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Abstract

Vision is the most important sensory modality for many species, including humans.
Damage to the retina results in vision loss or even blindness. One of the most serious
complications of diabetes, a disease that has seen a worldwide increase in prevalence, is
diabetic retinopathy. This condition stems from consequences of pathological metab-
olism and develops in 75% of patients with type 1 and 50% with type 2 diabetes. The
development of novel protective drugs is essential. In this review we provide a descrip-
tion of the disease and conclude that type 1 diabetes and type 2 diabetes lead to the
same retinopathy. We evaluate existing experimental models and recent developments
in finding effective compounds against this disorder. In our opinion, the best models are
the long-term streptozotocin-induced diabetes and Otsuka Long-Evans Tokushima
Fatty and spontaneously diabetic Torii rats, while the most promising substances are
topically administered somatostatin and pigment epithelium-derived factor analogs,
antivasculogenic substances, and systemic antioxidants: Future drug development
should focus on these.

stoois ABBREVIATIONS

dto005 ACE angiotensin-converting enzyme

dto010 ACEI angiotensin-converting enzyme inhibitor
dt0015 AG aminoguanidine

dt0020 AGE advanced glycosylated end product

dt0025 AIF apoptosis-inducing factor

dt0030 ALE advanced lipoxidation end product

dt0035 AQP aquaporin

dt0040 BB/W Bio-Breeding/Worcester

dto045 BDNF brain-derived neurotrophic factor
dto050 BRB blood-retina barrier

dt0055 BSA bovine serum albumin

dt0060 CAV-1 caveolin 1

dto065 CBD cannabidiol

dt0070 CGA chlorogenic acid

dto075 CNTF ciliary neurotrophic factor

dto080 CTGF connective tissue growth factor

dtoo8s DAG  diacylglycerol

dto090 DR diabetic retinopathy

dt0095 E4 exendin-4

dt0100 EPO erythropoietin

dto105 ERK extracellular signal-regulated kinases
dto110 ERG electroretinogram

dt0115 FDP-lysine Ne-(3-formyl-3,4-dehydropiperidino)lysine
dt0120 GABA y-aminobutyric acid

dto125 GBE Ginkgo biloba leaf extract

dt0130 GCL ganglion cell layer

dto135 GDNF glial cell line-derived neurotrophic factor
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dt0140 GFAP ¢lial fibrillary acidic protein
dt0145 GK Goto—Kakizaki

dt0150 GLAST glutamate aspartate transporter
dto155 GLP-1R cognate receptor

dt0160 GLUT1 glucose transporter 1

dt0165 Grx1 glutaredoxin 1

dt0170 GS glutamine synthase

dto175 GSPE grape seed proanthocyanidin extracts
dt0180 GT green tea

dt0185 HIF1a hypoxia-inducible factor-1o
dt0190 H,S hydrogen sulfide

dt0195 IBA-1 ijonized calcium-binding adaptor molecule 1
dt0200 ICAM-1 interstitial cell adhesion molecule 1

dt0205 IGF-1 insulin-like growth factor 1

dt0210 IL-1 interleukin-1

dt0215 ILM inner limiting membrane

dt0220 INL inner nuclear layer

dt0225 IOP intraocular pressure

dt0230 IPL inner plexiform layer

dt0235 JNK c-Jun N-terminal kinase

dt0240 LDL low-density lipoprotein

dt0245 LETO Long—Evans Tokushima Otsuka

dt0250 LPA lysophosphatidic acid

dt0255 MAPK mitogen-activated protein kinase

dt0260 mtDNA mitochondrial DNA

dt0265 NF-kB nuclear factor kB

dt0270 NFL nerve fiber layer

dt0275 NGF nerve growth factor

dt0280 NMDA N-methyl-p-aspartate

dt0285 nNOS neuronal nitric oxide synthase
dt0290 OLETF Otsuka Long—Evans Tokushima Fatty
dt0295 OLM outer limiting membrane

dt0300 ONL outer nuclear layer

dto305 OP oscillatory potential

dt0310 OPL outer plexiform layer

dto315 OS outer segment

dt0320 PACAP pituitary adenylate cyclase-activating polypeptide
dt0325 PARP poly-(ADP)-ribose polymerase

dt0330 PEDF pigment epithelium-derived factor

dt0335 PI3K phosphatidylinositide 3-kinase

dt0340 PKC protein kinase C

dt0345 PKCa protein kinase Co
dt0350 PKC{ protein kinase C{

dt0355 PPAR peroxisome proliferator-activated receptor
dt0360 PRL photoreceptor layer

