astrocytes (3). Astrocytes and pericytes are crucial for maintaining the structure of inner BRB
(2). Dysfunction of vascular cells in inner BRB under disease state causes breakdown of BRB.
This breakdown of BRB leads to a serious impairment in vision. In diabetic retinopathy (DR),
the breakdown of BRB under diabetic condition results in vascular leakage and subsequent

macular edema which are the cause of vision loss and blindness (4).

To understand how the breakdown of BRB progresses, the cellular mechanisms
responsible for the dysfunction of retinal vascular cells including endothelial cells, pericytes and
astrocytes under pathological conditions need to be elucidated. The effects of high glucose
conditions caused by diabetes on the function of vascular cells, and the mechanisms for
dysfunction of vascular cells under high glucose conditions have been the subject of numerous
studies. However, the detailed mechanisms involved, and the identity of the primary cellular
target remains unknown. These gaps in our understanding of these mechanisms have hampered

our ability to develop effective therapies for diabetic retinopathy. Diabetic retinopathy is one of



the serious complications of diabetes and a leading cause of blindness among working-age
people (5). Delineating the identity of cellular and molecular mechanisms leading to dysfunction
of retinal vascular cells, and identification of protective mechanisms for vascular cell
dysfunction under high glucose conditions will provide the rationale for development of effective

treatments.

Diabetic retinopathy

Epidemiology of diabetic retinopathy

Diabetes mellitus is a worldwide serious health problem. In 2012, 371 million people
were affected by diabetes and 4.7 million people died due to diabetes, including approximately
25.8 million patients in the United States (6). Prevalence of diabetes increases the risk of serious
diabetes complications. Diabetic retinopathy is one of the diabetes complications and the main
cause of blindness among working-age people. In the US, among patients of type 2 diabetes,
estimated 40.3 % of patients have diabetic retinopathy and 8.2% of patients have vision-
threatening retinopathy (7). For patients of type 1 diabetes, 86% of patients have retinopathy and
42% of patients have vision-threatening stage of DR (8). Studies based on 22,896 individuals
with diabetes showed 34.6% of patients have DR and increasing risk was correlated with
duration of diabetes and inappropriate control of blood glucose and blood pressure. Vision
threatening stages of DR are proliferative DR and diabetic macular edema. Prevalence for

proliferative DR was 6.96% and 6.81% for diabetic macular edema (9). Impairment in vision due



to DR remains a serious health issue worldwide. Tight blood glucose control and early detection

and treatment of DR are effective to prevent vision loss and blindness caused by DR (10).

Biochemical Change in Diabetic Retinopathy

The pathogenesis of DR is very complex, because many factors contribute to the
pathophysiology of DR. Sustained hyperglycemia in retinal vasculature leads to accumulation of
advanced glycation end products (AGEs), inflammation, neuronal dysfunction and oxidative
stress (11). These biochemical changes under hyperglycemia are implicated in microvascular
dysfunction leading to increased vascular permeability and capillary obliteration. Consequently,
these changes in retinal vasculature lead to macular edema and neovascularization in the retina

(Figure 1.1) (12).

Excess glucose in blood can have non-enzymatic chemical reactions with amino groups
of proteins, lipids, and nucleic acids to produce AGEs (13). This modification by AGEs causes
vascular dysfunction in the diabetic retina. Accumulation of AGEs induces retinal pericytes
apoptosis. In the early phase of apoptosis, caspase-10 mediates apoptosis of pericytes (73).
Angiogenin 1l is also involved in apoptosis of pericytes. Angiogenin Il elevates receptor for
AGEs (RAGE) to induce pericyte apoptosis by AGEs (14). AGEs also increase vascular
permeability in retinal endothelial cells. AGEs enhance translocation of PKC-6 contributing to
loss of tight junctions (15). Thickening of basement membrane (BM) in capillaries is also
observed in diabetic retina. AGEs are also involved in the modification of BM. Accumulation of
AGEs is associated with the expansion of basement membrane and inhibitor for the
accumulation of AGE prevents BM thickening (16). Furthermore, modified BM by AGE

prevents survival of retinal pericytes by regulating signaling pathway mediated by platelet-



derived growth factor (PDGF) (17). Thus, AGEs affect survival of pericytes by regulating

signaling pathways and BM integrity of retinal blood vessels.

Reactive oxygen species (ROS) is generated from mitochondrial electron transport chain,
cytochrome p450s, the NAD(P)H oxidase and nitric oxide synthases. ROS produced by cell is
required to maintain normal cellular functions. However, excess production of ROS can cause
pathological conditions. These excess levels of ROS consequently results in oxidative stress (18).
Diabetes causes oxidative stress, and augmented level of oxidative stress contributes to
pathogenesis of diabetic vascular complications including DR (19). In diabetic retina, ROS levels
are elevated and related with vascular dysfunction including, pericyte loss, acellular capillary
formation, vascular leakage and thickening of BM (20, 21). Oxidative stress in the diabetic retina
has causal links with metabolic dysfunction such as vascular inflammation, RAGE activation,
activation of PKCs and activation of NF-kB (22-25). Photoreceptor cells have been recently
shown to be a major source of oxidative stress and local inflammation in the diabetic retina.
Diabetes increased generation of ROS by photoreceptor cells followed by induction of pro-
inflammatory mediators including inducible nitric oxide synthase (iNOS) and intercellular

adhesion molecule 1 (ICAM-1) (26).

Inflammation is one of the major factors induced during diabetes leading to macular
edema, ischemia and neovascularization (10). Physiological changes in diabetic retina are
associated with inflammation, and anti-inflammatory therapy ameliorates development of DR in
various animal models (27). Several pro-inflammatory mediators are involved in the
pathogenesis of DR. iNOS is an enzyme that catalyzes the reaction for generation of nitric oxide

(NO). iINOS is upregulated in the diabetic retina and has a crucial role in the pathogenesis of



vascular lesion during the early stage of DR (28, 29). Inhibition of iINOS by aminoguanidine

inhibited the progress of retinal dysfunction caused by DR in rodent model of diabetes (30).

Eicosanoids, mediators of inflammation are also affected by diabetic conditions.
Eicosanoids have two major families; prostaglandin and leukotriens. Cyclooxygenase-2 (cox-2)
is an enzyme that catalyzes the synthesis of prostaglandin. Cox-2 expression is up-regulated in
the diabetic retina and treatment with cox-2 inhibitor prevents damage in the diabetic retina (31,
32). Furthermore, diabetic conditions increase the level of pro-inflammatory cytokines. Tumor
necrosis factor-o (TNF-a) and Interleukin-1p are increased in the retinas of diabetic animals (33,
34). VEGF has a pro-inflammatory role and is elevated in diabetic retina. Increases in the VEGF
level promotes neovascularization and damage in the retina (35), and its inhibition ameliorates

vascular leakage in diabetic retina (36).

Anti-inflammatory molecules are also affected by diabetic conditions. Pigment
epithelium-derived factor (PEDF) is a member of the superfamily of serine protease inhibitors. It
has neuro-protective, anti-angiogenic, and anti-inflammatory features (37). PEDF level is
attenuated in diabetic retina and associated with up-regulation of VEGF level (38). PEDF and

VEGF act reciprocally in regulating retinal inflammation under diabetic conditions.

The neuronal dysfunction in the retina is also an important effect of diabetes. Neuronal
functional abnormalities of diabetic retina precedes the onset of vascular structural change in the
retina (39). Diabetes affects cells involved in neuro-sensory function of the retina through altered
metabolisms and enhanced apoptosis (5). Apoptosis in neural retina was detected earlier than
apoptosis in retinal vascular cells, and the rate of apoptosis in neural retina was not affected by

the duration of diabetes (40). Neural apoptosis is associated with the breakdown of BRB and it is



mediated by inflammation and oxidative stress (41). Furthermore, extracellular glutamate is
another factor that induces the apoptosis of neuronal cells. In the retina of rat, glutamate level
was elevated at 2 months of diabetes (42). At the early stages of DR, the ability of MUler cell to
remove glutamate from extracellular space is attenuated and glutamate homeostasis is altered.
The increased level of glutamate in diabetic retina has toxic effects on retinal neurons by
inducing apoptosis (43). Oxidative stress caused by diabetic conditions also increases glutamate
level in diabetic retina (42). Reducing glutamate levels in the diabetic retina prevents neuronal
cell death and degeneration. Neuronal cell death is closely related with retinal vascular cell
death. The vascular defects appear in the same region as neuronal dysfunction in DR (44). These
results imply that there are some intimate interactions between neuronal cells and vascular cells
in the retina in order to maintain the integrity of BRB. These interactions need to be further

elucidated, and retinal astrocytes may be a key player here.

Besides non-enzymatic protein modifications producing AGEs, diabetic conditions also
affects posttranslational modifications of proteins which may play a pivotal role in the
pathogenesis of DR. Uridine diphosphate (UDP) N-acetylglucosamine (GICNAC) is an end
product of the hexosamine biosynthetic pathway. This (UDP)-GIcNAc is a donor for O-GIcNAc
modification of proteins (45). Diabetic conditions elevate the levels of O-GIcNAcylated proteins
in retinal vascular cells more specifically in pericytes (46). Histone acetylation in retina is also
affected by diabetic conditions. Diabetic conditions increase histone acetylation related with
production of pro-inflammatory proteins including iNOS, ICAM-1 and VEGF in the retina (47).
Moreover, high glucose conditions in the retina affect glycosylation of proteins. Synaptophysin
IS a presynaptic protein in synaptic vesicles and mediates release of neurotransmitters. Diabetic

conditions increase mannose rich glycosylation of synaptophysin in the retina and enhances its



degradation in diabetic retina (48). Thus, high glucose conditions modulate various
posttranslational modifications of proteins leading to the pathogenesis of DR. However, the

impact of diabetic conditions on posttranslational modifications of target proteins in the retina

needs to be further studied.
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Figure 1.1 Pathophysiology of diabetic retinopathy
Hyperglycemia instigates biochemical changes leading to vascular dysfunction. Vascular
dysfunction increases vascular permeability followed by macular edema and retinal

neovascularization.
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Vascular changes in diabetic retinopathy

Alterations in vascular structure under diabetic conditions results in the breakdown of
BRB and diabetic edema (12). The vascular unit of the retina is composed of the endothelial
cells, pericytes and astrocytes. Diabetic conditions affect the integrity of BRB by altering
structure of neurovascular unit of the retina. In the diabetic retina, vascular endothelial growth
factor (VEGF) level is increased contributing to vascular leakage (49). VEGF activates protein
kinase C-p (PKC-B) which phosphorylates the tight junction protein, occludin. The
phosphorylated occludin is then ubiquitinated and targeted for degradation leading to increased

vascular permeability (50).

Pericytes have a crucial role in maintaining vascular stability and early depletion of
pericyte is a hallmark of DR. Depletion of pericytes causes the formation of pericyte ghosts. The
pericyte ghosts mark the space having pocket shape in basement membranes and is formed after
pericytes have disappeared (51). While degeneration of pericytes leads to a pericyte ghost, the
number of endothelial cell in retinal vessels is not affected. Pericyte loss increases proliferation
of endothelial cells contributing to formation of microaneurysm in retinal vessels. The loss of
pericytes in the diabetic retinal vasculature can be detected by the formation of acellular
capillaries. Acellular capillaries are basement membrane tubes without cell nuclei and has at
least one-fourth of the normal capillary diameter (52). Density of pericytes has an inverse
correlation with vascular abnormalities in retina. Reduction of pericytes causes vascular
regression leading to retinopathy (53). Loss and degeneration of pericytes affect the integrity and

maintenance of BRB. Consequently, pericyte dysfunction leads to capillary dilation,
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microaneurysm and increased vascular permeability leading to vascular leakage and macular

edema (12).

In diabetic retina, non-perfused and obliterated microvessels are observed in early stage
of retinopathy. Vessel closure promotes proliferative retinal neovascularization. The vessel
closure can be observed histologically as prevalence of acellular capillary increases (54). Vessel
closure contributes to poor oxygen supply to the retina leading to hypoxic conditions and

proliferative vascularization.

Hypoxia acts as a primary stimulus to induce angiogenesis. The activation of
angiogenesis is mediated by hypoxia-inducible factor 1-alpha (HIF-1a). HIF-1a is a transcription
factor regulating transcription of various angiogenic genes including VEGF, VEGF receptor-1
(VEGFR-1) and angiopoietin-1(55). Hypoxia induces vascular abnormalities through the
activation of angiogenic factors resulting in pathological vascularization under diabetic
conditions. When vessel flow is blocked by vessel closure, retinal vessel leukocytes adhere to the
vascular endothelium to promote angiogenesis (56). Leukocyte adhesion to retinal vessel is
mediated by ICAM-1 and vascular cellular adhesion molecule-1 (VCAM-1) (57). Leukocyte
adhesion to the retinal blood vessel induces endothelial cell death, pericyte loss and vascular
closure leading to ischemia (12). Vascular changes in the diabetic retina promotes breakdown of

BRB and macular edema leading to retinal detachment and impairment of vision (Figure 1.2).
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Figure 1.2 Vascular changes in diabetic retina.
Pericytes control vessel stability and proliferation of endothelial cells. Pericyte loss contributes
breakdown of BRB and damage to endothelium. These vascular changes caused by pericyte loss

leading to retinal detachment.
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Epigenetic changes in diabetic retinopathy

Epigenetic modifications have important roles in regulation of gene expression impacting
the pathogenesis of various diseases. The epigenetic changes in the development of diabetic
complications including DR have been investigated (58). In human umbilical vein endothelial
cell (HUVEC), high glucose conditions elevated the level of p300, a transcriptional activator
with histone acetyl transferase activity. The increased p300 protein promotes its binding to
promoter of genes including endothelin-1, VEGF and fibronectin. Furthermore, histone
acetylation and phosphorylation of histone H2AX are upregulated by high glucose conditions
(59). In the retina of diabetic rat, expression level and activity of histone deacetylases are
augmented and the activities of histone acetyltransferases are decreased. These alterations in the
enzymes involved in histone modifications contribute to attenuation of acetylated histone H3
level. These changes in histone acetylation are sustained even after termination of hyperglycemia
(60). Furthermore, diabetic conditions regulate expression of metalloproteinase-9 (MMP-9) by
epigenetic modifications. Diabetic conditions attenuated histone H3 dimethyl lysine (H3K9me2)
and increased acetyl H3K9 (Ac-H3K9) in the retina. These epigenetic modifications activate

MMP-9 resulting in mitochondrial damages (61).

Diabetic conditions also affect expression level of miRNA for the pathogenesis of DR
(62). In the retina of streptozotocin (STZ)-induced diabetic rat, expressions of several miRNA
were altered. miR-200b was attenuated under high glucose conditions accompanied by increases
in VEGF levels. Injection of miR-200b mimic prevented VEGF-mediated permeability and
angiogenesis (63). In another study, level of miR-200b was upregulated in the retinas of Akita/+

mice which spontaneously develop diabetes. miRNA-200b downregulated oxidation resistance 1
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(Oxr1) gene expression leading to oxidative stress in human Mdler cell (64). When expression
profile of mMiRNA was investigated in the retina of normal and diabetic rat, it was found that
nuclear factor-xB (NF-xB), VEGF and p53- responsive miRNAs were up-regulated (65). HIF-1a
and VEGF are regulated by common miRNAs. Silencing of HIF-1a transcripts decreases
expression of VEGF and vice versa. Over expression of common miRNA attenuated VEGF and
HIF-1a and inhibited vascular permeability in retina of STZ-induce diabetic mice (66). Thus,
regulation of gene expression by epigenetic changes under diabetic conditions also contributes to

pathogenesis of DR and has been a subject of numerous studies.

Blood-Retinal Barrier

The cellular organization of retina

To understand the function of BRB in maintaining the integrity of retinal structure,
understanding of the retinal vascular cell structure and organization is required. Retina is a tissue
for perception of light and it converts light into electrochemical signals, which are transmitted to
brain through photoreceptor and neuronal circuits for vision (5). Retina is located at the posterior
area of the eye and neural tissue lined between the vitreous body and the choroid for the systemic
circulation. Retina has four major cellular components which are affected by disease such as
diabetes (Figure 1.3). Blood vessels are the first cellular component consisting of endothelial
cells and pericytes. Pericytes are smooth muscle cell-like cells enveloping capillaries.

Endothelial cells line the interior surface of blood vessels for blood-retinal barrier. Glial cells are

the second component consisting of MUler cells and astrocytes. MUler cells support neuronal
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cells and modulate function of neurons. MUler cells elongate from inner limiting membrane to
the pigment epithelium. Astrocytes are associated with retinal blood vessels by wrapping them
with their processes. Glial cells are located at the interface between the neurons and retinal blood
vessels and incorporate vascular and neuronal activity of the retina. The third cellular component
in the retina is neurons. Neurons are involved in photo-transduction and conveying
electrochemical impulses to the brain for sensory functions. Neurons consist of five primary cell
types: photoreceptors, horizontal cells, bipolar cells, amacrine cells and ganglion cells. The
fourth cellular component in the retina is microglia. Microglia is involved in the modulation of
immune function in the retina to maintain homeostasis of the retina. Microglia responds to stress

and injury by releasing cytokine and phagocytosis to clear dead cells (5, 67).

The inner BRB is formed by retinal endothelial cells associating with astrocytes and
pericytes. Anatomically, endothelial cells are surrounded by basal lamina which astrocytes and
pericytes rest on (Figure 1.4). Pericytes envelop the outer side of the capillary wall and interacts
with endothelial cell through peg-and-socket contacts, which contain cell junction proteins. The
end-foot of astrocytes encircles capillaries and basal lamina is located between the astrocytes and
pericytes. Pericytes and astrocytes provide vascular integrity by interacting with endothelial cells
(68). Dysfunction in interactions among vascular cells can cause the breakdown of BRB and

result in retinal diseases.
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Figure 1.3 Cellular structure of retina.
Retina has four cellular components: Blood vessels, glial cells, neurons and microglia. Adapted

from (5).
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lamina. Adapted from (69).
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Role of endothelial cells in retinal vasculature

In the inner BRB, retinal endothelial cells are main components to form the physical
barriers between vascular lumen and the retina (70). Transport of metabolites and nutrients
between blood and retina is selectively regulated by the physical barrier formed by endothelial
cells to maintain homeostasis in the retina (71). This physical barrier also regulates transport of
ions and fluids to provide an optimal condition, which is crucial for visual function. There are
two routes for the selective transport in the retina: the paracellular aqueous pathway regulated by
junctions between endothelial cells and the transcellular pathway mediated by specialized
vesicles including caveolae or transport proteins (4). The junction between endothelial cells for
the paracellular pathway consists of tight junctions, adherens junctions and gap junctions. These
junctions at sites of attachment between endothelial cells also regulates signaling for maintaining

cell position, inhibits growth by contact inhibition, and protect cell from apoptosis (72).

Endothelial cells express cell-type specific transmembrane proteins for adhesion
including vascular endothelial cadherin (VE-cadherin) at adherens junctions and claudins at tight
junction (73, 74). Transmembrane proteins at tight junctions include occludin, claudins and
junctional adhesion molecules (75). Occludin associates with ZO-1, ZO-2 and ZO-3, which
directly bind to F-actin (76). Tight junctions act as a gate for paracellular transport, and a fence
for maintaining cell polarity (77). At adherens junctions, VE-cadherin is a main component and
it associated with intracellular proteins including B-catenin, p120, and plakoglobin. Regulation of
VE-cadherin expression can affect the overall endothelial cell junctions and vascular stability

through modulation of intracellular signaling pathways (78).
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At gap junctions, a hemi-channel on each of two neighboring endothelial cells makes
contact. The hemi-channels consist of six connexins. Small molecules (< 1000 Da) pass freely
through gap junctions. Gap junctions are involved in electrical or chemical communications (4).
Gap junctions are also involved in the regulation of barrier function by modulating expression

and localization of tight junction proteins such as occludin, claudin-5 and ZO-1 (79).

Role of pericytes in retinal vasculature

Pericytes have a crucial role in maintaining BRB. Pericytes or mural cells envelope
capillary walls and share basal lamina with endothelial cells (Figure 1.4). Pericytes have an
elongated stellate shape and extend finger-like processes to cover the capillary wall formed by
endothelial cells (80). Pericytes directly interact with endothelial cell through N-cadherin and
connexin-43 hemi channels (81, 82). The ratio of pericyte-to-endothelial in the retina is higher
than in other organs. The ratio in the retina is approximately 1:1, whereas 1:3 in brain and 1:10 in
lung (83). This higher coverage by pericyte in retinal microvessels may imply that pericytes in
the retina have crucial role in maintaining BRB structure. To elucidate the pivotal role of

pericytes in the regulation of retinal vascular functions many studies have been conducted.

In pericyte-deficient mice, permeability of blood barrier was increased by the up-
regulation of endothelial transcytosis and abnormal polarization of astrocyte end-feet
surrounding blood vessels (70). Smooth muscle a-actin (SMA) is expressed in smooth muscle
cell and pericytes when activated, and related with contractile properties of these cells. In SMA
null mice generated by global gene targeting, retinal structure, vascular pattern and covering
vessels by mural cells were normal. However, permeability in retinal vessels was significantly

increased in SMA null mice (84). These results suggest that pericytes regulate the maintenance
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of blood barrier and structural integrity of blood vessels in the retina. Furthermore, pericytes
regulates vessel stability by affecting survival of endothelial cells. VEGF produced by pericytes
regulates the survival of endothelial cells (85). Pericytes also promote the apoptosis of
endothelial cells in selective vessel patterning by expressing endosialin, a type | transmembrane
glycoprotein (86). Transforming growth factor-B1 (TGF-B1) signaling between endothelial cells
and pericytes are also involved in the apoptosis of retinal endothelial cells. Systemic inhibition of
TGF-p signaling results in abnormalities in the retinal vascular structure including impaired
perfusion of the superficial vascular plexus and vascular leakage through enhancing the

apoptosis of endothelial cells (87).

Pericytes also have a crucial role in the pathogenesis of diabetes complications such as
DR. In diabetic retina, pericyte loss contributes to the disruption of BRB. Apoptosis of pericytes
under diabetic conditions leads to the depletion of pericytes from retinal vasculature and is a hall

mark of diabetic retinopathy (88).

Role of astrocytes in retinal vasculature

Astrocytes originate from the optic nerve head and migrate into the developing retina
laying down the scaffolding for retinal vascularization (89). Astrocytes are closely associated
with the developing retinal vasculature with significant impact on retinal vessels function (90).
Pathological conditions such as diabetes and ischemia cause degeneration of astrocytes
contributing to dysfunction of retinal vasculature (91). Astrocytes are known for their
interactions with blood vessels of the central nervous system and help to establish and maintain

barrier properties of the vasculature (92).



21

Retinal astrocytes help to enhance barrier function by releasing soluble proteins. Retinal
astrocytes promote the integrity of blood barrier by increasing tight junction protein expression
in retinal endothelial cells (93). A-kinase anchor protein 12 (AKAP12) is derived by astrocyte.
AKAP reduces VEGF level and increase thrombospondin-1(TSP1) level leading to enhanced
blood barrier via the inhibition of protein kinase C { (PKC-() phosphorylation and Rho kinase
activity (94). Astrocytes regulate expression of glial cell line-derived neurotrophic factor
(GDNF) and VEGEF in a reciprocal manner through stimulation of retinoic acid receptor (RAR) a
to antagonize loss of tight junction for maintaining vascular integrity under hyperglycemic
conditions (95). In addition, astrocytes secrete sonic hedgehog (Shh) to activate Hedgehog
pathway in endothelial cells, consequently decreasing permeability and pro-inflammatory
mediators in endothelial cells (96). Not only secretion of proteins by astrocytes but also physical
interactions between astrocytes and vascular areas in the retina is important for the integrity of
barrier structure. Astrocytes provide a scaffolding for endothelial cells organization into
capillaries, and enhances the tight junction between endothelial cells (97). Dysfunctions of
retinal astrocytes in communication with endothelial cell and physical association with blood

vessels contribute to BRB breakdown leading to pathological states (68)

Physiological changes of retinal vascular cells under high glucose

Physiological changes in retinal endothelial cells

In hyperglycemic conditions, endothelial cells in retinal blood vessels are directly
exposed to a microenvironment with a high concentration of glucose. Therefore, effects of high
glucose conditions on the physiology of retinal endothelial cells have been intensively studied.

High glucose conditions cause loss of retinal endothelial cells or structural damage (98). The
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cellular components affected by high glucose conditions are mitochondria. High glucose
condition increased membrane potential and level of reactive oxygen species (ROS) in
mitochondria of bovine endothelial cells. Increase in ROS level and membrane potential was
correlated with the rate of cell death (99). In rat retinal endothelial cells, high glucose conditions
increased mitochondrial fragmentation with concomitant increases in cytochrome c release
leading to apoptosis (100). Type 2A protein phosphatase (PP2A) is also involved in the apoptosis
of retinal endothelial cells induced by high glucose conditions. High glucose conditions increase
PP2A activity through up-regulation of methylation followed by the activation of apoptotic
proteins, superoxide, and NF-xB (101). However, apoptosis of retinal endothelial cells under

high glucose is independent of caspase activity (102).

High glucose conditions also affect junctional properties in retinal endothelial cells.
Connexin 43 is one of the protein components of hemi-channels which allow neighboring cells
contact. High glucose conditions reduce the expression of connexin 43 and decrease cell-cell
communication triggering apoptosis (103). High glucose conditions also affect tight junctions in
retinal endothelial cells. In human retinal endothelial cells, high glucose conditions disrupted
tight junctions by decreasing occludin expression through the activation of VEGF and insulin-
like growth factor-I receptors (104). Moreover, high glucose conditions affect tight junctions by
decreasing ZO-1 levels in the retina of diabetic mice (105). Consequently, high glucose
conditions disturb junctional integrity leading to increased retinal endothelial cell permeability

(106).

Cell adhesive and migratory activities of retinal endothelial cells are critical for

angiogenesis. High glucose conditions affect migration of retinal endothelial cells. High glucose
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conditions enhanced the migration of mouse and human retinal endothelial cells. This enhanced
migration under high glucose condition was mediated through activation of Src,
PI3K/Akt1/eNOS and ERKSs pathways (107, 108). In addition, high glucose conditions enhanced
the migration of retinal endothelial cells through the up-regulation of heparanase. Akt and ERK
phosphorylation are also involved in the upregulation of heparanase (109). Increased migration
under high glucose conditions contributes to increased angiogenic activity of retinal endothelial

cells.

Physiological changes in retinal pericytes

Depletion of pericytes is a hallmark of DR and the underlying mechanisms involved have
been subject of numerous investigation. Various mechanisms are involved in the progress of
pericyte apoptosis under diabetic conditions. NF-«kB is activated under high glucose condition
leading to expression of proapoptotic protein in retinal pericytes (110). Under high glucose
conditions, aldose reductase catalyzes synthesis of sugar polyol which accumulates resulting in
the apoptosis of retinal pericytes (111). PKC-6 and Src homology-2 domain-containing
phosphatase-1 (SHP-1) are also involved in pericytes apoptosis under high glucose conditions.
PKC-6 and SHP-1 are activated by high glucose conditions resulting in pericyte apoptosis which
is independent of NF-«kB signaling pathway (112). Furthermore, high glucose conditions caused
endoplasmic reticulum (ER) stress and oxidative stress contributing to apoptosis of pericytes

(113).

Up-regulation of oxidative stress in pericytes under high glucose conditions is regulated
by thioredoxin interacting protein (TXNIP) (114). Apoptosis of pericytes is also mediated by

pericytes-reactive antibodies. High glucose conditions render PC more susceptible to antibody-
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mediated attack leading to damage in pericytes and the damaged pericytes exhibit reduced
activity in T cell inhibition (115). In addition, high glucose conditions affect morphology and
function of mitochondria in pericytes. High glucose conditions disrupted mitochondrial network
and enhanced its fragmentation. Membrane potential is elevated and oxygen consumption is
attenuated in mitochondria under high glucose conditions. Changes in mitochondria morphology

and metabolism causes apoptosis of retinal pericytes (116).

High glucose conditions induce not only apoptosis of pericytes, but also dysfunction of
retinal pericytes. In bovine retinal pericytes, actin fibers were disassembled and lost under high
glucose conditions (117). In diabetic mice with high blood glucose levels, pericytes in retinal
vessels exhibit reduced adherence to endothelium. Angiopoietin-2 (Ang-2) was involved in this
reduced adherence of pericytes to endothelium (118). In addition, pericytes protect retinal
endothelial cells from inflammation-induced apoptosis by inhibiting proliferation of activated T
cell. Inhibition of T cell proliferation by pericytes is attenuated under high glucose conditions
(119). Thus, high glucose conditions impair survival and function of retinal pericytes leading to

diabetic complications in the retina.

Physiological changes in retinal astrocytes

Astrocytes have a crucial role in the structural integrity of BRB and high glucose
conditions that affect BRB structures also affect astrocytes in the retinal vasculature. Diabetic
conditions contribute to reduction of astrocytes in peripapillary and far peripheral retina and
inhibit astrocytes from associating with superficial large vessels (52, 120). In addition to
morphological changes in astrocytes, high glucose conditions also affect cellular physiology of

astrocytes. In the retina of diabetic mice, expression of glial fibrillary acidic protein (GFAP), a
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marker of glial activation, is increased transiently in astrocytes but not in MUler cells (121).
Aquaporins (AQP) are water channel proteins that regulate water-electrolyte balance in the
retina. High glucose conditions affect the distribution of AQP1 and AQP4 in retinal astrocytes.
In normal retina, AQP4 is mainly expressed around retinal blood vessels, whereas AQP1 is
mainly expressed under diabetic conditions (122). Diabetic conditions also affect gap junctions
in astrocytes. Connexin is an important protein in the formation of gap junction and cell-cell
communication. Connexin-26 and -43 protein levels were attenuated in the astrocyte of diabetic
rats. Decrease in connexin expression was followed by significant astrocyte loss (123).
Moreover, high glucose conditions activate defense mechanisms against ER stress in astrocyte.
Cultured astrocytes under high glucose and retinal astrocytes from diabetic rat are resistant to ER
stress under high glucose conditions (124). Taken together, high glucose condition affects
morphology and physiology of retinal astrocyte leading to dysfunction of retinal vasculature.
However, the detailed mechanisms involved are not well defined and will be addressed in

chapter 3.



26

Contributions to the field

Retina is a specialized organ for vision. It senses light and transmits electrochemical
signal to brain. Retina has vascular structure to provide oxygen and nutrients to the retinal tissue.
The integrity of vascular structure is maintained not to interfere with sensing light. Blood-retinal-
Barrier (BRB) has an important role in maintaining integrity and function of vasculature in the
retina. In inner BRB, blood vessels consist of endothelial cell, pericyte and astrocyte. These
vascular cells have crucial roles in maintaining BRB function and integrity. Under pathological
conditions, dysfunctions of vascular cells are induced leading to breakdown of BRB in the retina.
Diabetic retinopathy is a serious vision threatening disease. Diabetic conditions in the retina alter
integrity of BRB and destroy BRB leading to vascular leakage and edema in the retina. To
understand the impact of high glucose conditions caused by diabetes on the vascular cells
including endothelial cells, pericytes and astrocyte, a considerable number of studies have been
conducted. From those studies, many physiological factors have been shown to be involved in
the dysfunction of vascular cells under high glucose conditions. However, detailed signaling
pathways for the dysfunction of vascular cells and mechanisms of interactions between vascular

cells under high glucose conditions are not clearly elucidated.

Previously, our lab demonstrated the effect of high glucose conditions on the function of
retinal endothelial cell isolated from mice. High glucose conditions affected migratory activity of
retinal endothelial cell without affecting apoptosis. However, the impact of high glucose
conditions on retinal pericytes needs further investigations. Pericyte loss is a hallmark of the
pathogenesis of DR. Although many physiological factors including oxidative stress,

inflammation, PKC-6, SHP-1 and rho-associated protein kinase (ROCK) have been known to be
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involved in the apoptosis of pericytes under high glucose conditions, the upstream signaling
event leading apoptosis of pericytes under high glucose conditions has not been clearly defined.
In chapter 2, | will address the effect of high glucose conditions on apoptosis and migration of
pericytes. Furthermore, 1 will show how high glucose conditions affect interactions between
endothelial cell and pericytes. In addition, I will further demonstrate that Bim, a proapoptotic
protein, is upstream of ROS production in pericytes under high glucose conditions leading to
apoptosis. | will show Bim expression is regulated by the activation of transcription factor
STATL1 in response to inflammatory mediators produced under high glucose conditions. These

results provide new insight into the mechanism involved in pathogenesis of DR.

Astrocytes are glial cells and have processes that associate with retinal blood vessels and
retinal neurons. Astrocytes have a crucial role in maintaining the integrity of BRB and neuronal
functions. It is known that high glucose conditions affect physiology of astrocytes leading to
their dysfunction. However, underlying mechanisms for the dysfunction of astrocytes under high
glucose conditions have not been previously defined. Our lab described a novel method to isolate
and culture astrocyte from mice retina. In chapter 3, I will show how high glucose conditions
affect migration, proliferation and adhesion properties of retinal astrocytes. Furthermore, the
effect of high glucose on signaling pathways involved in migration and proliferation of
astrocytes will be revealed. In addition, I will explain the effect of high glucose conditions on
production of ROS in retinal astrocytes and how increased ROS levels in astrocytes affect
migration and tube formation of retinal endothelial cells. Oxidative stress caused by high glucose
conditions activate defense mechanisms in astrocytes to respond to stress. The defense
mechanism against oxidative stress under high glucose conditions in retinal astrocytes will be

elucidated.
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Together, these studies will delineate how high glucose conditions cause dysfunction of
retinal vascular cells including retinal pericytes and astrocytes, and affect interactions among

vascular cells contributing to vascular dysfunction associated with diabetes.
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2. STAT1-Mediated Bim Expression Promotes the Apoptosis of Retinal

Pericytes under High Glucose Conditions

This work was submitted to Cell Death and Disease.
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Abstract

Hyperglycemia impacts different vascular cell functions and promotes the development
and progression of various vasculopathies including diabetic retinopathy. Although the increased
rate of apoptosis in pericytes (PC) has been linked to increased oxidative stress and activation of
PKC-4 and SHP-1 tyrosine phosphatase during diabetes, the detailed mechanisms require further
elucidation. Here we show that the rate of apoptosis and expression of proapoptotic protein Bim
were increased in the retinal PC of diabetic Akita/+ mice and mouse retinal PC cultured under
high glucose conditions. Increased Bim expression in retinal PC under high glucose conditions
required the sustained activation of STAT1 through production of inflammatory cytokines.
Pericytes cultured under high glucose conditions also exhibited increased oxidative stress and
diminished migration. Inhibition of oxidative stress, PKC-8, or ROCK I/II was sufficient to
protect PC against apoptosis under high glucose conditions. Furthermore, PC deficient in Bim
expression were protected from high glucose mediated increased oxidative stress and apoptosis.
However, only inhibition of PKC-8 lowered Bim levels. N-acetylcysteine didn’t affect STAT1
levels suggesting that oxidative stress is downstream of Bim. PC cultured under high glucose
conditions disrupted capillary morphogenesis of retinal endothelial cell (EC) in co-culture
experiments. In addition, conditioned medium prepared from PC under high glucose conditions
attenuated EC migration. Together our results indicate that Bim plays a pivotal role in the
dysfunction of retinal PC under high glucose conditions by increasing oxidative stress and death

of PC.
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Introduction

Dysfunction in retinal blood vessel as well as pathological neovascularization causes
blindness in patients with diabetes (125, 126). Mechanisms of vascular dysfunction in diabetes
have been the subject of numerous studies. A causal link between diabetic hyperglycemia and
the development of retinal vascular complications is established, considering that tight glucose
control in diabetic patients reduces the progression of the disease (127). Elucidating mechanisms
for dysfunction of retinal vascular cell under high glucose conditions is necessary to develop new

therapeutics for diabetic retinopathy.

Pericytes (PC), smooth muscle-like cells that envelope capillaries provide vessel stability
and control endothelial cell (EC) proliferation and survival. Pericytes have attracted much
attention since the inception of studies to understand the pathogenesis of diabetic retinopathy.
Alterations in the interactions between PC and EC play crucial roles in the development of
diabetic retinopathy (128). Unfortunately, very little is known about the nature of these

interactions, and how they are altered in diabetes.

Pericyte loss is considered a hallmark of early diabetic retinopathy, which can result in
focal EC proliferation associated with microaneurysm formation (129). Recent studies suggest
that the loss of PC contributes not only to the vasodynamic changes in the early stages of
diabetic retinopathy, but also to neovascularization in proliferative diabetic retinopathy (130). In
addition, several studies indicate that retinal PC selectively degenerate to form PC ghosts, while
EC remain relatively constant, or pathologically proliferate when neovascularization forms (130-

132). Although apoptosis of vascular cells is documented in the early stages of diabetic
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retinopathy, we believe that PC sense and respond to hyperglycemia differently compared with

EC.

The BCL-2 protein family regulates apoptosis by maintaining mitochondrial homeostasis
through a balanced activity of pro- and anti-apoptotic family members (133). Among BCL-2
family of proteins, Bim is a proapoptotic protein with only one bcl-2 homology (BH3) domain.
Bim is required for the activation of cell death pathways mediated by other bcl-2 proapoptotic
family members, namely BAX and BAK (134). Bim expression is increased in the neuroretina of
diabetic patients compared with non-diabetics (135). However, the role of Bim in the

development and progression of diabetic retinopathy has not been previously addressed.

We recently described a novel method for isolation and culture of retinal PC from wild
type and transgenic mice (136). Here we demonstrate that mouse retinal PC not only exhibited
higher rates of apoptosis, as shown in PC from other species (112, 137), but also exhibited
attenuation of migration under high glucose conditions. High glucose also had a significant
impact on production of reactive oxygen species (ROS) and interaction of EC and PC during
capillary morphogenesis. Furthermore, we uncovered that increased Bim expression required
sustained activation of STAT1 through increased production of inflammatory cytokines.
Furthermore, PC prepared from Bim -/- mice were protected from high glucose ill effects.
Collectively, our results suggest a pivotal role for Bim expression and/or activation in the

dysfunction of PC under high glucose conditions.
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Material and Methods

Animals. All experiments were carried out in accordance with and approved by the Institutional
Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public
Health. Ins2*X™ heterozygous (Akita/+) male mice on C57BL/6J background were purchased
from Jackson Laboratories (Bar Harbor, ME). The diabetic (Akita/+) mice used in the
experiments described here were male due to effectiveness and severity of the diabetic
phenotype in males. The wild type male mice were used as control. Genomic tail DNA isolation
and PCR were performed using the PCR kit (REDExtract-N-Amp™ Tissue PCR Kit, Sigma),
and the transgenic Ins2AKkita/+ mice were identified by PCR screening. The amplified fragments
were digested with Fnu4HI and resulting bands separated on 3.0% agarose gel, as recommended

(Jackson Laboratories).

Immunohistochemical staining of the frozen sections. Frozen sections from mouse eyes were
prepared as previously described by us (99). 7 month old of mice were used for frozen sections.
Apoptotic cell death was assessed by TdT-dUTP Terminal Nick-End Labeling (TUNEL)
staining. TUNEL staining was performed using Click-iT TUNEL Alexa Fluor Imaging Assay
(Invitrogen, Carlsbad, CA). Sections were then incubated with rabbit anti-PDGFRf antibody
(eBiosciences, San Diego, CA) (1:500 dilution prepared in blocking solution) or rabbit anti-Bim
antibody (Cell signaling, Danvers, MA) (1:500 dilution prepared in blocking solution) for
overnight at 4<C in a humid environment. After three washes in PBS 5 min each, sections were
incubated with appropriate CY 3-conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA). Sections were counterstained with DAPI (Invitrogen) for staining of the nuclei

for 15 min. Sections were washed three times with PBS, covered with PBS:glycerol (2 vol/1vol)
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and mounted with a coverslip. Sections were viewed by fluorescence microscopy, and images

were captured in digital format using a Zeiss microscope (Carl Zeiss, Chester, VA).

Cell culture. Mouse retinal PC were isolated and cultured as previously described by us (136).
The medium contained either 5.7 mM D-glucose (physiological/normal glucose; LG) or 40.7
mM D-glucose (hyperglycemia/high glucose; HG), or 5.7 mM D-glucose and 35 mM L-glucose
( control; LG+L-glu), as previously described (138). Cells were maintained in growth medium
for 5 days prior to each experiment, and the medium was changed every other day. The cells
were also exposed to a cycle of high glucose for 2 days, normal glucose for 2 days, and then high
glucose for 2 days prior to each experiment (fluctuation condition). Mouse retinal EC were

isolated and cultured as previously described by us (139).

Apoptosis assays. Cells (0.1 ml of 1x10° cells/ml) were placed on fibronectin (2 pg/ml)-coated
4-well chamber slides. After attachment, cells were cultured in medium under normal glucose or
high glucose conditions or high glucose conditions containing various treatments such as the
antioxidant N-acetylcysteine (NAC) (1 mM; Sigma, St. Louis, MO), PKC-§ inhibitor rottlerin (1
uM; Sigma), ROCK1/2 inhibitor Y-27632 (10 uM; Cayman Chemical, Ann Arbor, MI), SHP-1
inhibitor Sodium Stibogluconate (1 uM) (EMD, Gibbstown, NJ) or fludarabine (10 uM; Sigma)
for 5 day. Apoptotic cell death was assessed using Click-iT TUNEL Alexa Fluor Imaging Assay
(Invitrogen) as recommended by the manufacturer. Positive cells were counted under

fluorescence microscope and the percentage of apoptotic cells relative to the total number of
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cells was calculated. Concentrations for various pharmacological inhibitors were determined
based on minimal effect on cell viability during the five day exposure to high glucose
concentrations. The effect of cytokines on apoptosis was determined by measuring caspase
activation using Caspase-Glo 3/7-assay kit as recommended by the supplier (Promega, Madison,
WI). The assay provides caspase-3/7 DEVD-aminoluciferin substrate and the caspase 3/7 activity
is detected by luminescent signal. For the assay, retinal PC were plated at 8 x<10° cells per well
of a 96 well plate and the next day incubated with 10 ng/ml TNF-a, IL-1B or MCP-1for 24 h.
Caspase activity was detected using a luminescent microplate reader (Victa2 1420 Multilabel
Counter, PerkinElmer, Waltham, MA). All samples were prepared in triplicate and repeated at

least three times with similar results.

Determination of oxidative stress. Cells (0.1 ml of 1x10° cells/ml) were plated on fibronectin (2
ug/ml)-coated 4-well chamber slides. After attachment, cells were cultured in medium under
different glucose conditions for 5 days with/without various treatments as noted above. The level
of cellular reactive oxygen species (ROS) was assessed using dihydroethidium staining (DHE;
Invitrogen), as previously described (140). For quantitative assessments, the images were
analyzed using Image J software (National Institutes of Health, Bethesda, MD). Values were
obtained from each cells captured in 5 high power fields (x400). More than forty cells per each

condition were analyzed.
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Transwell migration assays. The impact of high glucose on migration of PC, and the impact of
conditioned medium collected from PC under various glucose conditions on the migration of EC,
was assessed using transwell assays as described in (136). The method for determining the effect
of PDGF-BB on the migration of PC was also described by us (136). To examine the migration
of EC, 1 <10 cells in 100 ul of medium were added to the top of each transwell membrane.
Transwell inserts were placed in 24-well dishes containing conditioned medium collected from
PC cultured under various glucose conditions for five days. Cells were allowed to migrate

through the membrane for 3 h at 37°C. The number of migrated cells was determined as

previously described (138).

Scratch wound assays. The migration of cells cultured under various glucose concentrations was
also assessed by scratched wound assay as described (138). Confluent monolayers of retinal PC
cultured in different glucose conditions for 5 days were wounded using a 1 ml micropipette tip
and incubated with growth medium with appropriate glucose concentration. Wound closure was
monitored by phase microscopy, and the wounds were photographed at 0, 24, 48 and 96 hour.
Each sample was performed in triplicate on at least three independent occasions using two

different isolations of PC, with similar results.

Western blot analysis. Approximately 2x10° cells were plated in 60-mm plates and cultured in
the growth medium containing different glucose concentrations for 5 days. For cytokine

treatment, retinal PC was incubated with 10 ng/ml TNF-a, IL-1B or 10ng/ml TNF-a+10ng/ml IL-
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1B for 24 h after serum starvation for 24h. The cells were washed twice with cold PBS, lysed in
0.1ml of lysis buffer (20 mM Tris pH 7.4, 2 mM EDTA, 1 mM NaF, 1mM NazVOy, 1% Triton
X-100, 1% NP-40, 0.1% SDS and protease inhibitor cocktail (Roche) and briefly sonicated. The
lysates were centrifuged and protein concentrations were determined using the BCA protein
assay kit (Pierce). For the retina lysate, the retinas were lysed in the same lysis buffer and
prepared as described above for cells. The protein samples were mixed with appropriate volume
of 6x SDS sample buffer and analyzed using 4-20% SDS-PAGE (Invitrogen). Proteins were
transferred to nitrocellulose membrane, blocked, and incubated with appropriate primary
antibodies at 4<C overnight. After washing, the blots were incubated with appropriate HRP-
conjugated secondary antibodies and developed using ECL system (GE healthcare). The
antibody to B-actin (Sigma) or p —catenin (BD Biosciences, San Jose, CA) was used to verify
equal protein loading. The following primary antibodies were used: p-STAT1 (Tyr701), STAT1,
p-Src (Tyr418), p-p38 (Thrl80/Tyr182), p38, p-Aktl (ser 473), Aktl, p-ERK and ERK (cell
signaling, Danvers, MA), p-JNK1, and JNK1 (R&D System, Minneapolis, MN), Bim (Cell

signaling) and p53 (Santa Cruz Biotechnology, Santa Cruz, CA).