dt0365 RA retinoic acid

dto370 RAGE receptor of AGEs
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dto375 RAS renin—angiotensin system

dt0380 RGC retinal ganglion cell

dt0385 ROS reactive oxygen species

dt0390 RPE retinal pigment epithelium

dt0395 SDT spontaneously diabetic Torii

dt0400 SST somatostatin

dt0405 STZ streptozotocin

dto410 TC Tinospora cordifolia

dt0415 TNFa tumor necrosis factor-o

dto420 TH tyrosine hydroxylase

dto425 TUNEL terminal dUTP nick-end labeling
dt0430 UCP-2 uncoupling protein 2

dt0435 VEGF vascular endothelial growth factor
dt0440 VEP visually evoked potential

dt0445 VIP vasoactive intestinal peptide

dto450 ZDF Zucker diabetic fatty

dto455 ZF Zucker fatty

dt0460 ZFDM Zucker fatty diabetes mellitus

$0005 1. PREVALENCE AND CAUSES OF DIABETIC
RETINOPATHY

50010 1.1. Why experimental models are needed

po4es The visual world is the most important environmental information source
for many species, including humans. None of the other sensory signals
reaches the brain in such variety and none is processed by as many cortical
areas as the visual cues. The first steps of visual processing are performed by a
thin sheath of neural tissue at the back of the eye, called retina. After pho-
totransduction, light information is translated into neural signals and shaped
by the retinal interneurons: Bipolar cells transmit the processed signal to gan-
glion cells that project to the brain and this is the sole source of visual signals
arriving there. Therefore, any damage to the retinal tissue immediately
results in vision loss and, in the worst case, causes total blindness.

p0470 Many retinodegenerative disorders such as glaucoma, ischemia, and dia-
betic retinopathy (DR) are thought to be consequences of pathological met-
abolic processes (Osborne et al., 2004). Metabolic insults vary and include
exposure to extremely strong light and changes in hormone/metabolite
levels or in blood/aqueous humor pressure. These processes lead to elevated
extracellular glutamate levels and can provoke excitotoxic insults (Atlasz
et al.,, 2008). The balance between the neurotoxic and neuroprotective
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factors is crucial in determining the survival of retinal neurons (Hernandez
and Simo, 2012). DR, a common complication of diabetes, develops in 75%
of patients with type 1 and 50% with type 2 diabetes, progressing to legal
blindness in about 5% (Engerman and Kern, 1995). Type 1 diabetes occurs
most commonly in children and young adults and constitutes 5-10% of the
diagnosed diabetics (Maahs et al., 2010). Type 2 diabetes accounts for
90-95% of diagnosed diabetes cases globally and typically’ develops in
middle-aged adults. Both type 1 and type 2 diabetic patients-may. develop
retinopathy; in particular, almost everyone with type 1 diabetes will develop
it over a 15—20-year period and greater than 60% of type 2 diabetes patients
will have retinopathy after 20 years (Hazin et al., 2011).

p0475 The aforementioned data call for increased efforts to learn more from the
pathogenesis of this disease and search for possible treatments/cures. Apart
from the increased diagnostic opportunities (e.g:, the use of optical coher-
ence tomography) and the carefully analyzed results-of clinical trials regard-
ing invasive and noninvasive treatment options. (Gabriel, 2013; Hammes,
2013), experimental models are also necessary to utilize. However, one
has to be careful when translating results obtained in commonly used animal
models, because, besides similarities in the pathogenesis, profound difter-
ences can also be found (vascular symptoms.and proliferativity) between ani-
mal models and human disease. Despite these differences, several animal
models have been developed and used successfully in revealing basic mech-
anisms both in the pathogenesis of DR and in studying possible protective
treatments. This is because the underlying physiological and biochemical
processes in humans are identical or very similar to those of experimental
animals.

p0480 The same statement applies also for the causes, as hyperglycemia is a major
risk factor for the development and progression of DR.. It plays an important
role in the pathogenesis of diabetic complications by increasing the levels of
advanced glycosylated end products (AGEs), which are late products of
nonenzymatic glycation. The accumulation of AGEs appears to be a key
factor in the development of DR. AGEs are thought to promote many
diabetic complications, including retinopathy, nephropathy, neuropathy,
and cardiovascular disease (Brownlee, 2005; Huebschmann et al., 2006).