Capillary morphogenesis. Capillary morphogenesis was performed as previously described by
us (138). Equal numbers of retinal pericytes and endothelial cells (2 x10°) in 2 ml were applied
to the Matrigel-coated plates (0.5 ml Matrigel per 35 mm dish), incubated at 37 <C, photographed
after 18 h in digital format using a Nikon microscope. For quantitative assessment of the data,
the mean number of branch points was determined by counting the number of branch points in

five high-power fields (><100).
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RNA purification and real time gPCR analysis. The total RNA from PC was extracted using
mirVana PARIS kit (Invitrogen, Carlsbad, CA). cDNA synthesis was performed from 1 pg of
total RNA using Sprint RT Complete-Double PrePrimed kit (Clontech, Mountain View, CA). 1
ul of each cDNA (dilution 1:10) was used as template in qPCR assays, performed in triplicate of
three biological replicates on Mastercycler Realplex (Eppendorf) using the SYBR-Green gPCR
Premix (Clontech). Amplification parameters were as follows: 95<C for 2min; 40 cycles of
amplification (95<C for 15 sec, 60T for 40 sec); dissociation curve step (95<C for 15 sec, 60T
for 15 sec, 95<C for 15 sec). Primer sequences for TNF-a were 5'-
ACCGTCAGCCGATTTGCTAT-3' (forward) and 5-TTGACGGCAGAGAGGAGGTT-3
(reverse). For IL-1B, 5°- GTTCCCATTAGACAACTGCACTACA-3’ (forward), and 5°-
CCGACAGCACGAGGC TTTT-3’ (reverse); Standard curves were generated from known
quantities for each of the target gene of linearized plasmid DNA. Ten times dilution series were
used for each known target, which were amplified using SYBR-Green gPCR. The linear
regression line for ng of DNA was determined from relative fluorescent units (RFU) at a
threshold fluorescence value (Ct) to quantify gene targets from cell extracts by comparing the
RFU at the Ct to the standard curve, normalized by the simultaneous amplification of RpL13a, a
housekeeping gene. Primer sequences for RpL13a were 5’-TCTCAAGGTTGTTCGGC TGAA-

3’ (forward) and 5’-CCAGACGCCCCAGGTA-3’ (reverse).

Statistical analysis. Statistical differences between control and treated samples were evaluated
with student’s unpaired t-test (2-tailed) or one-way ANOVA with post hoc Dunnett’s test for

multiple comparisons. Mean 2SE are shown. p values < 0.05 were significant.
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Results

Apoptosis of PC was increased in the retina of diabetic mice and under high glucose conditions.
Apoptosis of PC in mouse retina was determined in wild type and Ins2Akita/+ mice with 7
months of diabetes. Akita/+ mice carry a mutation in their insulin gene and develop diabetes by 4
weeks of age. Diabetes is more prominent in male mice. These mice do exhibit many of the early
non-proliferative change in their retina. In imunofluorescence staining for TUNEL (apoptotic
cells) and PDGFR-B (PC), an increase in TUNEL-positive PC in diabetic retinas was observed
compared with wild type mice (Figure 2.1 A). Quantification for TUNEL-positive PC is shown

in Figure 2.1 B.

We next determined the impact of high glucose on retinal PC apoptosis in culture. The
effect of high glucose on mouse retinal PC has not been previously addressed. Retinal PC were
cultured in medium under normal, high glucose or osmolarity control for 5 days as detailed and
previously used by us and others (138, 141, 142). Consistent with previous studies (112), mouse
retinal PC cultured under high glucose conditions exhibited a significantly higher rate of
apoptosis compared with cells cultured under normal glucose or osmolarity control (Figure 2.1
C). A similar rate of apoptosis to that observed under high glucose conditions was noted in PC

cultured under fluctuating glucose conditions (Figure 2.1 C)
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Figure 2.1 Diabetes induces apoptosis of pericyte in retina vasculature.

(A) Retinal frozen sections were prepared from wild type and Akita/+ mice. Double
immunofluorescence staining was performed for PDGFR- and TUNEL. Arrow heads indicate
TUNEL and PDGFR-f positive cells in the superficial layer of the retina. Bar indicates 20 pm.
(B) Quantification of TUNEL and PDGFR-p positive cells is shown. Data are presented as mean
*+SEM (n=7 for wild type and n=8 for Akita/+ mice); *p<0.05 compared with wild type. (C) The
effects of high glucose on apoptosis of retinal PC. Retinal PC cultured under high glucose
conditions exhibited a significantly higher rate of apoptosis. NG: normal glucose condition and
HG: high glucose. Similar results were observed under fluctuation conditions. n > 3; *p < 0.05

(NG vs. HG or Fluctuation)
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Bim level was increased in retinas of diabetic mice. We next examined whether expression of
bcl-2 family member Bim was altered in retinas of diabetic Akita/+ mice. Bim is a proapoptotic
member of the bcl-2 family with significant role in retinal vascular homeostasis (143). The
expression level of Bim in mouse retina was determined in wild type and Akita/+ mice. In
immunofluorescence staining for Bim and PDGFR-f, an increase in Bim retinas was observed in
diabetic compared with wild type mice (Figure 2.2 A). In superficial layer of retina, the
expression level of Bim was increased in PC. To further confirm increased Bim expression in
diabetic mice retina, lysates from retinas were analyzed by Western blotting. Bim level was
significantly elevated in the retina of Akita/+ mice compared with wild type mice (Figure 2.2 B,

2.2 C).

Oxidative stress is an up-stream effecter of high glucose-mediated PC dysfunction. Exposure of
perivascular supporting cells to high glucose generally results in increased oxidative stress and
apoptosis (112, 144, 145), perhaps through activation of PKC-6 promoting diabetic retinopathy
(112). To determine whether increased oxidative stress and/or activation of PKC-6 similarly
contributes to high glucose-induced apoptosis of mouse retinal PC, we evaluated the rate of
apoptosis in the presence of the N-acetylcysteine (NAC), an antioxidant with significant
inhibitory effect on pathogenesis of diabetic retinopathy (146, 147), or Rottlerin. Rottlerin is a
PKC-8 specific inhibitor with an ICsy of 3-6 uM for PKC-6 (148, 149). Rottlerin inhibits
apoptosis of smooth muscle cells in response to oxidative stress (150). Incubation with Rottlerin
or NAC protected PC from high glucose mediated apoptosis (Figure 2.3 A). Inhibition of SHP-1,

as demonstrated previously (112), was also protective, although to a lesser extent (Figure 2.3 A).
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RhoA/ROCK signaling pathway plays an important role in regulation of angiogenesis,
and its opposition by MAPK/ERKSs signaling promotes EC survival and sprouting during
angiogenesis (151-153). Very little is known about the contribution of RhoA/ROCK pathway to
the function of PC. We next determined the impact of ROCK I/I1 inhibitor, Y-27632, on PC
apoptosis under high glucose conditions. Inhibition of ROCK I/11 protected PC from high
glucose induced apoptosis (Figure 2.3 A). Thus, activation of RnoA/ROCK pathway makes a
significant contribution to the proapoptotic phenotype of retinal PC under high glucose

conditions.

To examine the effect of high glucose condition on oxidative stress in PC, level of ROS
was measured by dihydroethidium (DHE) staining. High glucose condition indeed elevated ROS
levels in PC. NAC inhibited ROS production under high glucose condition. In contrast, Rottlerin,
sodium stibogluconate (SSG; a SHP-1 specific inhibitor (154)) and Y-27632 did not affect ROS
production in PC under high glucose conditions (Figure 2.3 B). Thus, oxidative stress is an up-

stream effecter of high glucose mediating PC dysfunction.
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Figure 2.2 Bim expression was increased in the retina of diabetic mice.

(A) Retinal frozen sections were prepared from wild type and Akita/+ mice. Double
immunofluorescence staining was performed for PDGFR-B and Bim. Arrow heads indicate Bim
and PDGFR-B positive cells in the superficial layer of retina. Bar indicates 20 um. (B)
Expression of Bim in the retina of wild type and Akita/+ mice was examined by Western blot
analysis. The antibody to B-catenin was used for loading control. (C) Quantification of band

intensity in Western blots. n > 4; *p < 0.05 (wild type vs. Akita/+).
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Figure 2.3 Signaling pathways involved in high glucose mediated apoptosis and increased ROS
production in PC.

(A) An increase in the rate of apoptosis was observed in PC cultured under high glucose (HG)
compared to normal glucose (NG) or osmolarity control (NG+L-Glu) conditions. Incubation of
PC under high glucose with NAC (anti-oxidant), Rottlerin (PKC-3 inhibitor) or Y-27632 (ROCK
I/11 inhibitor) reduced the rate of apoptosis. SSG (SHP-1 inhibitor) had a modest effect. n > 3; *p
<0.05 (NG vs. HG ); **p< 0.05 (HG vs. NG+L-Glu or HG+inhibitors). (B) Retinal PC cultured
under high glucose (HG) conditions exhibited a significantly elevated level of ROS compared to
normal (NG) or osmolarity control (NG+L-Glu) conditions. Incubation of PC under high glucose
with NAC reduced the level of ROS. Inhibition of PKC-3, SHP-1 and ROCK I/1l had no
significant effect on ROS levels under high glucose conditions. n > 30; *p < 0.05 (NG vs. HG);

** < 0.05 (HG vs.HG+NAC).
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High glucose enhanced Bim expression in retinal PC. The bcl-2 protein family members play
important roles in regulation of apoptosis and angiogenesis (143, 155). We also assessed p53
expression under various glucose conditions. The p53 expression was minimally affected in PC
cultured under various glucose conditions (Figure 2.4 A). Although incubation of PC with NAC
under high glucose conditions had no significant effect on p53 expression, incubation of PC with
PKC- inhibitor resulted in a modest but significant increase in p53 expression under high

glucose conditions.

We observed a significant increase in Bim expression of PC cultured under high glucose
conditions compared to normal glucose or osmolarity control (Figure 2.4 B). Although
incubation of PC with NAC in high glucose did not have a significant effect on Bim expression,
inhibition of PKC-6 reduced Bim expression to levels comparable to that seen in cells cultured in
normal glucose. Expression of Bim in pancreatic -cells is regulated by the activation of STAT1
(156, 157). To elucidate the mechanism(s) for the up-regulation of Bim expression, we examined
the level of active and total STATL1 in PC under various glucose conditions. Level of p-STAT1
in PC cultured under high glucose conditions was significantly increased compared with normal
glucose or osmolarity control (Figure 2.4 C). Inhibition of ROS or PKC-8 under high glucose

condition did not affect the level of p-STAT1.

We next examined if inhibition of STAT1 protects PC from apoptosis induced by high
glucose conditions. Fludarabine is a purine analog and potent inhibitor of STAT1 activity(158).
Inhibition of STATL1 by fludarabine protected PC against apoptosis under high glucose
conditions (Figure 2.4 D). Thus, activation of STAT1, perhaps by production of inflammatory

cytokines including tumor necrosis factor-o (TNF-a)) and interleukin-1f (IL-1p) in PC under
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high glucose conditions may occur. Supplementary Figure 2.1 A and B shows that in fact
incubation of PC under high glucose conditions resulted in increased expression of TNF-a.

compared with normal glucose conditions.

We next examined which cytokines is required for PC apoptosis. Supplementary Figure
2.1 C shows incubation of PC with TNF-a induced PC apoptosis whereas monocyte chemotactic
proteins-1 (MCP-1) and IL-1p did not have any effect. The effect of inflammatory cytokines on
the activation of STAT1 was then examined in PC incubated with TNF-o and IL-1 under
normal glucose conditions. TNF-a and IL-1p increased phosphorylated STAT]1 level in retinal
PC (Supplementary Figure 2.1 D). Thus, incubation of PC under high glucose conditions results
in production of inflammatory cytokines, including TNF-a, and sustained activation of STAT1

driving Bim expression.
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Figure 2.4 Impact of HG on proapoptotic pathways.

(A) Expression of p53 was confirmed by western blot analysis. The quantitative assessment of
the data is also shown. No significant change in p53 expression was observed. NAC had no
effect on the level of p53 while inhibition of PKC-6 caused a modest but significant increase in
p53 level. n > 3; *p< 0.05 (NG vs. HG); **p < 0.05 (HG vs.HG+Rottlerin). (B) High glucose
resulted in a significant increase in Bim expression compared to normal glucose (NG) or
osmolarity control (NG+L-Glu). Although incubation of PC under high glucose with NAC had
no significant effect on Bim expression, inhibition of PKC-4 (Rottlerin) resulted in significant
decrease in Bim expression. (C) High glucose increased p-STATL1 level significantly compared
to normal glucose or osmolarity control (NG+L-Glu). NAC and Rottlerin did not affect p-
STAT1 level under high glucose condition. Graphs of band intensities from three independent
experiments are also shown. n > 3; *p < 0.05 (NG vs. HG); **p< 0.05 (HG vs.HG+rottlerin). (D)
Fludarabine, a inhibitor for STAT1, reduced the rate of apoptosis in PC against apoptosis. High
glucose (HG) condition increased the rate of apoptosis compared with normal glucose (NG) and
Incubation of PC with fludarabine under high glucose condition decreased the rate of apoptosis

compared with high glucose conditions. n > 3; *p < 0.05 (NG vs. HG and HG vs. HG+Flul0).
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High glucose inhibited retinal PC migration. Migration of PC is essential during vascular
development and stabilization of newly formed vessels (159). Alteration in migration of PC may
also contribute to pathogenesis of DR (160). The impact of high glucose on migration of retinal
PC has not been previously addressed. We next assessed the migratory properties of PC in
transwell and scratch wound assays. We observed decreased PC migration under high glucose
conditions compared with normal or control conditions in both scratch wound (Figure 2.5 A) and

transwell (Figure 2.5 B) migration assays.

We next determined the downstream events that may contribute to the PC migratory
defect under high glucose conditions. PC incubated under high glucose conditions, in the
presence of NAC, demonstrated migration similar to that observed in PC incubated under normal
glucose or osmolarity control (Figure 2.5 C). Similar results were observed in the presence of
PKC-6 and ROCK I/1l inhibitor (Figure 2.5 C). Furthermore, retinal PC cultured under normal
glucose responded to promigratory activity of PDGF-BB, while basal and PDGF-BB-mediated
migration of PC under high glucose conditions was attenuated (Figure 2.5 D). In contrast, PDGF

stimulated the migration of PC in high glucose in the presence of NAC (data not shown).

The activation of PKC-a also negatively impacts migration of SMC in response to PDGF
(161). We also determined whether activation of PKC-a contributes to high glucose mediated
inhibition of retinal PC migration. Although inhibition of PKC-a restored basal migration of PC
under high glucose conditions, it minimally affected their PDGF-mediated migration (Figure 2.5
D). Activation of SHP-1 tyrosine phosphatase is recently shown to negatively impact PDGF

receptor signaling in retinal PC under high glucose conditions (112). Inhibition of SHP-1 activity
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using the SHP-1-specific inhibitor sodium stibogluconate (SSG) (154, 162, 163) restored both

basal and PDGF-mediated migration of PC under high glucose conditions (Figure 2.5 D).

Bim-/- PC are protected from high glucose mediated oxidative stress and apoptosis. Retinal PC
isolated from Bim-/- mice were utilized to investigate the function of PC under normal or high
glucose conditions. Apoptosis of Bim-/- PC was not affected under high glucose conditions,
whereas high glucose increased apoptosis rate of wild type PC (Figure 6A). As indicated above,
increased ROS production by high glucose is an upstream event in inducing apoptosis of PC.
High glucose condition did not impact ROS production in Bim -/- PC whereas ROS production

in wild type PC was increased under high glucose conditions (Figure 2.6 B).

Migratory property is crucial for the function of PC in maintaining vascular structure and
function. The migration of wild type PC was attenuated under high glucose condition compared
with normal glucose conditions. However, the migration of Bim-/- PC under high glucose
conditions was not altered (Figure 2.6 C). Thus, Bim expression may promote PC dysfunction

under high glucose conditions.

PC incubated under high glucose inhibited capillary morphogenesis and migration of EC. We
recently showed that inflammatory mediators have on significant impact on capillary
morphogenesis of retinal EC (164). We next determined the effects of conditioned medium

collected from PC cultured under various glucose conditions on migration of retinal EC.
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Conditioned medium from PC under high glucose conditions inhibited migration of EC

compared with PC conditioned medium under normal glucose or control (Figure 2.7 A).

EC undergo capillary morphogenesis when grown on Matrigel, which mimics the late
stage of angiogenesis (139). PC were incubated under various glucose conditions and used in co-
culture experiments with retinal EC. When EC were mixed with PC cultured under high glucose
conditions, capillary morphogenesis of EC was significantly inhibited compared with PC
cultured under normal glucose conditions (Figure 2.7 B). Representative images of capillary

morphogenesis are shown in Figure 2.7 C.
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Figure 2.5 Attenuation of pericyte migration under high glucose conditions.

(A) In scratch wound assays, a significant portion of wound remained uncovered in PC cultured
under high glucose compared to normal (NG) or osmolarity control (NG+L-Glu) conditions. The
quantitative assessment of the data is shown below. n > 3; *p <0.05 (NG vs. HG or HG vs.
NG+L-Glu). (B) A significantly lower number of PC cultured under high glucose conditions
migrated through the transwell membrane compared to PC cultured under normal or osmolarity
control conditions. n>3; p < 0.05 (NG vs. HG or HG vs. NG+L-Glu). (C) Incubation of PC
cultured under high glucose with NAC restored basal migration. Incubation of retinal PC under
high glucose conditions with Rottlerin (PKC-6 inhibitor) or Y-27632 (ROCK I/1l inhibitor)
restored basal migration to levels seen in PC cultured under normal glucose or osmolarity control
conditions. (n > 3; *p< 0.05 (NG vs. HG), **p< 0.05 (HG vs. NG+L-Glu or HG+NAC or
HG+Rottlerin or HG+Y-27632 ). (D) Incubation of PC with PDGF-BB enhanced their migration
under normal glucose conditions. However, PDGF-BB had a minimal effect on migration of PC
cultured under high glucose. Although PCK-a inhibitor (G&6976) restored basal migration of PC
cultured in high glucose, it did not restored migratory response to PDGF-BB. The inhibition of
SHP-1 (SSG) in PC cultured in high glucose restored both basal and PDGF-stimulated migration.

n>3; *p< 0.05 (NG vs. HG), **p < 0.05 (HG vs. HG+GO6976 or HG+SSG)
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Figure 2.6 Bim expression is essential for high glucose mediated apoptosis and ROS production
of PC.

(A) Bim -/- PC were resistant to high glucose-induced apoptosis. WT and Bim -/- PC were
incubated under normal (NG) or high glucose (HG) conditions for five days. High glucose did
not increase the rate of apoptosis in Bim -/- PC. n > 3; *p <0.05 (LG vs. HG). (B) Bim -/- PC
generated less reactive oxygen species under high glucose conditions. n > 100; *p< 0.05 (NG vs.
HG). (C) Migration of Bim -/- PC was not affected under high glucose conditions, whereas the
migration of wild type PC was attenuated under high glucose condition. n > 3; *p < 0.05 (NG vs.

HG).
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Figure 2.7 Incubation of PC under high glucose conditions impacts their effect on EC function.
(A) Conditioned medium was prepared from PC incubated under normal glucose, high glucose,
or control conditions for five days. The effects of this conditioned medium on the migration of
retinal EC was determined in a transwell assay. Please note a significant decrease in migration of
retinal EC incubated with conditioned medium from PC cultured in high glucose. n > 3; *p< 0.05
(NG vs. HG and HG vs. NG+L-Glu ) (B) Retinal PC were incubated under various glucose
conditions for five days and used to assess their impact on retinal EC capillary morphogenesis in
co-culture (1:1) experiments. The mean number of branch points in ten high power fields (X100)

was determined. Please note a significant decrease in capillary morphogenesis of retinal EC



incubated with PC under high glucose conditions. n > 3; *p < 0.05 (NG vs. HG and HG vs.

NG+L-Glu ). Representative images for each condition are shown in (C).
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Altered intracellular signaling pathways in retinal PC cultured under high glucose conditions.
Increased apoptosis of PC under high glucose conditions is attributed to altered intracellular
signaling pathways with important roles in cell survival, including Src/P13 kinase, Akt, and MAP
kinases (MAPKSs). We determined the activities of selected signaling molecules and pathways
which impact PC function. Src phosphorylation was decreased in PC under high glucose
conditions compared with normal glucose or osmolarity control (Supplementary figure 2.2 A).
Supplementary Figure 2.2 B also shows decreased activation of Aktl in PC under high glucose
and osmolarity control conditions compared to retinal PC under normal glucose conditions. In
addition, activation of MAPK/ERKS, downstream effectors of Src kinase pathway, was also
down-regulated in retinal PC under high glucose and osmolarity control compared to normal
conditions (Supplementary figure 2.2 C). The levels of phosphorylated MAPK/p38 were not
altered in PC under high glucose conditions (Supplementary figure 2.2 D). In contrast,
MAPK/JNK1, whose activation is related to stress stimuli and increased apoptosis, was up-
regulated in PC under high glucose conditions compared with normal glucose or control
(Supplementary figure 2.2 E). Thus, high glucose conditions modulate various intracellular

signaling pathways with significant impact on PC proliferation, migration and apoptosis.
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Supplementary Figure 2.1 Expression of cytokines by PC under high glucose and effect of
cytokines on apoptosis and the phosphorylation of STATLin retinal PC.

(A) and (B) Retinal PC expressed IL-1B (A) and TNF-a (B). HG conditions increased mRNA
expression of TNF-a significantly compared with normal and control glucose conditions. n > 3;
*p <0.05 (NG vs. HG and HG vs. NG+L-Glu ). (C) The rate of apoptosis was determined by
measuring caspase activity with luminescent signal from caspase-3/7 DEVD-aminoluciferin
substrate. TNF-a induced capase-3/7 activity compared to control (N = 3, *p <0.05 vs. control).

(D) Phosphorylation of STAT1 in retinal PC was increased by IL-18, TNF-a and IL-1B+TNF-a.
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Supplementary Figure 2.2 The impact of high glucose on various down-stream signaling
pathways.

The status of various signaling pathways in retinal PC under various glucose conditions was
determined as described in Methods. Levels of active Src (A), Akt (B), ERK (C), P38 (D), and
JNK1 (E) in retinal PC under different glucose conditions were determined by Western blot
analysis from equal amounts of cell lysates. The total level for each kinase is shown in the lower
part of each panel. The quantitative assessment of the data for each blot is shown below the
blots. Please note decreased level of active c-Src (A), Aktl (B) and ERKSs (C) in retinal PC under
high glucose conditions. No alteration in P38 MAPK was observed (D). Increased JINK1 MAPK
activation was detected in the retinal PC under high glucose conditions (E). Data are presented as

mean =SEM (n=3, *p<0.05 NG vs. HG and HG vs. NG+L-Glu).
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Discussion

Here we used mouse retinal PC to further delineate their response to high glucose and to
elucidate the molecular mechanisms involved. Apoptosis of PC was significantly increased under
high glucose conditions and in the retina of diabetic Akita/+ mice. We showed that high glucose
conditions increased Bim expression in PC through the sustained activation of STATL1. The
activation of STAT1 was mediated by the increased production of inflammatory cytokines
including TNF-o under high glucose conditions. Bim is a proapoptotic protein and its level is
significantly elevated in the neuroretina of diabetic patients (135). These results are consistent
with increased Bim levels in the retina of diabetic Akita/+ mice and retinal PC cultured under
high glucose conditions reported here. Thus, increased Bim level in the retina, and more
specifically in PC, may be a crucial step in the development and progression of diabetic

retinopathy.

To further demonstrate the important role of Bim in the apoptosis of PC under high
glucose conditions, we determined the apoptosis rate of retinal PC prepared from Bim -/- mice
under high glucose conditions. Bim deficiency protected PC from apoptosis induced by high
glucose conditions and reduced ROS levels. Thus, Bim expression contributes to ROS
production under high glucose conditions and promotion of PC apoptosis. To elucidate how high
glucose condition may increase Bim expression, we examined the level of p-STAT1 in PC under
various glucose conditions. STAT1 is a transcription factor and known regulator of Bim
expression, which is activated by pro-inflammatory cytokines including TNF-a, IL-1p, and
interferon-y (IFN-y) (156, 157). We observed that high glucose conditions resulted in increased

p-STATL level in PC.
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The increase in p-STATL level in PC may result from increased level of pro-
inflammatory cytokines produced by PC under high glucose conditions. We observed that high
glucose conditions significantly increased mRNA level of TNF-a in PC. High glucose condition
is also shown to increase p-STATL level in renal tubular epithelial cells (165). Although NAC
treatment under high glucose decreased p-STATL level in tubular epithelial cell, NAC treatment
under high glucose did not affect p-STATL1 level in PC. This discrepancy may be attributed to
the differences in duration of NAC treatment. Huang et al. treated with NAC for 30 min under
high glucose, but here PC were exposed to NAC along with high glucose conditions for five
days. Thus, chronic exposure to high glucose might contribute to sustained production of

inflammatory mediators and activation of STAT1 in PC and lack of response to NAC.

STAT1 has been considered as a drug target for vascular disease and fludarabine, a
nucleoside analogue, reduces STAT1 phosphorylation without affecting other STATSs (166). We
observed the protective effect of fludarabine against apoptosis induced by high glucose condition
in PC. Fludarabine also decreased Bim expression under high glucose conditions in PC (not
shown). Considering STAT1-mediated Bim expression and the role of Bim in the dysfunction of
PC under high glucose conditions, compounds affecting STAT1 expression and/or activity may

alleviate symptom of diabetic retinopathy.

Bim expression level is also regulated by various microRNAs. MicroRNA (miR)-24 is
shown to attenuate apoptosis of cardiomyocytes by reducing Bim expression (167). In osteoblast,
the microRNA cluster miR-17-92a inhibits apoptosis by reducing Bim expression level (168).

However, the effect of high glucose or diabetic condition on regulation of miRNAs including
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miR-17-92a and miR-24 in retinal PC remains unknown and is subject of current investigation in

our laboratory.

The apoptosis of mouse retinal PC cultured under high glucose conditions was also
attenuated by the inhibition of downstream signaling events including PKC-6, ROS production
and ROCK I/l activity. The activation of these pathways under high glucose was previously
shown to be responsible for PC dysfunction (112, 169, 170). Only NAC reduced ROS levels in
PC under high glucose, whereas the inhibition of PKC-6, ROCK I/Il or SHP-1 was ineffective.
These results suggest that ROS production is an up-stream event leading to the apoptosis of PC
under high glucose conditions. However, incubation of PC with NAC under high glucose

conditions did not affect Bim expression. Thus, Bim activity is up-stream of ROS production.

Very few studies have systemically examined retinal PC migration under high glucose
conditions. This property of PC plays critical roles during angiogenesis and the integrity of
vascular function. Under high glucose conditions, the migration of wild type PC was
significantly decreased. In contrast, high glucose had no significant effect on migration of Bim-/-
PC. Together these results suggest that high glucose impairs PC migration and is impacted by
Bim expression. Incubation of PC with NAC, Rottlerin, Y-27632 and SSG under high glucose
conditions restored PC migration confirming the role of oxidative stress, PKC-3, ROCK I/II and

SHP-1 in PC migration.

PDGF-BB is secreted by EC promoting the recruitment of PC to newly formed blood
vessels and their stabilization (171). We showed high glucose impaired PDGF-BB mediated

migration of PC, which was reversed by inhibition of SHP-1. Thus, increased SHP-1 activity
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under high glucose conditions impairs not only PDGFR-3 mediated survival but also migration

of PC by reducing PDGFR- activity.

Interactions between EC and PC are crucial for their survival and maintenance of vessel
structure and function. To examine the effect of high glucose conditions on the interactions
between retinal EC and PC, the effect of soluble factors released in the conditioned medium of
PC on migration of EC was also investigated. Conditioned medium from PC under high glucose
conditions attenuated the migration of retinal EC. We also examined the effect of PC incubated
under various glucose conditions on capillary morphogenesis of retinal EC in co-culture
experiments. PC are able to stabilize capillary tube formation by inhibiting tube regression in
EC-PC co-cultures (172). PC cultured under high glucose conditions attenuated capillary
morphogenesis of retinal EC. This can be attributed to inhibition of EC migration by PC cultured
under high glucose, as demonstrated here. In addition, high glucose conditions may also disturb
the expression of other regulating factors including metalloproteinases and tissue inhibitor of
metalloproteinase (TIMP) (173). Thus, high glucose conditions may affect secretion of soluble
factors produced by PC, including inflammatory cytokines that impact EC function as we
recently demonstrated (164). The identity of these factors and their regulation under various

glucose conditions require further investigation.

In summary, our results demonstrate that exposure of retinal PC to high glucose results in
increased Bim expression and oxidative stress, and reduced migration with a significant impact
on their rate of apoptosis. We showed these effects are associated with activation of STAT1-
mediated Bim expression axis in retinal PC. A summary of how high glucose conditions affect

signaling pathways involved in PC migration, proliferation and apoptosis is shown in Figure 8.
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Collectively we demonstrate that that increased expression of Bim through production of
inflammatory cytokines and sustained activation of STAT1 is a significant pathway in
modulation of PC function under high glucose conditions. Thus, targeting Bim expression and/or

activity may provide a more effective modality for treatment of diabetic retinopathy.
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Figure 2.8 A summary of signaling pathways known to participate in response to high glucose.
The exposure of PC to high glucose results in increased Bim expression and oxidative stress,

which lead to activation SHP-1 and PKC-6 leading to enhanced apoptosis. Our results indicate
that oxidative stress is up-stream of SHP-1 and PKC-5 activation. In addition, we showed high
glucose inhibited basal and PDGF-mediated migration of PC and this can be reversed by NAC

and inhibition PKC-8 or ROCKI/II.
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3. High Glucose Attenuates the Migratory Activity of Retinal Astrocyte

through Increased Inflammatory Cytokines and Oxidative Stress
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Abstract

Astrocytes are glial cells with a crucial role in development of retinal vasculature and
maintenance of blood-retina-barrier (BRB). Pathological conditions such as diabetes affect
physiology and function of retinal vascular cells including astrocytes (AC) leading to breakdown
of BRB. High glucose conditions caused by diabetes impact the function and morphology of
retinal AC. However, the cellular mechanisms leading to dysfunction of retinal AC under high
glucose conditions remain unclear. Here, we showed that high glucose conditions did not affect
apoptosis of retinal AC but increased proliferation of retinal AC. In contrast, high glucose
conditions through increased adhesion of retinal AC to extracellular matrix proteins.
Furthermore, high glucose conditions affected intracellular signaling pathways involved in cell
survival, migration and proliferation. High glucose conditions also affected expression level of
inflammatory cytokines in retinal AC. In addition, we showed that the attenuation of retinal AC
migration under high glucose, and retinal endothelial cell (EC) migration by conditioned medium
collected from retinal AC under high glucose conditions were mediated by oxidative stress.
Antioxidant proteins including heme oxygenase-1 (HO-1) and peroxiredoxin 2 (Prdx2) levels
were upregulated in retinal AC under high glucose conditions through nuclear localization of
transcription factor, nuclear factor-erythroid 2-related factor-2 (Nrf2). Together our results
demonstrated that high glucose conditions alter function of retinal AC by increased inflammatory

cytokines and oxidative stress.
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Introduction

Astrocytes are glial cells with important role in retinal vascular development, and
provide physical support and nutrients for neurons in the central nerve system. Astrocytes also
have foot processes that envelop endothelial cells in blood vessels to maintain blood retina
barrier (BRB) (4). In addition, astrocytes regulate fluid and electrolyte balance by expressing
channel proteins including water channel protein, aquaporin 4 and the potassium channel Kir4.1
at the luminal spaces of endfeet (174, 175). Astrocytes regulates blood barrier function by
secreting growth factors such as transforming growth factor-f (TGF-p), glial-derived
neurotrophic factor (GDNF), basic fibroblast growth facor (bFGF) and angiopoetin 1(ANG1)
(92). Furthermore, astrocyte secretion of sonic hedgehog (Shh) is recently shown to enhance

barrier function and decrease inflammatory mediators of the endothelium (96).

Compromise in the structural integrity in BRB is crucial in the pathogenesis of retinal
vascular diseases including diabetic retinopathy (DR). Pathological conditions affect physiology
of cellular components of BRB including endothelial cells (EC), pericytes (PC) and astrocytes
(AC) and lead to breakdown of BRB structures. In diabetic conditions, vascular cells are affected
by high glucose environment. High glucose conditions promote migration of mouse retinal EC
through activation of signaling pathway mediated by Src, PI3K/Akt1/eNOS and ERK (176). In
contrast, high glucose conditions increased apoptosis of retinal PC by activation of Protein
kinase C & (PKC-06) and Src homology-2 domain-containing phosphatase-1(SHP-1) (112).
Diabetic conditions also affect retinal AC. In diabetic retina, morphology and viability of retinal
AC were disturbed compared with normal conditions (123, 177). Although changes in AC
contribute to alterations in retinal vascular structures and function under hyperglycemic

conditions, the cellular mechanism leading to dysfunction of retinal AC remain poorly defined.
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High glucose conditions impair various cellular functions. High glucose conditions
increase apoptosis of retinal PC and inhibit migration of fibroblast. Oxidative stress caused by
high glucose conditions contributes to these cellular dysfunctions (112, 178). To respond to
oxidative stress, protective mechanisms have been implicated in cells exposed to high glucose
conditions. The transcription of genes to protect from oxidative stress is regulated by redox-
sensitive transcription factor, nuclear factor-erythroid 2-related factor-2 (Nrf2) (179). Activation
of Nrf2 by oxidative stress results in its translocation into the nucleus and activation of
transcription of antioxidant genes including heme oxygenase-1 (HO-1) and peroxiredoxin-2
(Prdx2) (179). Nrf2 pathway is shown to be activated to protect retinal AC from cell death
mediated by oxidative stress (180). However, the effect of high glucose conditions on the

activation of this defense system in retinal AC has not been determined.

We have described a novel method for isolation and culture of retinal AC from wild type
and transgenic mice (181). Here we demonstrate that high glucose results in attenuation of retinal
AC migration. High glucose also had a significant impact on production of reactive oxygen
species (ROS) and interaction of retinal EC and AC. Furthermore, we uncovered that high
glucose conditions activated protective the intracellular mechanisms via translocation of Nrf2

into the cell nucleus and increased expression of anti-oxidant proteins.
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Materials and Methods

Cell Culture Conditions. Mouse retinal astrocytes (AC) were isolated and cultured as previously
described (181). The cells were plated on 1% gelatin-coated 60 mm dishes and cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% fetal bovine serum (FBS), 2
mM L-glutamine, 2 mM sodium pyruvate, 20 mM HEPES, 1% nonessential amino acids, 100
g/ml streptomycin, 100 U/ml penicillin, freshly added heparin at 55 U/ml (Sigma, St. Louis,
MO), endothelial growth supplement 100 pg/ml (Sigma), and murine recombinant interferon-y

(R & D, Minneapolis, MN) at 44 units/ml. Cells were maintained at 33°C with 5% CO,. The

growth medium contained either 5.7 mM D-glucose (normal glucose, NG), 40.7 mM D-glucose
(hyperglycemia/high glucose, HG), or 5.7 mM D-glucose+35mM L-glucose as high osmolarity
control (NG+L-glu). Cells were maintained in growth medium for 5 days prior to each

experiment, and the medium was changed every other day.

Cell Proliferation and Apoptosis Assays. The rate of cell proliferation was determined using
EdU DNA labeling (Click-iT EAU Flow Cytometry kit, Invitrogen, Carlsbad, CA). Cells cultured
under different glucose conditions were incubated with 10 uM EdU for 1 h. Following
incubation, cells were removed using cell dissociation solution (Sigma) and analyzed by
FACScan caliber flow cytometer as recommended by the supplier (Becton-Dickinson, Franklin
Lakes, NJ). Positive cells were calculated as a percentage of total cell number. The rate of
apoptotic cell death was assessed by TdT-dUTP Terminal Nick-End Labeling (TUNEL) staining.
Cells were cultured under different glucose conditions in fibronectin coated chamber slides (FN,

2 g/ml in phosphate buffered saline) for five days. Cells were then washed twice with
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phosphate buffered saline (PBS), fixed with 4% paraformaldehyde for 20 min and washed with
PBS twice. Cells were permeabilized with 0.5% Triton X-100 in PBS for 10min. Apoptotic cell
death was assessed using Click-iT TUNEL Alexa Fluor Imaging Assay (Invitrogen, Carlsbad,
CA,) as recommended by the manufacturer. Positive cells were counted under fluorescence
microscope and the percentage of apoptotic cells relative to the total number of cells was

calculated.

Transwell Migration Assays. Cell migration was assessed in transwell assays as previously
described (176). Briefly, transwell inserts (8-pum pore size, 6.5-mm membrane; Costar, Lowell
MA) were coated with FN (2 pg/ml) in PBS on the bottom side at 4°C overnight. The next day,
inserts were rinsed with PBS, blocked in PBS containing 2% BSA for 1 h at room temperature,
and washed with PBS. Cells that have been cultured in medium with different glucose conditions
for 5 days were removed by trypsin-EDTA, counted, and resuspended at 1x10° cells/ml in
serum-free medium. Inserts were placed in 24-well plates (Costar) containing 0.5 ml serum-free
medium, and 0.1 ml cell suspension was then added to the top of the inserts. Cells were allowed

to migrate through the membrane for 4 hours at 37°C. To examine the effect of PDGF-AA or

PDGF-BB on migration, transwell inserts were placed in 24-well dishes containing 0.5 ml
serum-free medium or serum-free medium containing PDGF-AA or PDGF-BB (50 ng/ml;
PeproTech, Rocky Hill, NJ). Following incubation, the cells on top of the filter were scraped off
using a cotton swab. The membrane was fixed in 4% paraformaldehyde and stained with
hematoxylin and eosin. The inserts were removed, mounted on a slide, cell side up, and the

number of cells migrated to the bottom of the filter was determined by counting 10 high-power
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fields (>400). To examine the migration of EC, 1 x<10° cells in 100 ul of medium were added to
the top of each Transwell membrane. Transwell inserts were placed in 24-well dishes containing
conditioned medium collected from RAC cultured under different glucose conditions for five

days. Cells were allowed to migrate through the membrane for 3 h at 37°C. Following

incubation, number of migrated cells was determined as described above.

Indirect Immunofluorescence Staining. Retinal AC (1 x10%) were plated on glass coverslips
coated with 2 pg/ml of fibronectin. Cells were incubated under different glucose conditions for
five days. Cells were rinsed with PBS, fixed with 3% paraformaldehyde (PFA) for 10 min on
ice, washed twice with PBS. Cells were incubated in PBS containing 0.25% Triton X-100 for 15
minutes at room temperature for permeabilization. After washing cells with TBS twice, cells
were incubated with anti-vinculin (1:100; Sigma), FITC-phalloidin (1:200; Sigma), and DAPI
(Invitrogen, D1306; 10 pg/ml) for 40 min at 37°C. For analyzing cellular location of Nrf2, Anti-
Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA) was also used. After washing three times
with PBS, cells were incubated with appropriate CY3-conjugated secondary antibodies (Jackson
ImmunoResearch, West Grove, PA) at 37 <C for 40 min. Cells were washed three times with
PBS, mounted, and photographed using a Zeiss fluorescence microscope (Axiophot, Zeiss,
Germany) equipped with a digital camera. Coherency of stress fiber, number of focal adhesion

and intensity of signal were quantified using Image J software (NIH; http://rsb.info.nih.gov/ij).
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Cell Adhesion Assays. The retinal AC adhesion to various extracellular matrix proteins was
determined as recently described. Briefly, 96 well plates (Maxisorb, Nunc) were coated with

various conditions of fibronectin (FN), vitronectin (VN), collagen- I (Col- I ) and laminin (LM)

(BD Biosciences, San Jose, CA) prepared in TBS (Tris-buffered saline, 20 mM Tris-HCI pH 7.6,
150 mM NaCl) with 2 mM Ca®*" and 2 mM Mg?®* (Ca/Mg) overnight at 4<C. The next day the
plates were rinsed four times with TBS containing Ca/Mg, blocked for 1h with 200 i of 1%
BSA prepared in TBS with Ca**/Mg?* for at least 1 h at room temperature. Cells cultured under
different glucose conditions for 5 days were removed using cell dissociation solution (Sigma, St.
Louis, MO), washed once with TBS, and resuspended in HEPES buffered saline (25 mM HEPES
pH 7.6; 150 mM NaCl) containing 4 mg/ml of BSA at 5x10° cells/ml. Blocking solution was
then removed from the coated plates and each well received 50 i of TBS with Ca?*/Mg?* and 50

A of cell suspension in triplicates. Cells were then allowed to adhere for 90 min at 37°C and

non-adherent cells were removed by gently washing the wells with 200 il of TBS with Ca/Mg
until no cells left in wells coated with BSA. The number of adherent cells in each well was
quantified by measuring the cellular phosphatase activity as previously described (182). All

samples were done in triplicate.

Formation of retinal AC network and capillary morphogenesis of retinal EC on Matrigel. We
previously showed that retinal AC organize into a network when plated on Matrigel similar to
retinal endothelial cell (EC) (181). We next determined the ability of cells cultured under
different glucose conditions to organize into three dimensional networks. Approximately, 2x10°

cells in 2ml of growth medium were plated in a 35 mm dish coated with 0.5 ml of 10 mg/ml
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Matrigel (BD Biosciences, Bedford, MA), incubated at 37 <C for 16 to 24 h, and photographed in
a digital format. For quantitative assessment, the mean number of branch points in five high

power fields (><100) was determined.

For analyzing capillary morphogenesis of retinal EC, cells were removed by trypsin-
EDTA, washed with DMEM containing 10% FBS, and resuspended at 2x10° cells/ml in
conditioned medium collected from retinal AC incubated under different glucose conditions.
Cells (2 x10°) in 2 ml were applied to the Matrigel-coated plates, incubated at 37<C,

photographed after 18 h with a Nikon microscope in digital format.

FACScan Analysis. Cells cultured under different glucose conditions were washed once with
PBS containing 0.04% EDTA and collected using cell dissociation solution (Sigma). Cells were
washed once with DMEM containing 10% FBS and blocked in TBS with 1% goat serum for 20
min on ice. Cells were incubated with specific primary antibodies for 30min on ice. anti-cleaved
caspase 3 antibody (cell signaling, Danvers, MA) or anti-GFAP (Dako, Carpinteria, CA) or anti-
aSP1 integrin or anti-avB3 integrin (Milipore, Temecula, CA) was prepared in TBS with 1%
BSA at 2 pg/ml. Following incubation, cells were then washed twice with TBS/1% BSA, and
incubated with appropriate FITC-conjugated secondary antibody for 30 min on ice. The stained
cells were washed twice with TBS/1% BSA and resuspended in 0.5 ml of TBS/1% BSA, and
analyzed by FACScan caliber flow cytometer (Becton-Dickinson, Franklin Lakes, NJ). Cells
incubated with secondary antibodies in the absence of primary antibodies were used as negative

control.
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Western Blot Analysis. Approximately, 2x10° cells were plated in 60-mm plates and cultured
under different glucose conditions. Cells were washed twice with cold PBS, lysed in 0.1ml of
lysis buffer (20 mM Tris Ph 7.4, 2 mM EDTA, 25 mM NaF, 1mM Na3zVO,, 1% Triton X-100,
1% NP-40, 0.1% SDS and a protease inhibitor cocktail (Roche Biochemicals, Indianapolis, IN) )
and briefly sonicated. The lysates were centrifuged and protein conditions were determined using
the BCA protein assay kit (Pierce, Rockford, IL). For conditioned medium, cells were rinsed
once with serum free medium and incubated with serum free medium (complete medium with
different conditions of glucose but no serum) for two days. The conditioned medium was
collected, clarified by centrifugation. The protein samples were mixed with appropriate volume
of 6X SDS sample buffer and analyzed by 4-20% SDS-PAGE (Invitrogen). Proteins were
transferred to nitrocellulose membrane, blocked in TBS containing 5% BSA and 5% non-fat
milk, and incubated with appropriate primary antibodies at 4<C overnight. After washing with
TBS containing 0.1% Tween 20, the blots were incubated with appropriate HRP-conjugated
secondary antibodies (1:10,000; Jackson Immunoresearch Laboratories) and developed using
ECL (Amersham). The same blot was reprobed with a monoclonal antibody to —actin (Sigma)
to verify equal protein loading in lanes with cell lysates. The antibody to -actin (Sigma) was
used to verify equal protein loading. The following primary antibodies were used: p-Src
(Tyr418), p-p38 (Thr180/Tyr182), p38, p-Aktl (ser 473), Aktl, p-ERK, ERK and HO-1 (cell
signaling, Danvers, MA), p-JNK1, and INK1(R&D System, Minneapolis, MN), Prdx2 (Pierce
Biotechnology, Rockford, IL), p-p65 and p65 (Santa Cruz Biotechnology), thrombospondin

(TSP1) (A6.1, Neo Markers, Fremont, CA), iNOS and TSP2 (BD Biosciences).
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Immunoprecipitation of Fyn. To determine the levels of active Src family member Fyn in retinal
AC under different glucose conditions, equal amount of cell lysates were used for
immunoprecipitation assay. The lysates were pre-cleared with protein G-agarose (Sigma) and
incubated with mouse anti-Fyn antibody (Santa Cruz Biotechnology) overnight at 4°C.
Following incubation with the primary antibody, 50 ul of anti-mouse protein G agarose was
added to the sample and incubated for 2 h at 4°C.The beads were centrifuged at 2,000 rpm for 5

min, and washed three times with lysis buffer. The beads were resuspended in 6x SDS sample
buffer and boiled for 10 min. The immunoprecipitation eluates were separated on SDS-PAGE
and transferred to a nitrocellulose membrane. The blot was probed for the activated,
phosphorylated form of Fyn by using a specific antibody to the p-Src (Tyr418) (Cell signaling),

and for total Fyn using anti-Fyn antibody (Santa Cruz Biotechnology).

RNA purification and real time gPCR analysis. The total RNA from retinal AC was extracted
using mirVana PARIS kit (Invitrogen, Carlsbad, CA). cDNA synthesis was performed from 1 pug
of total RNA using Sprint RT Complete-Double PrePrimed kit (Clontech, Mountain View, CA).
1 pl of each cDNA (dilution 1:10) was used as template in gPCR assays, performed in triplicate
of three biological replicates on Mastercycler Realplex (Eppendorf) using the SYBR-Green
gPCR Premix (Clontech). Amplification parameters were as follows: 95<C for 2min; 40 cycles
of amplification (95<C for 15 sec, 60<C for 40 sec); dissociation curve step (95<C for 15 sec,

60<C for 15 sec, 95<C for 15 sec). Primer sequences for TNF-o were 5'-
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ACCGTCAGCCGATTTGCTAT-3' (forward) and 5'-TTGACGGCAGAGAGGAGGTT-3
(reverse). For IL-1B, 5°- GTTCCCATTAGACAACTGCACTACA-3’ (forward), and 5°-
CCGACAGCACGAGGCTTTT-3’ (reverse); For MCP-1, 5'-
GTCTGTGCTGACCCCAAGAAG-3' (forward), and 5-TGGTTCCGATCCAGGTTTTTA-3’
(reverse). Standard curves were generated from known quantities for each of the target gene of
linearized plasmid DNA. Ten times dilution series were used for each known target, which were
amplified using SYBR-Green gPCR. The linear regression line for ng of DNA was determined
from relative fluorescent units (RFU) at a threshold fluorescence value (Ct) to quantify gene
targets from cell extracts by comparing the RFU at the Ct to the standard curve, normalized by
the simultaneous amplification of RpL13a, a housekeeping gene. Primer sequences for RpL13a
were 5’-TCTCAAGGTTGTTCGGCTGAA-3’ (forward) and 5’-CCAGACGCCCCAGGTA-3’

(reverse).