p0485 Capillary occlusions are also characteristic features of early DR and are
presumed to initiate neovascularization. Diabetic rats (29 months into the
disease) showed capillary occlusions by leukocytes (especially monocytes),
endothelial cell damage, extravascular macrophage accumulation, and tissue
disintegration. In both induced diabetes and genetically diabetic mice, the
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development of diabetes is macrophage-dependent. The presence of
numerous interstitial macrophages is characteristic to DR. Leukocytes in
general and monocytes/macrophages in particular may not only be involved
in the pathogenesis of early DR but may also, at least in part, initiate the
microvascular pathology observed at later stages. Occluding monocytes or
granulocytes were found only in diabetic retinas. In rat models, areas of cap-
illary loss and neovascularization were associated with the presence of
monocytes or macrophages. Phagocytes are known to be necessary for
the removal of products of pathological processes. Capillary disintegration
is also a major factor in disease development. Accordingly, pericytes are
absent from the postmortem diabetic retinas. Some blood vessels that still
contained intact endothelial cells and vessels with microaneurysms tended
not to contain pericytes, suggesting that their loss permits uncontrolled pro-
liferation of endothelial cells. Pericyte dropout has been used as an index of
DR (Kern and Engerman, 1994). Permeability increase occurs in many ves-
sels simultaneously, first occurring in the larger superficial vessels and then
progressing to the capillaries of the outer retina within 2 months from the
onset of diabetes. The vascular permeability increase is a consequence of reg-
ulatory changes in tight junction proteins within a broad population of
endothelial cells rather than the apoptosis-of a small number of endothelial
cells. Increased permeability causes edema in the nearby tissue. Edema is the
main reason of impaired vision in nonproliferative DR. Water transport
through aquaporins (AQPs) facilitates the development of ischemic edema
in the retina. Experimental diabetes is associated with the altered regulation
of AQPs in the pigment epithelium and the outer retinal layers. These alter-
ations might be involved in the adaptation of retinal cells to hyperglycemic
conditions and the development and/or resolution of retinal edema
(Hollborn et al., 2011).

s0015 1.2. Aims

p0490 As it can clearly be seen from the aforementioned facts, there are several areas
of research that have led and may further lead to breakthroughs in either the
diagnosis or treatment of DR. This review focuses on the recent advances
and current hopes in the area of experimental DR from the following
aspects: (i) What are the primary mechanisms driving the pathogenesis?
How do different neuronal cell types change during DR and what may help
to possibly rescue them? (i) Which molecular pathways lead to cell death?
What is the contribution of nonneuronal cell types of the retina to these
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signaling pathways? (iii) Are there any differences between type 1 diabetes
and type 2 diabetes in the course of pathogenesis in developing DR? Can
animal models be established to study those? (iv) Which animal models
are the best for translational research? Finally, we will also give an overview
of a number of endogenous compounds and list several other (synthetic or
natural) substances that showed discernible protection against DR. In some
cases, their mode of action will also be discussed.

50020 2. DIABETIC RETINOPATHY: EARLY SIGNS
AND LATE-DEVELOPING SYMPTOMS

p0495 As the worldwide prevalence of diabetes continues to increase, DR isa
leading cause of vision loss in developed countries (Fong et al., 2004). The
inability of the retina to adapt to metabolic stress leads to a glucose-mediated
microvascular disease along with chronic inflammation, which finally causes
neurodegeneration and dysfunction in the retina. The retina is one of the
most metabolically demanding tissues in the body, and therefore, it is highly
vulnerable. The interplay between the neuroretina and the vasculature is
critical in developing neurological symptoms of disease. In DR, the rate
of neuronal loss in the retina is slow, leading to a gradual, cumulative reduc-
tion mostly in amacrine and ganglion cells (Liu et al., 2008). Two forms of
DR can be clearly distinguished: an early, nonproliferative DR, when
neovascularization of the macula isnot evident, and proliferative DR where
the symptoms include macular neovascularization. Other vascular symptoms
involve microangiopathy, formation of microaneurysms, flame hemor-
rhages, leukocyte adherence to the vascular wall, and formation of exudates
in the extravascular space. These observations have led to the theory that
DR is primarily a vascular disorder whose degrading effects are due to
the consequences of vascular failure: ischemia followed by increased reactive
oxygen species (ROS) production, as in the case of the retinal ischemic dis-
eases (Fulton et al., 2009).

pO500 However, it has also been described that neuronal damage may precede
any detectable microvascular change (Barber et al., 1998). The deterioration
of the intrinsic time and also of oscillatory potentials (OPs) in the electro-
retinogram (ER G) starts early, in some cases as early as 2 days after induction
of diabetes in experimental animals (Li et al., 2002). These observations led
to the formulation of the “neurodegeneration-first” hypothesis (Villaroel
etal., 2010). Patients suffering from DR experience gradual vision loss; after
ERG deterioration, the visually evoked potentials (VEPs) also start to
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decrease (Wolff et al., 2010), which indicates cortical dysfunction. How-
ever, recent observations led to the conclusion that inflammation may pre-
cede or at least runs parallel with the vascular and neural events (Joussen
et al., 2004; Liu et al., 2008; Tang and Kern, 2011).