Determination of oxidative stress. Cells (0.1 ml of 1x10° cells/ml) were plated on fibronectin (2
ug/ml)-coated 4-well chamber slides. After attachment, cells were cultured in medium under
different glucose conditions for 5 days. The level of cellular reactive oxygen species (ROS) was
assessed using dihydroethidium staining (DHE; Invitrogen), as previously described (140). For
quantitative assessments, the images were analyzed using Image J software. Values were
obtained from each cells captured in 5 high power fields (x400). More than sixty cells per each

condition were analyzed.
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Statistical Analysis. Statistical differences between control and treated samples were evaluated
with student’s unpaired t-test (2-tailed) or one-way ANOVA with post hoc Dunnett’s test for

multiple comparisons. Mean xSE are shown. p values < 0.05 were significant.
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Results

The Effects of High Glucose on Retinal AC Proliferation and Apoptosis. We determined the rate
of apoptosis in retinal AC cultured under different glucose conditions as detailed in the methods
section. Apoptotic cell death was determined by TdT-dUTP Terminal Nick-End Labeling
(TUNEL) assay. Figure 3.1 A shows that the retinal AC under high glucose or osmolarity control
exhibited a similar low rate of apoptosis as those cells cultured under normal glucose conditions.
Cleaved caspase-3 level in retinal AC under different glucose conditions was determined by
FACS analysis. Different glucose conditions did not affect the level of cleaved caspase-3 in

retinal AC (Figure 3.1B). Thus, high glucose has minimal effect on apoptosis of retinal AC.

We next asked whether high glucose affects the rate of proliferation in retinal AC
cultured under various glucose conditions. Figure 3.1C shows the mean percentage of positive
cells labeled with EdU under different glucose conditions. We observed a significant increase in
the rate of proliferation under high glucose or osmolarity control conditions compared to the
cells cultured under normal glucose conditions. Thus, high glucose conditions result in increased

proliferation of retinal AC.

Glial fibrillary acidic protein (GFAP) is a marker protein for astrocyte and known to be
up-regulated by neural damage (183). We next determined the level of GFAP in retinal AC under
various glucose conditions. High glucose conditions increased GFAP level in retinal AC
compared with normal glucose and osmolarity control conditions (Figure 3.1D). These results
are consistent with increased expression of GFAP detected in retinal section of diabetic mice

(121).
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Attenuation of Retinal AC network formation under High Glucose Conditions. Prior to retinal
vascularization, retinal astrocytes migrate from the optic nerve to create a scaffold-like network
which is utilized by EC to establish the primary retinal vascular network. We have previously
shown that, like retinal EC, retinal AC do organize into a three dimensional-like network when
plated on Matrigel (181). We next asked whether high glucose conditions affect retinal AC to
organization into a network on Matrigel. Figure 3.2 A shows that retinal AC under normal
glucose condition readily organized on Matrigel forming network. In contrast, this ability was
attenuated under high glucose or osmolarity control conditions. The quantitative assessment of
the data is shown in Figure 3. 2 B. Thus, early exposure of retinal AC to high glucose conditions

may have significant impact on development of retinal vasculature.

High Glucose Attenuates Retinal AC Migration. The migratory properties of retinal AC were
assessed using a transwell assay. Figure 3.2 C demonstrates the migratory activity of AC
cultured under different glucose conditions. We observed a significant decrease in the number of
cells migrated through the transwell under high glucose, compared to normal or osmolarity

control conditions.

Interactions EC and AC is important during development and maintenance of blood
barrier (68). To examine the effect of glucose conditions on these interactions, migration of EC
was assessed using the transwell migration assay in the presence of conditioned medium
collected from AC cultured under different glucose conditions. Conditioned medium from AC
under high glucose conditions inhibited EC migration compared with normal glucose or

osmolarity control condition (Figure 3. 2 D).
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To determine the factors which affect AC migration, organization of stress fiber and
focal adhesions were examined (Figure 3.3 A). Coherency of stress fiber and number focal
adhesion was not affected by glucose conditions (Figure 3.3 B, 3.3 C). The migratory defects
observed in retinal AC under high glucose suggest that alterations in cell adhesive mechanisms
may exist. We next evaluated the adhesion of retinal AC cultured under different glucose
conditions to various matrix proteins under normal or high glucose conditions. Figure 3.4 A and
3.4 B show that retinal AC adhered to fibronectin and vitronectin, and high glucose increased
their adhesion to these ECM proteins. Very few cells adhered to collagen I or laminin regardless

of different glucose conditions (not shown).
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Figure 3.1 Effect of different glucose conditions on apoptosis, proliferation and GFAP
expression in retinal AC.

(A) The rate of apoptosis was determined by TdT-dUTP Terminal Nick-End Labeling (TUNEL)
staining. Positive cells were counted using a microscope and calculated as percentage of total
cell number per field. (B) Level of cleaved caspase-3 was determined by FACS analysis.
Representative mean fluorescent intensities are indicated in bottom right corner of each panel.
Shaded areas show staining in the absence of primary antibody. (C) The rate of retinal AC
proliferation was determined by analyzing the rate of DNA synthesis using FACScan flow
cytometer. Data are presented as mean =SEM. *p < 0.05; n=3 (NG vs. HG and NG vs. NG+L-
Glu). EdU is 5-ethynyl-2'-deoxyuridine. (D) Level of GFAP in retinal AC was determined by
FACS analysis. High glucose condition increased GFAP level in retinal AC compared with
normal glucose and osmolarity control. Representative mean fluorescent intensities are indicated
in bottom right corner of each panel. Shaded areas show staining in the absence of primary

antibody.
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Figure 3.2 Effect of different glucose conditions on the organization of retinal AC on Matrigel
and migration.

(A) High glucose conditions inhibited the organization of retinal AC on Matrigel. (B) The
quantitative assessment of the organization is shown. Data are the mean number of branch points
from 5 high-power fields (><100) =SEM. *p<0.05; n=5 (NG vs. HG and NG vs. NG+L-Glu) (C)
Transwell migration of retinal EC under different glucose conditions. High glucose conditions
significantly inhibited migration of retinal AC compared with normal glucose and osmolarity
control. Data are presented as mean =SEM. n= 3,*p < 0.05 (NG vs. HG). (D) Conditioned
medium was collected from retinal AC incubated under normal glucose, high glucose, or
osmolarity control for five days. The effects of these conditioned medium on the migration of

retinal EC was determined in a transwell migration assay. Please note a significant decrease in
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migration of retinal EC incubated with conditioned medium from retinal AC cultured under high

glucose. Data are presented as mean £SEM. n = 3; *p<0.05 (NG vs. HG)
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Figure 3.3 The impact of different glucose conditions on the formation of actin stress fibers and
focal adhesion in retinal AC.

(A) Examination of actin stress fibers and focal adhesions in retinal AC. Retinal AC were stained
with anti-vinculin (red), phalloidin (green), and DAPI (x630). Scale bar = 20 um. (B) Coherency
of stress fibers was assessed using image J software. Data are presented as each value and mean

+SEM. (C) Formation of focal adhesion was quantified. Data are presented as mean =SEM.
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Figure 3.4 The effect of different glucose conditions on adhesion of retinal AC to extracellular
matrix (ECM) proteins.

Adhesion of retinal AC to fibronectin (A) and vitronectin (B) was determined by measuring
number of adherent cells in each well coated with different concentration of ECM protein.
Number of adherent cells was quantified by measuring the cellular phosphatase activity as

described in Methods. Data are presented as mean £SEM. n =3; *p<0.05 (NG vs. HG).
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The Effects of High glucose on PDGF-mediated AC migration. To elucidate the effect of
glucose condition on PDGF-mediated AC migration, migratory activity of AC under various
glucose conditions was investigated using a transwell migration assay with or without PDGF-AA
or PDGF-BB. PDGF-AA had no effect on migration of AC cultured under normal glucose or
osmolarity control conditions. However, PDGF-AA enhanced the migration of AC cultured
under high glucose conditions (Figure 3.5 A). AC migration mediated by PDGF-BB was not

affected under various glucose conditions (Figure 3.5 B).

The Effects of High glucose on Integrin Expression. Increase in adhesion of retinal AC to matrix
proteins may be related to the enhanced expression of integrins. We determined levels of a5p1
and avp3 integrins by FACS analysis. a5B1integrin is a major receptor for fibronectin(184),
while avp3 is a major receptor for vitronectin (185). a5B1 integrin level was attenuated by high
glucose conditions compared with normal glucose and osmolarity control (Figure 3.6 A).
However, avp3 level was increased under high glucose conditions compared with normal

glucose conditions (Figure 3.6 B).
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Figure 3.5. The effect of glucose conditions on PDGF-mediated migration of retinal AC.
Migration of retinal AC incubated under different glucose conditions for five days was
determined using transwell assay. Transwell assay was performed with basal media or media
containing PDGF-AA (A) or PDGF-BB (B) in lower compartment. Data are presented as mean +

SEM. n=3; *p< 0.05 (Basal vs. PDGF-AA or PDGF-BB).
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Integrin a5B1 (A) and avP3 levels were determined by FACS analysis. Representative mean
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staining in the absence of primary antibody.



93

Intracelluar Signaling Alterations in Retinal AC under High Glucose. The decreased AC
migration observed in high glucose may be related to alterations in intracellular signaling
pathways under high glucose conditions. These pathways play important roles in cell survival,
migration, and proliferation, including Src kinase, Akt, and MAP kinases. We determined the
activities of selected signaling molecules. Src phosphorylation was not affected in AC under high
glucose conditions (Figure 3.7 A). In addition, activity of Akt was not affected by different
glucose conditions (Figure 3.7 B). The activities of MAPKs were determined. The
phosphorylation of ERK/MAP kinase was increased in retinal AC under high glucose and
osmolarity control conditions compared with normal glucose condition (Figure 3.7 C).
Phosphorylation of p38 MAP kinase was not affected by glucose conditions (Figure 3.7 D).
Phosphorylation of INK/MAP kinase was augmented under high glucose condition compared
with normal glucose and osmolarity control conditions (Figure 3.7 E). In addition, Western blot
analysis of Fyn immunoprecipitates from cell lysates, using a specific active Src antibody,
showed increased activation of Fyn in retinal AC under high glucose and osmolarity control
conditions compared to normal glucose conditions (Figure 3.7 F). Nuclear factor (NF)-«B has a
crucial role in responding to cellular stress. To determine the effect of high glucose condition on
the NF-«xB signaling pathway, level of phosphorylated p65 was determined by western blot. High
glucose condition increased phosphorylation of p65 compared with normal glucose and

osmolarity control conditions (Figure 3.7 G).

The Effect of High Glucose on Inflammatory Cytokines. Migration of AC is related with level of

inflammatory cytokines (186). We determined mRNA levels of inflammatory cytokines
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including tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1f) and monocyte chemotactic
protein-1 (MCP-1) by quantitative real time PCR. High glucose and osmolarity control
conditions increased TNF-a levels compared with normal and high glucose conditions (Figure
3.8 A). MCP-1 levels were not affected by glucose conditions (Figure 3.8 B). High glucose
conditions increased MRNA levels of IL-1p compared with normal glucose and osmolarity

control (Figure 3.8 C).

Inducible nitric oxide synthase (iNOS) is involved in inflammation and upregulated by
inflammatory mediators including TNF-a and IL-1 (187). We next examined iNOS levels in
retinal AC under various glucose conditions. High glucose conditions increased iNOS levels

compared with normal glucose and osmolarity control conditions (Figure 3.8 D).
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Figure 3.7 The impact of high glucose on various down-stream signaling pathways.

The status of various signaling pathways in retinal AC under various glucose conditions was
determined as described in Methods. Levels of active Src (A), Akt (B), ERK (C), p38 (D), JNK1
(E), Fyn (F) and p65 (G) in retinal AC under different glucose conditions were determined by
Western blot analysis from equal amounts of cell lysates. The total level for each protein is
shown in the lower part of each panel. The quantitative assessment of the data for each blot is
shown below the blots. Data are presented as mean £SEM. n=3; *p<0.05 (NG vs. HG and NG
vs. NG+L-Glu). Levels of active Fyn (F) in retinal AC under different glucose conditions was
determined by Western blot analysis of immunoprecipitates from equal amounts of retinal PC

lysates.
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Figure 3.8 Levels of inflammatory cytokines under different glucose conditions.

MRNA expressions of inflammatory cytokines in retinal AC under different glucose conditions
were investigated by quantitative real time PCR method. TNF-a (A), MCP-1 (B) and IL-1p (C)
levels are shown. n=5; *p<0.05 (NG vs. HG and NG vs. NG+L-Glu). (D) Protein levels of INOS
are shown. Quantification of data is also shown. B-actin was used as loading control. Data are

presented as mean =SEM. n=3; *p<0.05 (NG vs. HG and NG vs. NG+L-Glu).
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Effect of antioxidant on the migration of retinal AC and capillary morphogenesis of retinal EC.
High glucose conditions attenuated migration of retinal AC and increased oxidative stress in
retinal AC. To determine whether oxidative stress induced by high glucose contributes to the
attenuation of migration of retinal AC, Retinal AC were incubated under high glucose conditions
with or without antioxidant, N-acetylcysteine (NAC) for five days. NAC restored the attenuated

migration of retinal AC under high glucose conditions (Figure 3.9 A).

We next ask whether the conditioned medium collected from retinal AC under various
glucose conditions affect capillary morphogenesis of retinal EC. Retinal EC were suspended in
conditioned medium from AC and plated on Matrigel. Conditioned medium from AC under high
glucose conditions inhibited tube capillary morphogenesis of EC compared with conditioned
medium from AC cultured under normal glucose conditions (Figure 3.9 B). The quantification of

tube formation is shown in Figure 3.9 C.
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Figure 3.9 Effect of NAC on the migration of retinal AC under different glucose conditions and
the interaction with retinal EC.

(A) Incubation of retinal AC cultured under high glucose with NAC restored basal migration.
Data are presented as mean £SEM. n=3; *p <0.05 (NG vs. HG). (B) Retinal EC was suspended
in conditioned medium collected from retinal AC incubated under different glucose conditions
with/without NAC and grown on Matrigel to analyze tube formation. (C) The quantitative
assessment of tube formation is shown. Data are the mean number of branch points from 8 high-

power fields (<100) =SEM. *p<0.05; n=8 (NG vs. HG and HG vs. HG+NAC)
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Increased nuclear localization of Nrf2 in AC under High glucose conditions. High glucose
conditions induce reactive oxygen species (ROS) production in brain astrocyte (188). ROS levels
were determined by DHE staining of retinal AC cultured under various glucose conditions. High
glucose and osmolarity control conditions increased ROS production in retinal AC (Figure 3.10
A). Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor which regulates
transcription of ROS-sensitive genes. Nrf2 is translocated into the nucleus to induce transcription
of genes, which are involved in the protective mechanisms against oxidative stress (179).
Nuclear localization of Nrf2 was examined by immunofluorescence staining. High glucose
conditions increased nuclear localization of Nrf2 compared with normal glucose and osmolarity
control conditions (Figure 3.10 B). Quantification of signal intensity in cell nucleus is shown in

figure 10C.

Effect of high glucose on the expression of antioxidant enzymes and thrombospondins. The
effects of High glucose on the expression of antioxidant enzyme including peroxiredoxin-2
(Prdx2) and heme oxygenase-1 (HO-1) were investigated by Western blot analysis. The
expression of Prdx2 and HO-1 were increased in high glucose and osmolarity control conditions

compared with normal glucose conditions (Figure 3.11 A and 3.11 B).

Thrombospondin 1 and 2 (TSP1 and 2) are extracellular matrix proteins and produced
by various cell types including astrocyte. TSP1 and 2 have anti-angiogenic activity, and their
production by AC shown to be essential for synaptogenesis of retinal ganglion cells (189). These
activities are mediated by various receptors (189-191). Although, high glucose conditions

increased cell-associated TSP1 and TSP2 (Figure 3.12), the secreted forms of TSP1 and TSP2
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from retinal AC under high glucose and osmolarity control were decreased compared with
normal glucose conditions (Figure 3.12). Thus, alteration in TSP production in AC under high

glucose conditions may contribute to neuronal defects associated with diabetes.
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Figure 3.10 The impact of high glucose conditions on the level of ROS and nuclear localization
of Nrf2 in Retinal AC.

(A) Retinal AC under high glucose (HG) conditions and osmolarity control (NG+L-Glu)
exhibited a significantly elevated level of ROS compared to normal glucose (NG) conditions.
Data are presented as mean = SEM. n>60; *p<0.05 (NG vs. HG and NG vs. NG+L-Glu). (B)
Nuclear localization of Nrf2 in retinal AC under different glucose conditions was examined by
immunofluorescence staining using antibody for Nrf2. Scale bar indicates 20 pm. (C) Nuclear
localization of Nrf2 is assessed by measuring intensity of fluorescence in cell nucleus. Data are

presented as mean £SEM. n>150; *p<0.05 (NG vs. HG).
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Figure 3.11 Effect of different glucose conditions on the expression of antioxidant enzymes.

(A) Expression of HO-1 was determined by western blot analysis. Quantification of data is also
shown. (B) Expression of Prdx2 was determined by western blot analysis. Quantification of data
is also shown. B-actin was used as loading control. Data are presented as mean =SEM. n=3;

*p<0.05 (NG vs. HG and NG vs. NG+L-Glu).



107

A Lysate CM
LG+ LG+
LG HG LG HG
L-Glu L-Glu
TSP1 [N
TSP2 1 » - s s W s W
B-Actin TP GNP ey
2 207TSP1 2 1577sP1
1E,§1.5 £ 10 *
%&05 % =
& 0.0 g 0.0
’ NG HG  NG+L-Glu NG HG  NG+L-Glu
%‘ 4.0711rgp2 %‘ 1.57 Tsp2
8 8
.;:;:?3.0 = 10
8., 25
® = & © O
az a<
'23 E * *
s 10 k-
& &

(4
°

NG  HG NG+L-Glu NG HG  NG+L-Glu
Figure 3.12 Effect of different glucose conditions on the expression and secretion of
thrombospondin 1 and 2.

(A) Levels of TSP1 and TSP2 in cell lysate and conditioned medium collected from retina AC
were determined by Western blot analysis. f-actin was used as loading control. Quantification
for band intensity is also shown. (B) TSP1 in cell lysate. (C): TSP1 in conditioned medium. (D)

TSP2 in cell lysate. (E) TSP2 in conditioned medium. Data are presented as mean =SEM. n=3;

*p<0.05 (NG vs. HG and NG vs. NG+L-Glu).
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Discussion

Here, we determined the impact of high glucose on retinal AC properties affected. High
glucose conditions did not affect retinal AC apoptosis. However, high glucose and osmolarity
control conditions increased proliferation of retinal AC. High glucose conditions also increased
expression of GFAP in retinal AC. Furthermore, Migration and capillary morphogenesis of AC
on Matrigel was significantly attenuated under high glucose conditions. High glucose conditions
also affected the activation of signaling molecules involved in migration and proliferation, and
increased mMRNA level of inflammatory cytokines including IL-1p and TNF-a. In addition, high
glucose conditions induced production of concomitant with the activation of Nrf2, which
regulates transcription of antioxidant genes. High glucose increased expression of antioxidant
proteins including Prdx2 and HO-1 in AC. High glucose also inhibited the migration and
capillary morphogenesis of retinal EC, which was restored by incubation with NAC. Together,
our results demonstrate that high glucose conditions affect proliferation and migration of retinal
AC through production of ROS and retinal AC respond to oxidative stress by increasing

antioxidant enzymes.

The effect of diabetic conditions on the apoptosis of vascular cells including retinal
AC has been studied. In the retina of diabetic rats, neural apoptosis level is elevated compared
with non-diabetic rat. However, apoptosis of retinal AC in diabetic mice was similar to with non-
diabetic mice (192). These results are consistent with our observation that high glucose
conditions did not increase apoptosis of retinal AC. Thus, apoptosis of retinal AC is not affected

by high glucose conditions.
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GFAP has crucial roles in the intermediate filament network formation and is an
essential components of the AC cytoskeleton (183). Expression of GFAP is strongly enhanced in
wound area of astrocytes, and indicates damage in astrocytes (193). High glucose conditions
increased GFAP level in retinal AC compared with normal glucose and osmolarity control
conditions. This result implies that retinal AC are damaged/stressed under high glucose
conditions. Furthermore, GFAP is also involved in retinal AC migration (183). Migration of
retinal AC is important in tissue repair in response to pathogenic events (184). Increased
expression of GFAP results in inhibition of cell migration (194). Thus, the attenuation of retinal
AC migration might result from increased level of GFAP under high glucose conditions.
Formation of stress fiber and focal adhesion are also involved in cell migration. However,
different glucose conditions did not affect formation of actin stress fibers and focal adhesions in
retinal AC. These results indicate that formation of stress fiber and focal adhesion is not

involved in the attenuation of retinal AC migration under high glucose conditions.

The attenuated migration of retinal AC under high glucose conditions suggests that high
glucose conditions may affect adhesion of retinal AC to ECM proteins. In the present study, we
also observed high glucose conditions enhanced adhesion of retinal AC to ECM proteins
including fibronectin and vitronectin. This enhanced adhesion of retinal AC might contribute, at

least in part, to the attenuation of retinal AC migration under high glucose conditions.

Inflammatory cytokine including IL-1p and TNF-a in astrocyte have been shown to
promote adhesion of astrocyte to fibronectin. IL-1p inhibits migration and TNF-a promotes
migration of AC. In addition, combination of both cytokines inhibits migration of AC (186). In

the present study, we observed high glucose conditions increased mRNA levels for IL-1p and



110

TNF-o whereas osmolarity control increased only mRNA level of TNF-a. These results imply
that the attenuated migration of retinal AC under high glucose condition could be mainly

attributed to enhanced level of IL-1p under high glucose conditions.

It was observed that conditioned medium collected from retinal AC under high glucose
conditions inhibited migration and tube formation of retinal EC. We recently demonstrated that
IL-1B and TNF-a inhibited migration and tube formation of retinal EC (195). Attenuation of
migration and tube formation of retinal EC by conditioned medium collected from retinal AC
under high glucose conditions may also be mediated by increased level of IL-1p in retinal AC

under high glucose conditions.

Expression of IL-1p is regulated by inflammatory transcription factor NF-kB (196).
Retinal AC under high glucose conditions exhibited increased phosphorylated form of p65
subunit of NF-kB. These results suggested that the activation of NF-kB by high glucose
conditions is responsible for increased expression of inflammatory cytokines, IL-1p in retinal
AC. The expression of TNF-a was also elevated under high glucose and osmolarity control

conditions, thus implying that expression of TNF-a is regulated by osmotic stress.

Astrocytes activate repair process by undergoing proliferation when they are damaged by
environmental stimuli (193). Proliferation of AC is mediated by the activation of ERK, and
Fas/CD95 may be involved in the activation of ERK (197). High glucose and osmolarity control
conditions increased proliferation of retinal AC. Moreover, phosphorylation of ERK was
increased under high glucose and osmolarity control conditions. These results suggested that
enhanced proliferation of retinal AC under osmotic stress conditions is mediated by the

activation of ERK. Fas/CD95 interactions activate ERK in astrocyte (197). However, how
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osmotic stress, including high glucose conditions affect Fas/CD95 expression and function need
further investigation in order to elucidate the mechanisms responsible for ERK activation and

enhanced proliferation.

We observed antioxidant, N-acetylcysteine (NAC), treatment restored the attenuated
migration of retinal AC and capillary morphogenesis of retinal EC under high glucose
conditions. These results suggest that the attenuation of retinal AC migration and inhibition of
retinal EC capillary morphogenesis are mediated by oxidative stress under high glucose
conditions. High glucose and osmolarity control conditions elevated ROS level, and caused
oxidative stress in retinal AC. Excessive production of ROS in AC results in the activation of
cellular defense system in response to oxidative stress. Nrf2 is a transcription factor that
regulates the expression of antioxidant enzymes including Prdx2 and HO-1 to respond to
oxidative stress. To activate transcription of antioxidant enzyme, Nrf2 is translocated into the
nucleus and binds to a cis-acting antioxidant responsive element (ARE) in antioxidant genes
(179, 198). Although high glucose and osmolarity control conditions increased ROS level, only
high glucose conditions increased nuclear translocation of Nrf2 in retinal AC. It is possible that
high glucose condition may induce more sustained activation of Nrf2 than osmolarity control

conditions.

Oxidative stress induces phosphorylation of Fyn kinase. Phosphorylated Fyn kinase was
increased phosphorylation of Nrf2 leading to its degradation (179). In the present study, high
glucose and osmolarity conditions increased p-Fyn levels. This activation of Fyn kinase might
result from oxidative stress induced by high glucose and osmolarity control conditions.

Furthermore, we observed high glucose and osmolarity control conditions increased levels of
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antioxidant enzymes including Prdx2 and HO-1. Heme oxygenase-1 (HO-1) is an enzyme that
responds to stress and the rate-liming enzyme in heme catabolism. Induction of HO-1 in diabetic
retinopathy has protective roles by anti-inflammatory, anti-apoptosis and anti-proliferative
effects (199). Prdx2 is a cellular peroxidase that reduces H,O, and prevents inactivation of
redox-sensitive signaling pathways (200). Prdx2 has a protective effect against apoptosis in
retinal photoreceptor cells (201). Upregulation of antioxidant enzyme including Prdx2 and HO-1
might be a protective mechanism for retinal AC against oxidative stress induced by osmotic

stress.

Thrombospondin 1 and 2 (TSP1 and 2) are extracellular matrix glycoproteins involved
in angiogenesis and neurogenesis (202). In the present study, high glucose conditions increased
the levels of cell-associated TSP1 and TSP2 in retinal AC. However, levels of secreted TSP1 and
TSP2 were attenuated under high glucose and osmolarity control conditions. Secretion of
thrombospondin requires glycosylation at thrombospondin type 1 repeats (TSRs) (203). These
results may imply that high glucose conditions affect expression of TSP1 and TSP2 in retinal AC

and osmotic stress affects glycosylation of TSP1 and TSP2 for secretion.

In summary, our studies demonstrate that exposure of retinal AC to high glucose results
in attenuation of migration, increased proliferation and adhesion to ECM proteins. We showed
that high glucose conditions increased expression of inflammatory cytokines including IL-1p and
TNF-0, and oxidative stress in retinal AC. Conditioned medium collected from retinal AC under
high glucose conditions impacted on the migration and capillary morphogenesis of retinal AC.
Retinal AC responded to oxidative stress by elevating the levels of antioxidant enzymes

including HO-1 and Prdx2 through nuclear translocation of transcription factor Nrf2. Together,
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high glucose conditions result in dysfunction of retinal AC through inflammation and increased

oxidative stress.
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4. Summary and Future Directions
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Summary

Diabetic retinopathy (DR) is one of diabetes complications and the main cause of
blindness among working-aged people. DR causes biochemical and vascular changes in retina
leading to vascular leakage and edema. Retinal vasculature provides oxygen and nutrients to the
inner retinal tissue. The integrity and function of vascular structure in the retina is maintained by
blood-retinal-barrier (BRB). In inner BRB, endothelial cell, pericytes and astrocytes are cellular
components of the vascular structure. These vascular cells have important roles for the function
and integrity of BRB. Pathological conditions including diabetes affect the function and integrity
of BRB through cellular dysfunction of vascular cells. High glucose conditions induced by
diabetes affect the function of vascular cells including endothelial cells, pericytes and astrocyte.
To understand the effect of high glucose conditions on the function of vascular cells, many
studies have been conducted. From those studies, changes in vascular cells contributing to
alteration in retinal vascular structure have been shown. However, detailed mechanism for the
dysfunction of vascular cells and interactions between vascular cells under high glucose

conditions remain poorly defined.

We have described a novel method for isolation and culture of retinal endothelial cell,
pericytes and astrocytes from wild type and transgenic mice. Previously, we reported that high
glucose conditions promoted migration of mouse retinal endothelial cell through activation of
signaling pathways mediated by Src, PI3K/Akt1/eNOS and ERK without affecting apoptosis.
Pericyte loss is a hallmark of DR and many studies have been performed to elucidate the effect
of high glucose conditions on pericytes apoptosis. However, the detailed signaling mechanism

for the apoptosis of pericytes under high glucose conditions has not been clearly defined. In this
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study, I showed that the rate of apoptosis and expression of proapoptotic protein Bim were
increased in the retina of diabetic Akita/+ mice and mouse retinal pericytes under high glucose
conditions. This increased level of Bim in mouse retinal pericytes was mediated by the sustained
activation of STATL. High glucose conditions increased oxidative stress in retinal pericytes and
attenuated migration of retinal pericytes. Pharmacological inhibitions of oxidative stress, PKC-3
or ROCK I/11 protected retinal pericytes against apoptosis under high glucose conditions. In co-
culture experiments of retinal endothelial cells and pericytes, pericytes under high glucose
conditions inhibited capillary morphogenesis of retinal endothelial cells. Furthermore,
conditioned medium collected from pericytes under high glucose conditions attenuated migration
of retinal endothelial cells. In addition, apoptosis and oxidative stress in pericytes deficient in
Bim expression was not affected by high glucose conditions. However, N-acetylcysteine did not
affect Bim expression in retinal pericytes. These results imply that Bim is upstream of oxidative
stress. Studies presented here demonstrate that STAT1-mediated Bim expression plays a crucial

role in the dysfunction of retinal pericytes under high glucose conditions.

Astrocytes are glial cells and have an essential role in maintaining BRB and
development of retinal vascular structure. High glucose conditions caused by diabetes affect
morphology and function of retinal astrocytes leading to dysfunction and breakdown of BRB.
However, cellular mechanisms underlying dysfunction of retinal astrocytes under high glucose
conditions are poorly defined. In the present study, | demonstrate that high glucose conditions
affected proliferation and expression of GFAP in retinal astrocytes without affecting apoptosis.
High glucose conditions increased adhesion of retinal astrocytes to extracellular matrix proteins
including fibronectin and vitronectin. In addition, high glucose conditions altered signaling

pathways involved in migration, proliferation and survival. Furthermore, high glucose
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conditions also affected levels of pro-inflammatory molecules including IL-1p, TNF-a and iNOS
in retinal astrocytes. To delineate the mechanism for attenuated migration of retinal astrocytes,
astrocytes were incubated with NAC under high glucose conditions. NAC restored the attenuated
migration of retinal astrocytes under high glucose conditions. Conditioned medium collected
from retinal astrocytes under high glucose conditions inhibited capillary morphogenesis of
retinal astrocytes and NAC treatment recovered capillary morphogenesis of retinal endothelial
cells. In the present study, | demonstrated that high glucose conditions increased expression of
antioxidant proteins including Prdx2 and HO-1. The increased expression of antioxidant protein
was mediated by nuclear localization of Nrf2. Together, results in the present study demonstrated
that oxidative stress and inflammatory mediators are involved in the dysfunction of retinal

astrocytes under high glucose conditions.

In the appendix, | demonstrate the impact of pigment epithelium-derived factor (PEDF)
deficiency on the function of lung endothelial cells. PEDF -/- endothelial cell prepared from lung
of PEDF -/- mice exhibited increased migration and attenuated proliferation compared with
PEDF +/+ endothelial cells. In addition, PEDF -/- endothelial cells exhibited increased level of
pro-inflammatory molecules including VEGF, VCAM-1 and iNOS. PEDF -/- endothelial cells
also showed alterations in junctional organization. PEDF -/- endothelial cells were more
adhesive to extracellular matrix proteins and showed alterations in expression of extracellular
matrix proteins. Furthermore, | demonstrated that the inflammatory phenotypes in the lung of
PEDF -/- mice. Lung of PEDF -/- mice exhibited increased level of macrophage marker protein,
F4/80 accompanied by increased thickness of vessel walls and expression of inflammatory
cytokines. Together, these results imply that PEDF has a crucial role in regulating inflammation

and angiogenesis in the lung endothelium.
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Concluding remarks and future directions

Inflammation and vascular dysfunctions

Inflammation is a nonspecific protective response against injury induced by pathogens.
Acute inflammation has beneficial effect, but persistent inflammation has detrimental effects
(27). Inflammation can cause biochemical changes in diabetic retina leading to vascular
dysfunctions and breakdown of BRB. Inflammatory mediators including VEGF, iNOS, ICAM-1
and COX-2 are upregulated in the diabetic retina (204). Moreover, anti-inflammatory treatments,
inhibiting inflammatory mediators, ameliorate development of diabetic retinopathy (29, 32). In
the present study, | showed that inflammatory cytokines were up-regulated in retinal vascular
cells including pericytes and astrocytes under high glucose conditions, and inflammatory
cytokines activated a transcription factor, STATL to induce apoptosis of pericytes. In addition,
pericytes are the major source of inflammatory cytokines in response to high glucose.
Furthermore, we have shown that the inflammatory cytokines including TNF-a and IL-1p inhibit
migration and capillary morphogenesis of retinal endothelial cells (195). These results suggest
that inflammation caused by high glucose conditions has a crucial role in the dysfunction of

retinal vascular cells, and retinal pericytes are the primary target.

Expression of pro-inflammatory genes is regulated by transcription factor NF-«xB. The
activation of NF-kB requires pathogen recognition by innate immune system. This recognition
by innate immune system is mediated by pathogen recognition receptors including toll-like
receptors (TLR) and receptor for advanced glycation endproducts (RAGE) (27). The effect of
high glucose conditions on RAGE has been recognized. However, how high glucose condition

affect TLR in retina has not been studied. Thus, elucidating the impact of high glucose
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conditions on the expression and function of TLR, especially in pericytes, will provide new

insight into the regulation of inflammation and pathogenesis of DR.

In separate study, | showed that PEDF has anti-inflammatory activity and its deficiency
induced vascular inflammation and abnormalities in the lung. A considerable number of studies
have demonstrated that PEDF inhibits retinal inflammation and neovascularization. Therefore,
PEDF has been studied as a potential therapeutical target for treatment of diabetic retinopathy
(37). Peptide fragments from PEDF inhibit progression of diabetes complications including DR
in animal models (205). Development of method for increasing PEDF level in the retina may

provide novel modalities for treating diabetic retinopathy.

Thrombospondin-1 (TSP1) is an anti-angiogenic factor and we have shown that the level
of TSP1 was attenuated in diabetic patients and rat compared with non-diabetic subject (206,
207). Furthermore, we have demonstrated that the lack of TSP1 expression in retinal vascular
endothelium of diabetic mice promoted the progression of diabetic retinopathy (208). However,
the role of TSP1 in pericytes associated with apoptosis under high glucose conditions has not
been examined. The role of TSP1 in the apoptosis of pericytes under high glucose needs to be
elucidated to understand the role of anti-angiogenic factors in the pathogenesis of diabetic

retinopathy.

Whnt signaling pathway and vascular dysfunction

Whnt proteins are ~40 kDa in size and cysteine- rich glycoproteins. Wnt proteins bind to
the frizzled (Fz) receptors or complex of receptors consisting of Fz and low-density lipoprotein

receptor-related protein 5/6 (LRP5/6) to activate canonical Wnt signaling pathway (209).
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Binding of Wnt ligands to complex of receptors stabilize B-catenin leading to accumulation and
nuclear translocation of B-catenin. The nuclear B-catenin activates transcription of various target
gens including inflammatory mediators (210). PEDF binds to LRP6 receptor and inhibits Wnt
signaling pathway through blocking the formation of receptor complex (211). | have
demonstrated that the lack of PEDF in the lung endothelial cell increased B-catenin level and
nuclear translocation of B-catenin. Thus, anti-inflammatory activity of PEDF is not specific to

retinal endothelial cells, and it is mediated by inhibition of canonical Wnt pathway.

Wnt pathway also has a crucial role in the development of DR. Wnt pathway is activated
in the diabetic retina and inhibition of Wnt pathway ameliorates retinal inflammation and
neovascularization (209, 212). High glucose conditions increased -catenin level in endothelial
cells and inhibition of Wnt pathway attenuated the increased migration of endothelial cells under
high glucose conditions. However, inhibition of Wnt did not affect pericyte loss in the diabetic
retina (209). These imply that Wnt signaling pathway acts differently in pericytes and endothelial
cells in inducing inflammation and dysfunctions. The role of Wnt pathway in retinal pericytes
associated with apoptosis and inflammation under high glucose conditions has not been
elucidated. The regulation and role of Wnt pathway in retinal pericytes leading to dysfunction
and apoptosis under high glucose conditions need to be investigated to understand pathogenic

role of Wnt in DR.

Role of miRNA in vascular dysfunction

microRNAs (miRNA) are a family of non-coding RNAs with 20~22 nucleotides in

length. miRNAs are implicated in the regulation of mammalian gene expression by inhibiting
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translation or inducing degradation of target RNA. miRNAs are involved in the regulation of key
cellular functions including apoptosis (213). Bim is a proapoptotic protein and its level is
regulated by miRNAs (214). Here, | showed that Bim has a crucial role in increasing oxidative
stress under high glucose conditions leading to apoptosis of retinal pericytes. These results
suggest that Bim expression under high glucose conditions could be attenuated by miRNA
expression. There are several miRNAs involved in the regulation of Bim expression (214, 215).
Identifying miRNA involved in the regulation of Bim expression in retinal pericytes under high

glucose conditions will provide novel insight into regulation apoptosis in retinal pericytes

| have shown that oxidative stress induced by high glucose conditions is crucial for
dysfunction of retinal pericytes and astrocytes. It has been found that miR-200b expression was
upregulated in the retina of diabetic mice and the miRNA-200b inhibited expression of
antioxidant protein, oxidation resistance 1 (Oxr1) contributing to apoptosis of retinal cells (64).
Thus, examining miRNA expression profiles associated with oxidative stress in retinal vascular
cells under high glucose conditions may provide novel miRNAs as biomarkers and therapeutic

targets for detection and treatment for DR.

O-GIcNAc modification in diabetic retinopathy

O-linked GIcNAc modification is a specific posttranslational modification which occurs
in various proteins with different functions. This modification attaches a single N-
acetylglucoamine (GIcNACc) to hydroxyl groups of serine and threonine amino acids of proteins
and it is catalyzed by the enzyme O-linked N-acetylglucosaminyl transferase (OGT) (216).
Diabetic conditions increase O-GIcNAc modifications in proteins which may contribute to

pathogenesis of diabetic complications (46). O-GIcNAc modification is important in modulating
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protein functions, and cellular localizations. Some transcription factors including NF-«kB have
been known for their O-GIcNAc modification, and regulation of their activity. NF-xB is a
regulator of inflammatory cytokines including IL-1B (217). NF-xB p65 subunit is modified by
O-GIcNAc modification under high glucose conditions, and this modification increases
transcriptional activity of NF-kB p65 subunit under high glucose conditions (218). In the present
study, | demonstrated that high glucose conditions increased phosphorylation of NF-xB p65
subunit in retinal astrocytes. The role of O-GIcNAc modification in modulation of NF-xB

activity in retinal vascular cells needs to be investigated.

| also demonstrated that high glucose conditions increased phosphorylation of STAT1 in
retinal pericytes leading to increased Bim expression. STAT1 is also modified by O-GIcNAc
modification for transcriptional regulation (219). The effect of high glucose conditions on the
posttranslational modification of STAT1 under high glucose conditions in retinal vascular cells
needs to be examined. Thus, investigating O-GIcNAc modifications of transcription factors in
retinal vascular cells under high glucose conditions will offer novel insight into the regulatory

mechanisms that impact vascular dysfunction.

Here, | demonstrated that the production of inflammatory mediators is a primary result
with crucial roles in loss of pericytes under high glucose conditions. The regulatory mechanisms
for inflammation leading to vascular dysfunction during diabetes are not fully defined.
Elucidating mechanisms responsible for vascular inflammation associated with diabetes will
facilitate our understanding of the pathogenesis of the disease and development of new
modalities for treatment. Furthermore, | demonstrated that phosphorylation of transcription

factors including NF-«kB p65 subunit and STAT1 is important for vascular dysfunction under
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high glucose conditions. Regulation of gene transcription through posttranslational modifications
of transcription factors and miRNA expression under high glucose conditions needs to be further
investigated. These investigations are essential for delineation the regulatory mechanisms of

gene expression, which contributes to vascular dysfunctions associated with diabetes.
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Appendix. PEDF Expression Regulates the Pro-angiogenic and Pro-
inflammatory Phenotype of the Lung Endothelium

This work was submitted to American Journal of Physiology-Lung Cellular and

Molecular Physiology and under revision.
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Abstract

Pigment epithelium-derived factor (PEDF) is a multifunctional protein with important
roles in regulation of inflammation and angiogenesis. It is produced by various cell types
including endothelial cells (EC). However, the cell autonomous impact of PEDF on EC function
needs further investigation. Lung EC prepared from PEDF -/- mice were more migratory and
failed to undergo capillary morphogenesis in Matrigel compared to PEDF +/+ EC. Although no
significant differences were observed in the rates of apoptosis in PEDF -/- EC compared to
PEDF +/+ cells under basal or stress conditions, PEDF -/- EC proliferated at a slower rate. The
PEDF -/- EC also expressed increased levels of proinflammatory markers including vascular
endothelial growth factor, inducible nitric oxide synthase, vascular cell adhesion molecule-1, as
well as altered cellular junctional organization, and nuclear localization of B-catenin. The PEDF -
/- EC were also more adhesive, expressed decreased levels of thrombospondin-2, tenascin-C and
osteopontin, and increased fibronectin. Furthermore, we showed lungs from mice deficient in
PEDF (PEDF -/-) exhibited increased expression of macrophage marker F4/80 along with
increased thickness of the vascular walls consistent with a pro-inflammatory phenotype.
Together our data suggest that the PEDF expression makes significant contribution to

modulation of the inflammatory phenotype and angiogenic phenotype in the lung endothelium.
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Introduction

Angiogenesis is a multistep process involving the growth of new blood vessels from pre-
existing capillaries, and it is crucial for the normal development and function of lung.
Angiogenesis is tightly regulated by a balanced production of pro- and anti-angiogenic factors.
Alterations in this balance may impact pro-angiogenic and pro-inflammatory properties of
vasculature, and contribute to various pathologies (220). Survival, adhesion, proliferation, tube
formation and migration of endothelial cells (EC) are essential in angiogenesis (221). Function
of EC in angiogenesis are modulated by production of various pro- and anti-angiogenic factors
including vascular endothelial growth factor (VEGF), thrombospondin-1 (TSP1), and pigment
epithelium derived factor (PEDF) (222-224). However, the contribution of these factors to

regulation of lung vascular homeostasis and pathologies remain poorly understood.

Pigment epithelium derived factor (PEDF) is a 50-kDa glycoprotein and belongs to serine
protease inhibitor family of proteins (225, 226). It was first identified in cultured fetal retinal
pigment epithelial (RPE) cells (227). PEDF is also expressed in other ocular cell types including
Mler cells, pericytes and EC (228). PEDF influences the function and pathogenesis of various
tissues including liver, kidney, heart, prostate and lung due to its various biological activities
(229-232). PEDF is an endogenous inhibitor of angiogenesis and it is neuroprotective. PEDF
inhibits the migration of EC in response to proangiogenic factors (233), and induces apoptosis of
human EC by activating p38 mitogen activated protein kinase and caspases (230, 234). Increased
expression of PEDF in the retina results in attenuation of neovascularization through modulation

of canonical Wnt signaling (235). PEDF also has anti-inflammatory activity and its expression in



127

diabetic rat inhibits the expression of pro-inflammatory factors through inhibition of NF-xB
activity (236).

PEDF plays an important role in regulation of angiogenesis and inflammation through its
coordinated activity with pro-angiogenic and inflammatory factors including VEGF. Alterations
in this coordinated activity and dysfunction in the regulation of VEGF and PEDF expression
have been implicated in pathogenesis of various diseases with neovascular components including
age-related macular degeneration (AMD), diabetic retinopathy (DR), and cancer. These
alterations have been generally associated with increased expression of VEGF, while that of
PEDF is suppressed (223, 237), favoring a pro-angiogenic and inflammatory state. However, the
contribution such alterations to various lung pathologies require further investigation.