p0505 Inflammatory molecules in the retina can be produced not only by leu-
kocytes but also by glial cells; many of them are produced by the Miiller glia
(Bringmann and Wiedemann, 2012). Miiller cells are primarily responsible
forion and volume regulation of the retina and also control extracellular glu-
tamate levels through their excitatory amino acid transporters. They also
participate in protection against free radicals and hypoxic damage through
glutathione synthesis. Usually the first sign of the Miiller cell stress is
upregulation of glial fibrillary acidic protein (GFAP) content, which may
be accompanied by hypertrophy and proliferation under certain damaging
conditions. Diabetes itself is able to upregulate GEAP in Miiller cells without
the presence of other symptoms of DR in humans(Villaroel et al., 2010),
and this goes along well with what we see in experimental models where
after 2 days of diabetes induction, GFAP upregulation is already apparent
(K. Szabadfi, unpublished observation). All the aforementioned observations
may lead to the formation of a fourth hypothesis of the initiation of DR, the
“glial cells-first” scenario. In this case, Miiller cells, by sensing the elevated
glucose level, activate their volume and ion-regulating machinery and
release vasoproliferative vascular “endothelial growth factor (VEGF;
Amandio et al., 2010; Eichler et al.; 2000) and inflammatory substances
(prostaglandins, tumor necrosis factor (TNF), and interleukins; Behl
etal., 2008; Joussen et al., 2009; Tang and Kern, 2011). These would in turn
initiate neurodegeneration, inflammation, and vascular growth. Although
the exact order of events isunknown, all the aforementioned evidences sug-
gest that low oxygen supply and high blood glucose level are important pro-
DR parameters and all signaling pathways converge to activate VEGF
production.

p0510 The intraocular concentration of VEGF is closely correlated with active
neovascularization in diabetes. Hypoxia increases VEGF expression in ret-
inal cells, which promotes retinal endothelial cell proliferation, suggesting
that VEGF plays a major role in mediating intraocular neovascularization
resulting from ischemic retinal diseases. An increased expression of VEGF
in the retina is involved in generating vascular leakage and angiogenesis
in DR. In addition to VEGF, pigment epithelium-derived factor (PEDF),
a potent inhibitor of angiogenesis, is also involved in the pathogenesis of
DR (Patel et al., 2006). The time course of the VEGF-to-PEDF ratio
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change 1s correlated with the development and progression of retinal
neovascularization. The VEGF-to-PEDF ratio represents a dynamic balance
between the angiogenic stimulators and inhibitors; a disturbance in the bal-
ance plays a key role in the pathogenesis of DR (Chen et al., 2008; Gao etal.,
2001, 2002). Vascular changes especially regarding permeability have been
reported to occur as early as 8 days after onset of diabetes in rats (Do Carmo
et al., 1998). Capillary dilation and increased blood flow are some of the ear-
liest signs of diabetes both in rats (Cringle et al.,, 1993) and in humans
(Grunwald et al., 1994), supporting a “capillaries first” hypothesis.

s0025 2.1. Histological alterations

po515 The neural retina is composed of diverse neurons characterized by morpho-
logical and biochemical criteria and numerous neural networks formed
through chemical and electrical synapses among the processes of these neu-
rons. These neuronal components are arranged into layers. Retinal ganglion
and displaced amacrine cells form the ganglion cell layer (GCL); bipolar,
horizontal, and amacrine cells occupy the inner nuclear layer (INL), while
the processes (and synapses) of the bipolar and amacrine cells and the gan-
glion cells contribute to assemble the inner plexiform layer (IPL). The
somata of photoreceptors (rods and cones) gather in the outer nuclear layer
(ONL), and their light-sensitive processes form the layer of the outer seg-
ments (PRL). The photoreceptors synapse with the horizontal and bipolar
cells in the outer plexiform layer (OPL).

p0520 The limits of the retina from the intravitreal side are the inner limiting
membrane (ILM), which'is a close association of Miiller glial cells end feet
and the pigment epithelial cells on the opposite side. Miiller cells are the
major glial elements of the retina; their somata are positioned in the INL
and extend their processes toward the photoreceptors and retinal ganglion e
cells (RGCs).

p0525 The retinal pigment epithelium (RPE) is composed of a single layer of
hexagonal cells that are densely packed with pigment granules. The RPE
shields the retina from excess incoming light. It supplies omega-3 fatty acids
and glucose, the former for building photoreceptive membranes and the lat-
ter for energy. It also serves as a layer limiting transport, thus maintaining and
protecting the retinal environment.