An important role for VEGF in lung development, integrity, and function has been
previously demonstrated. Attenuation of VEGF activity through inhibition of its receptor in the
lung results in increased apoptosis and development of emphysema (238). However, the role of
PEDF in lung development and vascular homeostasis has not been previously studied. To gain
new insight into PEDF function in the lung, we investigated the specific role of PEDF in the lung
endothelium. We prepared lung EC from PEDF +/+ and PEDF -/- mice. Here we show PEDF-
deficiency increased EC migration along with increased adhesion to various extracellular matrix
(ECM) proteins. We also showed that PEDF-deficiency was associated with attenuation of
capillary morphogenesis of lung EC. Mechanistically, PEDF-/- lung EC expressed increased
levels of inflammatory markers including VEGF, VCAM-1, and iNOS concomitant with
increased NO production. Furthermore, we showed that levels of inflammatory proteins were

altered, and the thickness of vessel wall was increased in lungs from PEDF-/- mice. Thus,
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endothelium expression of PEDF is essential for maintaining the inflammatory and angiogenic

properties of the lung.
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Materials and Methods

Experimental Animals and Culture of Lung EC. All experiments were carried out in accordance
with and approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin School of Medicine and Public Health. Immortomice expressing a temperature-
sensitive SV40 large T antigen were purchased from Charles River Laboratories (Wilmington,
MA). The PEDF -/- mice were crossed with the Immortomice and screened as previously
described (182). Lungs from three 4-week-old wild-type and PEDF -/- Immortomice were
dissected and kept in serum free-Dulbecco’s Modified Eagle’s Medium (DMEM) containing
penicillin and streptomycin (Sigma; St. Louis, MO). The lungs were pooled, rinsed with DMEM,
minced into small pieces in a 60-mm tissue culture dish using sterile razor blades, and digested
with 5 ml of collagenase type | (1 mg/ml in serum-free DMEM; Worthington, Lakewood, NJ)
for 45 min at 37 <C. After digestion, DMEM with 10% heat-inactivated fetal bovine serum (FBS)
was added and cells were collected by centrifugation. The cellular digests were filtered through a
double layer of sterile 40-um nylon mesh (Sefar America, Hanover Park, IL) and centrifuged at
400 xg for 10 min to collect cells. Cells were washed twice with DMEM containing 10% FBS
and were resuspended in 1.5 ml of medium (DMEM with 10% FBS) containing anti-rat magnetic
beads coated with anti-PECAM-1 antibody (MEC13.3; BD Biosciences, Bedford, MA) as
previously described (139). The cells and beads were incubated at 4°C for 1h with continuous
mixing. After affinity binding, magnetic beads were washed six times with DMEM with 10%
FBS. The bound cells were plated into a single well of a 24-well plate coated with 2 pg/ml of
human fibronectin (BD Biosciences) using 0.5 ml of EC growth medium. The EC growth
medium is DMEM containing 10% FBS, 2 mM L-glutamine, 2 mM sodium pyruvate, 20 mM

HEPES, 1% nonessential amino acids, 100 pg/ml streptomycin, 100 U/ml penicillin, freshly
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added heparin at 55 U/ml (Sigma), 100 pg/ml endothelial growth supplement (Sigma), and
murine recombinant interferon-y (R&D Systems, Minneapolis, MN) at 44 U/ml. Cells were
incubated at 33<C with 5% CO, and progressively passaged to larger plates. Cells were normally
maintained in 60-mm dishes coated with 1% gelatin prepared in phosphate buffered saline
(PBS). The majority of experiments described here were performed with two separate isolations

of cells and repeated twice.

RNA purification and real time gPCR analysis. The total RNA from PEDF +/+ and PEDF -/-
EC was extracted using mirVana PARIS kit (Invitrogen, Carlsbad, CA). To extract total RNA
from lung tissue, lung was removed from postnatal day 28 (P28) PEDF +/+ and PEDF -/- mice.
Total RNA was extracted from lung tissue using using mirVVana PARIS kit (Invitrogen). cDNA
synthesis was performed from 1 pg of total RNA using Sprint RT Complete-Double PrePrimed
kit (Clontech, Mountain View, CA). 1 ul of each cDNA (dilution 1:10) was used as template in
gPCR assays, performed in triplicate of three biological replicates on Mastercycler Realplex
(Eppendorf) using the SYBR-Green qPCR Premix (Clontech). Amplification parameters were as
follows: 95<C for 2min; 40 cycles of amplification (95<C for 15 sec, 60<C for 40 sec);
dissociation curve step (95<C for 15 sec, 60<C for 15 sec, 95<C for 15 sec). Primer sequences for
PEDF were 5’-GCCCAGATGAAAGGGAAGATT-3’ (forward) and 5°-
GAGGGCACTGGGCATTT-3’ (reverse). For IL-1B, 5°-
GTTCCCATTAGACAACTGCACTACA-3’ (forward), and 5’-
CCGACAGCACGAGGCTTTT-3’ (reverse); For MCP-1, 5'-
GTCTGTGCTGACCCCAAGAAG-3' (forward), and 5-TGGTTCCGATCCAGGTTTTTA-3'

(reverse). Standard curves were generated from known quantities for each of the target gene of
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linearized plasmid DNA. Ten times dilution series were used for each known target, which were
amplified using SYBR-Green gPCR. The linear regression line for ng of DNA was determined
from relative fluorescent units (RFU) at a threshold fluorescence value (Ct) to quantify gene
targets from cell extracts by comparing the RFU at the Ct to the standard curve, normalized by
the simultaneous amplification of RpL13a, a housekeeping gene. Primer sequences for RpL13a
were 5’-TCTCAAGGTTGTTCGGCTGAA-3’ (forward) and 5’-CCAGACGCCCCAGGTA-3’

(reverse).

Cell Proliferation and Apoptosis. For cell proliferation assays, cells (1 <10*) were plated in
triplicate in multiple sets of 60-mm tissue culture plates. Cells were fed every other day for two
weeks, and the cell numbers were determined on the days not fed in triplicates using a
hematocytometer. Apoptotic cell death was determined by TdT-dUTP Terminal Nick-End
Labeling (TUNEL) staining. TUNEL staining was performed using Click-iT TUNEL as
recommended by the supplier (Invitrogen). Positive cells were counted using a fluorescence
microscope and reported as a percentage of apoptotic cells. The rate of DNA synthesis was
measured using Click-iT™ EdU Alexa Fluor 488 kit as recommended by the supplier
(Invitrogen). The assay measures incorporation of 5-ethynyl-2’-deoxyuridine (EdU), a
nucleoside analogue of thymidine, during cell proliferation. PEDF +/+ and PEDF -/- lung EC
were plated at 5x10° cells on 60 mm tissue culture dishes and were incubated with 10 uM EdU in
PC medium for 1 h at 33<C. DNA synthesis was analyzed by measuring incorporated EdU using

the FACSscan Caliber flow cytometer (Becton-Dickinson, Franklin Lakes, NJ). Ten thousand
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cells were analyzed for each sample and three independent experiments were performed with

two different isolation of EC.

Indirect Immunofluorescence Staining. Lung EC (1 x10°) were plated on glass coverslips
coated with 2 pg/ml of fibronectin. The next day, cells were rinsed with PBS, fixed with 3%
paraformaldehyde (PFA) for 10 min on ice, washed twice with PBS. Cells were incubated in
PBS containing 0.25% Triton X-100 for 15 minutes at room temperature for permeabilization.
After washing cells with TBS twice, cells were incubated with anti-vinculin (1:100; Sigma),
FITC-phallodin (1:200; Sigma), and DAPI (Invitrogen, D1306; 10 pg/ml) for 40 min at 37°C.
Anti-VE-cadherin (Santa Cruz Biotechnology, Santa Cruz, CA) and B-catenin (BD Biosciences)
were also used. After washing three times with PBS, cells were incubated with appropriate CY 3-
conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) at 37 <C for 40
min. Cells were washed three times with PBS, mounted, and photographed using a Zeiss

fluorescence microscope (Axiophot, Zeiss, Germany) equipped with a digital camera.

Scratch Wound Assays. Cells (4 x10°) were plated on 60-mm tissue culture dishes and allowed
to reach confluence (23 days). After aspirating the medium, cell layers were wounded using a
1-ml micropipette tip. Plates were then rinsed with PBS fed with growth medium containing 5-
FU (100 ng/ml, Sigma) to exclude the potential contribution of differences in cell proliferation.
The wounds were photographed at 0, 24 and 48 hour. The distance migrated as percent of total
distance was determined by taking five equally spaced measurements at time 0 and at each

subsequent time point for each wound and calculating the distance migrated as a percent of the
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total wounded area. Each sample was performed in triplicate on at least three independent

occasions using two different isolations of EC, with similar results.

Transwell Migration Assays. Transwell filters (Costar 3422) were coated with 2 ug/ml of
fibronectin in PBS overnight at 4<C, rinsed with PBS, and then blocked with 2% BSA for 1h at
room temperature. Serum-free DMEM (0.5 ml) was added to a well of 24-well plate and the
Transwell was inserted into each well. Cells (1 x10°) in 100 pl of serum free-medium were
added to the top of each Transwell membrane and incubated for 3 h at 37 <C in a tissue culture
incubator. Following incubation, the medium was aspirated and the upper side of the membrane
wiped with a cotton swab. The cells that had migrated through the membrane were fixed with
4% paraformaldehyde and stained with hematoxylin and eosin. Ten high power fields (x200)
were counted for each condition and the average number of cells migrated per field was

determined.

Capillary Morphogenesis Assay. Tissue culture plates (35 mm) were coated with 0.5 ml of
Matrigel (10 mg/ml; BD Biosciences) and allowed to harden at 37 <C for at least 30 min. Cells
were removed by trypsin-EDTA, washed with DMEM containing 10% FBS, and resuspended at
2x10° cells/ml in EC growth medium without serum. Cells (2 <10°) in 2 ml were applied to the
Matrigel-coated plates, incubated at 33<C, photographed after 18 h with a Nikon microscope in
digital format. For quantitative assessment of the data, the mean numbers of branch points were
determined by counting the number of branch points in five high-power fields (><100). Longer

incubation times did not further improve the degree of capillary morphogenesis.
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Cell Adhesion Assays. Various concentrations of fibronectin, vitronectin, collagen type I, and
Collagen type 1V (BD BioSciences) prepared in TBS (Tris Buffered Saline, 20mM Tris-HCI,
150mM NaCl, pH 7.4,) with Ca®* and Mg** (2 mM each; TBS with Ca®*/Mg?* ) were coated on
96-well plates (50 ul/well; Nunc Maxisorbe plates, Fisher Scientific) overnight at 4°C. Plates
were rinsed four times with 200 pl of TBS with Ca/Mg and blocked with 200 pl of 1% BSA
prepared in TBS with Ca/Mg for at least 1 h at room temperature. Cells were prepared using 2 ml
of cell dissociation solution (Sigma), washed with TBS, and resuspended at 5x10° cells/ml in
freshly prepared HBS (20 mM HEPES, 150 mM NacCl, pH 7.6, and 4 mg/ml BSA). After
blocking, plates were rinsed with TBS with Ca/Mg once, and 50 pl of cell suspension was added
to each well containing 50 pl of TBS with Ca/Mg. The cells were allowed to adhere to the plate
for 2 h at 37<C. The non-adherent cells were removed by gently washing the plate four times
with TBS containing Ca/Mg until no cells left in wells coated with BSA. The number of adherent
cells in each well was quantified by measuring the cellular phosphatase activity as previously

described (182). All samples were done in triplicates.

FACScan Analysis. Monolayers of lung EC on 60-mm tissue culture dishes were washed once
with PBS containing 0.04% EDTA and incubated with 2 ml of non-enzymatic cell dissociation
solution (Sigma). Cells were removed from the dish, washed with PBS, fixed with 2%
paraformaldehyde on ice for 30 min and washed with PBS. Cells were pelleted, resuspended in
0.5 ml of TBS with 1% BSA containing an appropriate dilution of primary antibodies, as
recommended by the supplier, and incubated on ice for 30 min. For vascular EC markers, cells
were incubated with anti-PECAM-1, anti-endoglin, anti-ICAM-2 (BD Biosciences), anti-VE-

cadherin (Enzo Life Sciences), anti-ICAM-1 (Santa Cruz), anti-VCAM-1 (Millipore), anti-VEGF
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receptors (VEGFR1 and VEGFR2; R&D Systems), or FITC-conjugated B4 lectin (Sigma). For
integrin expression analysis, anti-as-integrin (BD Biosciences), anti- o,-, as-, 0s-, as-, o7, B1, 8-
integrin (Santa Cruz) and o,B3-integrin (Millipore) antibodies were used. The cells were washed
with TBS containing 1% BSA and then incubated with the appropriate secondary antibody
(1:200) on ice for 30 min. After the incubation, the cells were washed twice with TBS containing
1% bovine serum albumin (BSA) and resuspended in 0.5 ml of TBS containing 1% BSA.
FACScan analysis was performed on a FACScaliber flow cytometer (Becton-Dickinson,

Franklin Lakes, NJ).

Western Blot Analysis. Cells (6x10°) were plated in 60-mm tissue culture dishes and incubated
until it reaches about 90% confluence (2-3 days). The cells were then rinsed once with serum-
free DMEM and incubated in EC growth medium without serum for 2 days. Conditioned
medium (CM) was collected and centrifuged to remove cell debris. The cells were also lysed in
0.1 ml of lysis buffer [50 mM HEPES pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1mM CacCl,, and
1 mM MgCl,, with 1% Triton X-100, 1% NP-40, and protease and phosphatase inhibitor cocktail
(Thermo Scientific, Rockford, IL)]. For lysate from lung tissue, lung was removed from
postnatal day 28 (P28) PEDF +/+ and PEDF -/- mice. Lung tissue was rinsed with TBS and lysed
in 1ml of lysis buffer. Protein concentrations were determined using BCA protein assay (Bio-
Rad, Hercules, CA). Samples were adjusted for protein content, mixed with an appropriate
volume of 6 x SDS-sample buffers, and analyzed by SDS-PAGE (4-20% Tris-Glycine gels,
Invitrogen). Proteins were transferred to nitrocellulose membrane, and the membrane was
blocked with blocking buffer (0.05% Tween 20 and 5% skim milk in TBS). For phospho-eNOS,

the membrane was blocked in 5% BSA in TBS buffer containing 0.05% Tween 20 (TBST). The
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following primary antibodies were used: Anti-tenacin-C (Millipore), fibronectin and eNOS
(Santa Cruz), osteopontin and SPARC (R&D Systems), thrombospondin-1 (A6.1, Neo Markers,
Fremont, CA), phospho-eNOS (Ser 1177), (Cell Signaling, Danvers, MA), B-catenin, iNOS,
nNOS and TSP2 (BD Biosciences), ZO-1 and occludin (Invitrogen), F4/80(eBioscience, San
Diego, CA) and MFG-E8 (R&D Systems). Primary antibodies were diluted in blocking buffer
(as recommended by the supplier) and incubated with the membrane overnight at 4<C. Blots
were washed with TBST and incubated with appropriate secondary horseradish peroxidase-
conjugated antibody. The blots were then washed with TBST and developed by enhanced
chemiluminescence method (GE Healthcare, UK). The blot was stripped and incubated with anti-

B-actin (Sigma) antibody for loading control.

PEDF expression. The lenti viruses expressing GFP or PEDF were obtained from Dr. Olga
Volpert (Northwestern University). For transduction of PEDF -/- lung EC, lenti viruese at
multiplicity of infection (MOI) of 20 or 40 were added to the culture medium in the presence of
8 ng/ml of polybrene (Sigma) for overnight. The next day medium was removed and cells were

fed with fresh medium. After 72h, PEDF level was determined by Western blot analysis.

Analysis of VEGF Levels. VEGF protein levels produced by PEDF +/+ and PEDF -/- EC were
determined using a Mouse VEGF Immunoassay kit (R&D Systems). Cells were plated at 6x10°
cells on 60-mm tissue culture dishes and allowed to reach approximately 90% confluence. The
cells were then rinsed once with serum-free DMEM and were grown in serum-free medium for 2
days. Conditioned medium was centrifuged at 400 xg for 5 min to remove cell debris, and 50 pl

was used in the VEGF Immunoassay. The assay was performed in triplicates as recommended by
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the manufacturer and was normalized to the number of cells. The amount of VEGF was
determined using a standard curve generated with known amounts of VEGF in the same

experiment. These experiments were repeated three times with two different isolations of cells.

Analysis of Nitric Oxide Levels. Lung EC (5x10° cells in 100 ul per well) were plated on black
wall clear bottom 96-well plates to measure nitric oxide level and cell number. The next
morning, the medium was changed to EC medium containing 30 uM DAF-FM diacetate
(Invitrogen; D-23842). Following 40-min incubation at 33<C, the medium was replaced with
fresh EC medium, and the incubation continued for 20 min. The wells were washed with TBS,
each well was resuspended in 100 pl of TBS, and the absorbance was read at 495/515 nm in
triplicates and repeated twice with similar results. The number of viable cells in each well was
measured by a colorimetric determination at 490 nm using CellTiter 96 Aqueous Non-

Radioactive Cell proliferation assay (Promega, Madison, W1).

Processing of Lungs for Histological Studies and Immunohistochemistry. Lungs from postnatal
day 28 (P28) PEDF +/+ and PEDF -/- mice were removed, inflated and fixed with formalin
overnight, and processed for paraffin sectioning. Sections (5 um each) were placed on slides, and
some slides were stained with movat pentachrome. Four PEDF +/+ and PEDF -/- mice were
sacrificed and two sections were prepared from each mouse. Pictures of randomly selected
pulmonary arterial and venule in matched regions of slides were taken in eight different high
power fields (x200). Areas of inner and outer vessel were measured using Image J software
(NIH; http://rsb.info.nih.gov/ij). Vessel thickness was calculated by subtracting the area of inner

vessel from the area of outer vessel. For immunohistochemical staining, four PEDF +/+ and
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PEDF -/- mice were sacrificed and multiple sections from same regions per each mouse were
examined. Paraffin sections were deparaffinized with xylene and rehydrated. Antigen unmasking
was performed using antigen-unmasking solution (Vector Laboratories, Burlingame, CA)
according to the manufacturer's instructions. The sections were then washed in PBS and
incubated for 15 min in PBS blocking buffer (PBS containing 1% BSA, 0.3% Triton X-100, and
0.2% skim milk powder). The sections were incubated overnight with anti-PECAM-1 (1:150;
R&D Systems). The sections were then incubated with indocarbocyanine (CY3)-labeled
secondary antibody (Jackson ImmunoResearch) and photographed. The intensity of signal was
determined by measuring the area of fluorescence via Image J and the ratio of vascular area was

determined via AngitoTool (239), using equal-timed exposures of four high-power fields (>400).

Statistical Analysis. Statistical differences between two groups were evaluated with Student’s

unpaired t-test (2-tailed). Mean values =SE are shown. p<0.05 is considered significant.
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Results

Isolation and characterization of lung EC from PEDF +/+ and PEDF -/- mice. Figure 1A
shows the morphology of EC prepared from PEDF +/+ and PEDF -/- immortomice. PEDF +/+
EC showed more elongated and spindly morphology compared with PEDF -/- EC when plated
on gelatin-coated plates. Next, we determined mMRNA expression level of PEDF in both PEDF
+/+ and PEDF -/- EC by real time gPCR analysis. In PEDF +/+ EC, mRNA of PEDF was
expressed, whereas not expressed in PEDF -/- EC as expected (Figure 1B). We also determined
the levels of PEDF secreted by PEDF +/+ and PEDF -/- EC. In conditioned medium from PEDF
+/+ EC, PEDF was detected by Western blot analysis, but not detected in conditioned medium
from PEDF -/- EC as expected (Figure 1C). We measured expression levels of EC markers to
confirm that these cells maintain their EC characteristics (Figure 1D). PEDF +/+ and PEDF -/-
EC exhibited similar level of VE-cadherin expression, while endoglin and B4-lectin levels were
lower in PEDF -/- EC compared to PEDF +/+ cells. PECAM-1 expression was also lower in
PEDF -/- EC compared to PEDF +/+ EC (Figure 1D). Furthermore, we determined the
expression level of ICAM-1 and ICAM-2 by FACS analysis. PEDF +/+ and PEDF -/- cell
showed similar level of ICAM-1 and ICAM-2 expression (Figure 2A). However, the level of
VCAM-1 in PEDF -/- EC was higher than in PEDF +/+ EC (Figure 2A). We also measured
expression levels of VEGFR1 and VEGFR2 in both cell types. Expression levels of VEGFR1
and VEGFR2 were similar in PEDF +/+ and PEDF -/- EC (Figure 2A). However, PEDF -/- EC

secreted four times more VEGF compared with PEDF +/+ EC (Figure 2B).



140

A D PEDF +/+ PEDF /-
PEDF +/+ PEDF .- A zomen | o g esoun
E A o0 3 - ’ 196 o \‘ 19G
I |
: ie ‘ ‘ HCY ‘
Endoglin R | : i \‘
n
40X 2 \‘\. 125 » ‘ 9.42
80 ‘IN\\“ IQGM“ ‘,o ‘fNL‘ — :‘é‘xu"
|\
. 560 | 60 f
Bd4-lectin ( K i / \\
[ \
» 872 = 57.0
i) VBN G
: 0 w0 1?0 00 100 00«
100x . FL1-84 lectin — FLI-84 Jectio
‘A -Céd
80 Ig
1% “ .\
VE-Cadherin : [
| |a36
B 3 " ¥y \
5 g°-°15 e e e
3¢ S e R
'E’.g [\
g2 oo PEDF +/+ PEDF /- -+ A1 - A
€ & \ | |
£s i [l g \
I PEDE ’ PECAM-1 1 [ | \.\
g% » \64.8 » 4“7
. 3 0.000 g Y . \x
2 PEDF +/+ PEDF -/- oo T e e e w T e

Appendix Figure 1. Isolation and characterization of mouse lung microvascular endothelial cells
(EC).

A: PEDF +/+ and PEDF -/- lung EC cultured on gelatin-coated plates. Cells were photographed
using a phase microscope in digital format at low magnification (top; >40) and high
magnification (bottom; x<100). Please note the elongated, spindly morphology of PEDF +/+ cells
compared with PEDF -/- cells (arrows). B: mMRNA expression of PEDF in lung EC prepared from
PEDF +/+ and PEDF —/— mice. Three independent experiments were performed with triplicate
samples (n=3, p<0.05). C: level of PEDF in conditioned medium collected from lung EC. PEDF
+/+ lung EC secreted PEDF in conditioned medium, whereas PEDF -/- lung EC did not. D: lung
EC prepared from PEDF +/+ and PEDF —/— mice were examined for expression of endoglin, B4-

lectin, VE-cadherin and PECAM-1 by FACScan analysis. The shaded areas show staining in the
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presence of control IgG. The geometric mean values are shown in the bottom corner of each

graph. Similar results were observed with another isolation of EC.
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Appendix Figure 2. Expression of EC markers and production of VEGF in lung EC.

A: The expression of ICAM-1, ICAM-2, VCAM-1, VEGFR1 and VEGFR2. Expression level
was determined by FACS analysis using specific antibodies. Shaded areas show control 1gG
staining. The geometric mean values are shown in the bottom corner of each graph. B:
Production of VEGF in PEDF +/+ and PEDF -/- Lung EC. Level of VEGF was determined using

an ELISA method (n=3,*p < 0.05).
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PEDF -/- lung EC are more migratory. Migratory activity of EC is crucial during angiogenesis
and generally suppressed in the presence of endogenous inhibitors of angiogenesis including
PEDF. We next asked whether lack of PEDF impacts the migration of EC. Confluent monolayers
of PEDF +/+ and PEDF -/- EC were wounded and wound closure was monitored over time. A
significant wound closure was observed in PEDF -/- EC after 72 h whereas wounds in PEDF +/+
EC were not completely closed (Figure 3A). The quantification of wound closure is shown in
Figure 3B. Similar results were observed in transwell migration assays (Figure 3C). The
enhanced migratory activity of PEDF -/- EC was further confirmed by examining the
organization of actin and focal adhesions. More actin stress fibers and fewer focal adhesions

were visible in PEDF -/- EC compared with PEDF +/+ EC (Figure 3D).

PEDF -/- EC grow at a slower rate. The impact of PEDF deficiency on proliferation of EC was
determined by counting the number of cells for two weeks. Figure 4A shows a significant
decrease in the growth of PEDF -/- EC compared with PEDF +/+ EC. To examine whether the
decreased growth in PEDF -/- EC was due to a decrease in the rate of DNA synthesis, the
percentage of cells undergoing active DNA synthesis was determined by measuring the
percentage of EAU positive cells by FACS analysis. PEDF -/- EC showed decreased rate of DNA
synthesis compared with PEDF +/+ EC (Figure 4B). The effect of PEDF deficiency on apoptosis
of EC was also examined by TUNEL assay. PEDF -/- EC exhibited similar level of apoptosis
compared with PEDF +/+ EC. When EC were challenged with H,O; there was no significant
difference in apoptosis rate between the two cell types (Figure 4C). Similar results were also

observed by examining the level of cleaved caspase-3 (not shown).
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Appendix Figure 3. The impact of PEDF-deficiency on the migration and formation of actin
stress fibers and focal adhesions in lung EC.

A: Cell migration was determined by scratch wounding of a lung EC monolayer, and wound
closure was monitored by photography. A representative experiment is shown. B: The
quantitative assessment of the data in A (n=3,*p< 0.05). C: Transwell migration of lung EC.
Please note that the PEDF -/- lung EC were significantly more migratory compared with PEDF
+/+ cells (n=3,*p< 0.05). D: Examination of actin stress fibers and focal adhesions in lung EC.
Lung EC were stained with anti-vinculin, phalloidin, and DAPI (>630). Please note reduced

number of focal adhesions and increased actin stress fibers in PEDF -/- EC.
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Appendix Figure 4. The effect of PEDF deficiency on proliferation and apoptosis of lung EC.

A and B: The rate of EC proliferation was determined by counting the number of cells in
triplicates after different days in culture (A) and by analyzing the rate of DNA synthesis by
FACScan flow cytometer analysis (A and B; *p < 0.05; n =3). EdU is 5-ethynyl-2'-deoxyuridine.
C: The rate of apoptosis was determined by TdT-dUTP Terminal Nick-End Labeling (TUNEL)
staining. Positive cells were counted using a fluorescence microscope and calculated as
percentage of total cell number per field. As an apoptotic stimulus, H,O; in EC growth medium

was added for 24 h (*p<0.05; n=3).
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Attenuation of Capillary morphogenesis in PEDF -/- lung EC. EC undergo capillary
morphogenesis when plated in Matrigel, which is a crucial feature of angiogenesis. PEDF +/+
EC exhibited well-organized capillary-like networks in Matrigel, whereas PEDF -/- EC failed to
undergo capillary morphogenesis (Figure 5A). The guantification of the data is shown in Figure

SB.

PEDF -/- EC are more adherent. Alterations in migration of PEDF -/- EC implied that the
deficiency in PEDF may affect adhesion of EC. We next investigated adhesion of PEDF +/+ and
PEDF -/- EC to various extracellular matrix (ECM) proteins including collagen I, collagen 1V,
fibronectin and vitronectin. PEDF -/- EC adhered more strongly to collagen 1V, fibronectin and
vitronectin compared to PEDF +/+ EC. Neither PEDF +/+ nor PEDF -/- cells adhered to collagen
| (Figure 6). Thus, PEDF deficiency had a significant impact on interaction of lung EC with
various ECM proteins. These results suggested that lack of PEDF may affect expression levels
and/or activity levels of various cell surface integrins involved in adhesion and migration.
Expression levels of various integrins were determined by FACScan analysis (Figure 7). PEDF -
/- EC expressed decreased levels of a3, a7 and avp3 integrins. PEDF +/+ and PEDF -/- EC
expressed similar levels of al-, a2-, a5-, a6-, f1- and B8- integrins. The mean fluorescence

intensities are shown in each panel.
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Appendix Figure 5. PEDF -/- lung EC fail to undergo capillary morphogenesis.
A: PEDF +/+ and PEDF -/- lung EC were plated in Matrigel and photographed in digital format.
The quantitative assessment of the data is shown in B. Data are the mean number of branch

points from 5 high-power fields (<L00) £SE. (*p<0.05; n=5).
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Appendix Figure 6. PEDF -/- lung EC exhibited enhanced adhesion to various extracellular
matrix (ECM) proteins.

Adhesion of lung EC to collagen I (A), collagen IV(B), fibronectin, (C) and vitronectin (D) was
determined by measuring number of adherent cells in each well coated with various
concentration of ECM proteins. Number of adherent cells was quantified by measuring the

cellular phosphatase activity as described in Methods.
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Appendix Figure 7. Expression of integrins in retinal EC.

al-, 02-, a3-,-a5-, a6-, a7-, B1-, B8- and oy Ps-integrin expression on lung EC was determined by
FACS analysis . The geometric mean values are shown at the bottom corner of each graph.

Similar results were observed using another isolation of EC.
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Localization of VE-cadherin and f-catenin. VE-cadherin is a major component of the vascular
EC adherens junctions and has a pivotal role in maintaining the integrity of vascular wall (240).
VE-cadherin localized at sites of cell-cell contacts in PEDF +/+ EC as expected. However, VE-
cadherin exhibited a diffused localization over the whole surface of PEDF -/- EC (Figure 8A).
The localization of B-catenin was also examined by immunofluorescence staining in confluent
and subconfluent cells. In confluent cells, PEDF +/+ EC showed a more punctate staining pattern
compared with PEDF -/- EC. PEDF -/- EC exhibited more intact staining pattern at junction area
(Fiugre 8A). In subconfluent cells, PEDF -/- EC exhibited an increase in the level of -catenin
localized in the nucleus. However, a strong nuclear localization of B-catenin was not observed in
PEDF +/+ EC (Figure 8B).

The expression of ZO-1, occludin and fB-catenin were also determined by Western blot
analysis of total cell lysates. Cell lysates were prepared from confluent cells for examining ZO-1,
occludin and B-catenin levels. PEDF -/- EC exhibited lower level of ZO-1 compared to PEDF
+/+ EC. Although occludin levels were similar in PEDF +/+ and PEDF -/- EC, the size of the
protein was different suggesting changes in phosphorylation state. The [-catenin level was
increased in PEDF -/- EC compared to PEDF +/+ EC (Figure 8C). The increased expression and
nuclear localization of B-catenin in PEDF -/- EC is consistent with activation of the canonical
Whnt signaling pathway in the absence of PEDF as previously suggested (241).

We next determined the effect of PEDF re-expresion in PEDF -/- EC. When PEDF was
re-expressed in PEDF -/- EC, the expression of level of [-catenin was suppressed
(Supplementary figure 1A) compared with PEDF -/- EC transduced with vector control. In
addition, junctional localization of B-catenin was examined. f-catenin was similar to PEDF +/+

EC exhibiting more punctate pattern compared with PEDF -/- EC transduced with vector control
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(Supplementary figure 1B). Thus, PEDF expression has a significant impact on expression and

localization of B-catenin.

Altered production of ECM proteins in PEDF -/- EC. The PEDF-deficiency mediated EC
defects may be related to alteration in the synthesis and interactions of ECM proteins. TSP1 is a
member of the thrombospondin (TSP) family of matricellular proteins with potent anti-
angiogenic and inflammatory activity (222). PEDF -/- EC expressed slightly more TSP1 in their
lysate. However, secreted TSP1 in conditioned medium (CM) collected from PEDF -/- EC was
not detectable whereas PEDF +/+ EC secreted significant amount of TSP1 in CM (Figure 9).
TSP2 is also antiangiogenic and is closely related to TSP1. PEDF -/- EC did not express
detectable levels of TSP2 in their lysates or CM (Figure 9). We also determined the expression
of other ECM proteins including fibronectin, tenascin-C, osteopontin and SPARC. PEDF -/- EC
produced more cell-associated fibronectin than PEDF +/+ EC. However both cell types exhibited
similar level of secreted fibronectin in CM. The level of tenascin-C and osteopontin were
decreased in PEDF -/- EC compared to PEDF +/+ cells. Although PEDF -/- EC expressed more
cell-associated SPARC than PEDF +/+ EC, the level of SPARC in CM of PEDF -/- EC was

lower. Thus, overall level of SPARC was not altered by PEDF deficiency (Figure 9).
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Appendix Figure 8. Cellular localizations and expression of junctional proteins

Cellular localization of VE-cadherin and B-catenin in confluent cells (A) and B-catenin in
subconfluent cells (B) were determined. PEDF+/+ and PEDF—/— lung EC were grown on
fibronectin-coated chamber slides and stained with specific antibodies and DAPI as outlined in
the Methods. Scale bar indicates 20 um. C: Expression levels of B-catenin, ZO-1 and occludin in
confluent cells were determined by Western blot analysis. B-actin was used for loading control.

Relative band intensity was measured for quantification (*p < 0.05; n = 3).
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Appendix Figure 9. Altered production of ECM proteins in PEDF-/- EC.
A: Level of ECM proteins in PEDF +/+ and PEDF -/- lung EC was determined by Western blot
analysis. The conditioned medium (CM) and cell lysates were analyzed by Western blotting for
TSP1, TSP2, fibronectin, tenascin-C, osteopontin, and SPARC using specific antibodies. The -
actin was used for loading control. Quantifications are shown in B. Intensities were measured for

quantification (*p < 0.05; n =3).
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PEDF deficiency impacts expression of nitric oxide synthase and NO production. Nitric oxide is
a major player in VEGF-mediated angiogenesis and eNOS is the major source of NO production
in the endothelium. Inhibition of eNOS activity attenuates capillary morphogenesis in vitro and
VEGF-mediated angiogenesis in vivo (242, 243). Although iNOS is more efficient in NO
production, it is generally associated with inflammatory conditions, and it is recognized as a
marker of inflammation. We determined the expression and phosphorylation of eNOS in PEDF
+/+ and PEDF -/- EC by Western blot analysis. Both cell types expressed similar level of total
eNOS. However, phosphorylation of eNOS was significantly decreased in PEDF -/- EC
compared to PEDF +/+ EC (Figure 10A). In contrast, the levels of INOS and nNOS were
dramatically increased in PEDF -/- EC (Figure 10A) along with a two-fold increase in NO level

compared to PEDF +/+ EC (Figure 10B).

Decreased PECAM-1 expression and enhanced expression of inflammatory markers in the lung
of PEDF -/- mice. We examined PECAM-1 expression in lung sections prepared form PEDF
+/+ and PEDF -/ mice by immunofluorescence staining. In PEDF -/- lungs, a lower intensity of
PECAM-1 staining was detected, consistent with decreased PECAM-1 expression in PEDF -/-
lung EC. However, the ratio of vascular area in the lung of PEDF -/- mice was not significantly
lower than in lung of PEDF +/+ mice (Figure 11A). Monoclonal antibody for F4/80 was used to
detect the cell surface glycoprotein marker of macrophages to access the inflammation status of
lungs from PEDF +/+ and PEDF -/- mice (244, 245). In the lung of PEDF -/- mice, expression
level of F4/80 was significantly elevated compared with PEDF +/+ mice.

We also examined the expression of milk fat globule epidermal growth factor-8 (MFG-

E8) in lungs from PEDF +/+ and PEDF -/- mice. In lungs of mice with acute lung injury, MFG-
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E8 level is decreased and exogenous treatment with recombinant MFG-ES8 alleviates acute lung
injury induced by LPS instillation (246). Expression of MFG-E8 was also decreased in PEDF -/-
mice compared with PEDF +/+ mice (Figure 11B). To further determine the inflammation status
of lungs from PEDF +/+ and PEDF -/- mice, mRNA levels of monocyte chemotactic protein -1
(MCP-1) and Interleukin-1p (IL-1pB) were also accessed by quantitative real time PCR., The
levels of IL-1B (Figure 11C) and MCP-1 (Figure 11D) were significantly increased in the lung of
PEDF -/- mice compared with PEDF +/+ mice.

The morphology of arterioles and venules in lung tissue were examined in sections
stained by movat pentachrome. Arteriole wall in PEDF -/- mice was thicker than in PEDF +/+
mice (Figure 12 A, B). The similar result was also observed in venules (Figure 12 C, D). The
ratios of wall area to lumen area in vessels were quantified (Figure 12 E, F). Vessel wall area in
the lung of PEDF -/- mice was elevated compared with PEDF +/+ mice. However, the area of
lumen in arterioles and venules were not significantly different in PEDF +/+ and PEDF -/- mice

(not shown).
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Appendix Figure 10. Alterations in the expression of NOS in PEDF-/- lung EC.

A: Phospho-eNOS, total eNOS, iNOS and nNOS in cell lysates were analyzed by Western
blotting. Phosphorylation of eNOS was attenuated in PEDF -/- lung EC. Expression level of
INOS and nNOS was increased in PEDF -/- lung EC. The B-actin was used for loading control.
These experiments were repeated using two different isolations of EC with similar results. B:
Intracellular nitric oxide (NO) level in lung EC was measured using DAF-FM. Please note a
significant increase in intracellular NO level in PEDF —/— lung EC compared with PEDF +/+

lung EC (*p < 0.05; n = 3).
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Appendix Figure 11. Expression of PECAM-1 and inflammatory markers in PEDF -/- lungs.

A: Lung sections from P28 PEDF +/+ and PEDF -/- mice were stained with anti-PECAM-1 and
fluorescence images were obtained in digital format (x400). Vascular PECAM-1 intensity in
lung from PEDF -/- mice was lower compared with lungs from PEDF +/+ mice (*p < 0.05; n =
4). These results were consistent with reduced PECAM-1 levels detected in PEDF-/- lung EC.
Vascular areas in lung from PEDF +/+ and PEDF -/- were not significantly different. B:
Expression level of F4/80 and MFG-E8 was determined by Western blot analysis of lung lysates
prepared from P28 PEDF +/+ and PEDF -/- mice. B-actin was used for loading control (*p <
0.05; n = 3). C and D: mRNA expressions of inflammatory cytokines in lung of P28 PEDF +/+
and PEDF -/- mice were investigated by quantitative real time PCR method. IL-1 (C) and MCP-
1(D) level are shown (n=3, p<0.05). Please note increased expression of these cytokines in the

lung of PEDF -/- mice.
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Appendix Figure 12. Vascular abnormities in PEDF-/- lungs.

Histological lung sections were prepared from P28 PEDF +/+ and PEDF -/- mice and stained
with pentachrome movat. Arterioles are shown in A and B. Venules are shown in C and D. A and
C are sections from PEDF +/+ mice and B and D are sections from PEDF -/- mice. Sections are
obtained from comparable areas of lung tissue. Magnifications are x400. Arrow heads indicate
vessel wall in arterioles and venules. Ratio of vessel wall area to lumen area are shown in E

(arteriole) and F (venules) (*p < 0.05; n = 8).
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Appendix Supplementary Figure 1. Effect of PEDF re-expression in PEDF -/- EC on the
expression and localization of B-catenin.

A: PEDF and B-catenin levels were determined by Western blot analysis. PEDF +/+ EC were
infected with lenti viruses encoding vector control and PEDF -/- EC were infected with lenti
viruses encoding vector control or lenti viruses at multiplicity of infection of 20 or 40 for the re-
expression of PEDF. The B-actin was used for loading control. Two independent experiments
were performed and showed similar results. B: Cellular localization of B-catenin in PEDF +/+
EC transfected with lenti viruses for vector control and PEDF -/- EC transfected with lenti

viruses for vector controls or re-expression of PEDF. Scale bar indicates 20 pum.
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Discussion

Here we addressed the cell autonomous effects of PEDF in the development and function
of lung endothelium using PEDF+/+ and PEDF -/- mice and lung EC prepared from these mice.
We found PEDF -/- lung EC were more migratory, proliferated at a slower rate, failed to undergo
capillary morphogenesis, adhered more strongly to ECM proteins, and exhibited altered
junctional properties along with a significant increase in -catenin expression and nuclear
localization. The PEDF-/- EC also produced increased levels of VEGF, altered ECM protein
production, and expressed significantly higher levels of nNOS and iNOS with increased
intracellular NO levels. In vivo, we observed decreased levels of PECAM-1 staining and
increased levels of inflammatory cytokines including MCP-1 and IL-1B and F4/80, a marker of
inflammatory macrophages. The level of MFG-ES8, a protein with anti-inflammatory activity,
was also decreased in lungs of PEDF-/- mice. These observations were also consistent with
increased thickness of blood vessel walls in lung from PEDF -/- mice. Together our results
support the pro-angiogenic and pro-inflammatory characteristics of lung endothelium in the
absence of PEDF.

Expression of PEDF in lung endothelium has been studied to address the question
whether lung endothelium produces PEDF. In human lung biopsies, PEDF is expressed in lung
alveolus and its expression was colocalized with EC within microvessels (229). In contrast,
PEDF was not included in the list of EC -enriched genes when expressed sequence tags obtained
from lung EC fraction was analyzed to identify genes enriched in EC by Favre et al (247).
However, mMRNA expression of PEDF was detected by real time gPCR method in lung EC

isolated from PEDF +/+ mice and secreted PEDF was detected in conditioned medium collected
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from PEDF +/+ lung EC by western blot. Thus, PEDF is expressed in lung EC and secreted by
lung EC.

Migration is fundamental to the ability of EC to form new blood vessels. The enhanced
migration observed in PEDF-/- EC is consistent with the anti-angiogenic activity of PEDF, and
increased levels of VEGF by PEDF -/- EC. The PEDF anti-migratory effect of PEDF has been
previously demonstrated in human bone marrow EC (248). Cell migration is also closely
associated with the formation of focal adhesions and actin stress fibers. PEDF -/- EC also
showed increased levels of actin stress fibers and reduced number of focal adhesions consistent
with their migratory phenotype (249, 250). The increased formation of actin stress fibers has
been reported in rat microvascular lung endothelial cells after exposure to cigarette smoke to
induce inflammation and human dermal microvascular endothelial cells incubated with
inflammatory cytokines (244, 251). Thus, the increased actin stress fiber formation in PEDF -/-
lung EC are consistent with the anti-inflammatory activity of PEDF and its deficiency may be
conducive to production of inflammatory mediators.

We observed a four-fold increase in the amount of VEGF produced by PEDF -/- lung EC
compared with PEDF +/+ lung EC. In addition, expression of VCAM-1, another marker of
inflammation, was also increased in PEDF -/- lung EC. Others have shown that exposure of mice
to lipopolysaccharide (LPS) results in inflammation and increased expression of VEGF in the
lung (252). Furthermore, VCAM-1 expression is increased in LPS-treated mouse lung EC
isolated from mice compared with non-treated cells (253). Thus, PEDF deficiency in the lung
endothelium may promote the progression of inflammation.

In lungs, iINOS has been known for its crucial role during inflammation. iNOS is up-

regulated by various inflammatory mediators including tumor necrosis factor (TNF)-a,
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interferon(IFN)-y and LPS. NO level is increased by up-regulation of iNOS expression in various
inflammatory lung diseases including bronchial asthma and COPD. The lung iNOS is considered
the major NO producing source in inflammatory pathways (254). In human retinal pericyte,
PEDF attenuates iNOS expression and NO production induced by oxidized low density
lipoprotein (255). In this study, the expression of INOS and NO levels were significantly
increased in PEDF -/- Lung EC. Taken together, PEDF may mediate its anti-inflammatory
activity in the lung by regulating expression level of iINOS, perhaps through attenuation of
canonical Wnt signaling pathway decreasing iNOS expression.

PEDF inhibits canonical Wnt signaling through interaction with LRP6 receptor, and
regulates production of pro-angiogenic and pro-inflammatory factors including VEGF (241).
Activation of canonical Wnt signaling pathway is followed by the nuclear translocation of 3-
catenin which drives the expression of target genes (210). We observed a significant increase in
nuclear localization of $-catenin in PEDF -/- lung EC. In addition, the expression of iINOS is
regulated by Wnt / B-catenin signaling pathway in hepatocytes and some cancer cells (256).
Thus, our results suggest that up-regulation of iINOS and VEGF in PEDF-/- lung EC results from
the activation of canonical Wnt signaling pathway as previously demonstrated for another
member of serine protease inhibitor family (241).

PEDF is also known as contact inhibitory factor for its ability to arrest growth when cells
reach confluence. Incubation of human umbilical vein endothelial cell (HUVEC) with PEDF-
antibody enhanced their proliferation(257). However, the PEDF -/- EC have exhibited slower
proliferation and DNA synthesis compared with PEDF +/+ EC. When iNOS is overexpressed in
human coronary artery smooth muscle cell and HUVEC, their proliferation is decreased (258). In

addition, iNOS-mediated NO overproduction results in inhibition of DNA synthesis(259).
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Therefore, the increased expression of iNOS and production of NO may also attribute to
attenuation of DNA synthesis and proliferation of PEDF -/- EC.

The PEDF -/- lung EC were more adherent on collagen 1V, fibronectin and vitronectin.
The alteration in adhesive properties of PEDF -/- lung EC may be contributed, at least in part, to
decreased expression of tenascin-C. Tenascin-C has anti-adhesive activity through binding of the
FN type 111 repeat and interfere with cell binding to fibronectin (260). Osteopontin also has anti-
adhesive activity. In endothelial progenitor cells, osteopontin decreases cell adhesion (261).
Thus, decreased production of tenascin-C and osteopontin may contribute to alterations in the
adhesion properties of PEDF -/- EC. TSP1 and TSP2 are also ECM proteins with important roles
in angiogenesis and inflammation. They have similar structural domains and exhibit anti-
angiogenic activity (262), but their expression is differentially regulated during angiogenesis
(263). Here expression of TSP2 was dramatically down regulated in PEDF -/- EC. A decrease in
secreted level of TSP1 was also observed in PEDF -/- EC, despite similar expression of cell-
associated TSP1. Thus, PEDF-deficiency had only a modest effect on the expression of TSP1,
but completely suppressed TSP2 expression. These results imply that PEDF is involved in the
regulation of TSP expression and perhaps their post-translational processing (203).

F4/80 is a cell surface glycoprotein on the macrophages and elevation of its level in the
tissue suggests enhanced recruitment of macrophages (245). Lungs from PEDF -/- mice
exhibited a pro-inflammatory phenotype revealed by a significant increase in the level of F4/80
antigen. In addition, the level of MFG-E8 was decreased in the lungs from PEDF -/- mice. MFG-
E8 is a secreted molecule involved in the clearance of apoptotic cells along with anti-
inflammatory activity, especially in the lung (264). After acute lung injury is induced by LPS

instillation in mice, MFG-E8 mRNA and protein levels are attenuated in the lung (246). These
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results suggest that lack of PEDF may be associated with the pro-inflammatory state of the lung
in PEDF -/- mice. PEDF may inhibit inflammation by suppressing macrophage activation and
ameliorates macrophage recruitment by inhibiting MCP-1 expression (265, 266). These results
are consistent with our finding and a regulatory role for PEDF in lung inflammation.

Inflammation in the lung results in remodeling of the vascular structure. When
inflammation is induced in the lung by infection, vessel wall thickness increases (267). We
observed a significant increase in the vessel wall thickness of the lungs from PEDF-/- mice.
These results further support an important role for PEDF in modulation of the inflammatory state
of the lung. These results in lung are also consistent with those previously reported in the
pancreas of PEDF -/- mice (232).

In summary, our studies demonstrated that lack of PEDF promotes the migratory activity
of lung of EC consistent with the proposed PEDF anti-angiogenic activity. Furthermore, the
absence of PEDF in EC was associated with the onset of an inflammatory phenotype. Lack of
PEDF contributed to elevation of VEGF, iNOS and VCAM-1 levels in EC. The absence of
PEDF also impacted the proliferation, adhesion and capillary morphogenesis of EC. These were
concomitant with significant changes in the ECM proteins produced by EC, and activation of
canonical Wnt signaling pathway. In vivo, PEDF-deficiency was associated with increase in
vessel wall thickness and onset of inflammatory phenotypes in the lung. Together these results
demonstrate an important role for PEDF expression in regulation of the pro-angiogenic and pro-

inflammatory phenotype of the lung endothelium.
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