p0530 The diabetic damage inflicted on all retinal (neuronal and nonneuronal)
cells by high glucose initiates a number of metabolic processes that altogether
closely approximate the molecular basis for the loss of vision associated with
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this disease. Here, we give a point-to-point overview about the retinal com-
partments that are altered by (experimental) diabetic retinal degeneration.

s0030 2.1.1 RGCs and the optic nerve

p0535 RGCs are the output elements of the retina. Their death immediately and
directly leads to loss of visual information. They have high sensitivity to cel-
lular damage and neurotoxicity; thus, RGCs are prone to degeneration in
diabetic retinas. All studied rat strains have shown RGC less or damage
in diabetes starting from 4 weeks after the onset of diabetes up until
12 months (Kern and Barber, 2008). Reduced number of RGCs was dem-
onstrated in the retina of 15-week diabetic rats (Hammes et al., 1995b) and
also in short-term (4 weeks) diabetes (Zeng et al., 2000).

p0540 In ocular conditions, RGC loss is often associated with elevated intraoc-
ular pressure (IOP). The levels of IOP in 6- and 12-week diabetic mice
(C57BL/6) were significantly higher than their controls. In parallel with
these phenomena, the number of RGCs was significantly decreased after
only 6 weeks of diabetes. During a 12-week examination period, IOP
remained constantly high. However, it has .to be noted that elevated
IOP-induced cell loss is not specific to induced diabetes, but rather is an
accompanied symptom of several ocular diseases (Yang et al., 2012).

p0545 In diabetic retina, structural alterations in RGCs can be easily recog-
nized. Their features include swellings on axons, often associated with con-
striction close to the cell body. Thereis structural remodeling of dendrites,
including an increase in the total length, density, and number of branches.
These changes surprisingly were found limited to the large ON-RGCs in
short-term diabetes and did not occur in any class of OFF-RGCs (Kern
and Barber, 2008). Similar changes in RGC morphology have been
observed in human retinas (Meyer-Rusenberg et al., 2007). This alteration
in a subset of R GCs couldalter the functional output of the certain subtypes
of RGCs (Kern and Barber, 2008), leading to changes in VEPs (see later
text). While neuronsin the INL were resistant to stable and long-lasting
moderate hyperglycemia during a 2-months’ period, the GCL underwent
both reactive and destructive changes. Chromatolytic changes to the RGCs
were in the foreground, and there was a somewhat less marked increase in
the number of pyknomorphic RGCs (Logvinov et al., 2010). Several
molecular and cellular mechanisms may be involved in RGC loss, which
will be discussed in the later text.

poss0  The number or density of axons in the rat optic nerve was found reduced
in induced diabetes in some, but not in all, rodent studies (Kamijo et al.,
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1993). The cross-sectional area of the optic nerves was not changed at 8 or
12 weeks of diabetes, but the percentage of area occupied by glial cells
increased and the axonal component decreased significantly. These alter-
ations showed highly significant correlations with the associated prolonga-
tion of the latencies of the VEPs, suggesting that axoglial disjunction and
axonal atrophy are major determinants for impaired optic nerve function
(Kamijo et al., 1993).

s0035 2.1.2 Amacrine, horizontal, and bipolar cells

pos55 These classes of cells represent the interneurons of the retina. Bipolar cells
transmit the signals from the photoreceptors to the RGCs, while horizontal
and amacrine cells are the constituents of the lateral signaling pathways in the
OPL and IPL, respectively. Despite the fact that bipolar cells are thought to
dominantly contribute to the b wave of the ERG, which is a major func-
tional marker of retinal health, there are currently no.data available elucidat-
ing the bipolar cell reaction to diabetic conditions. The same also applies to
horizontal cells.

p0560 The most prominent change in the ER G seen in the early stages of dia-
betes involves the loss of OPs that are thought to derive from dopaminergic
amacrine cells (Shirao and Kawasaki, 1998). Therefore, the alterations in the
dopaminergic system seem to be among the first significant events in the
development of DR. Seki et al. (2004) named several possible mechanisms
underlying the degeneration of dopaminergic amacrine cells in diabetic ani-
mals: (1) severe insulin deprivation, (i1) hyperglycemia, and (1) dysfunction
of Miiller glial cells. The retina of the insulin-deficient Ins2*5 mice con-
tained 16% less dopaminergic amacrine cells than nondiabetic age-matched
control littermates (Gastinger et al., 2006). An extensive loss of cells, den-
dritic varicosities, and tyrosine hydroxylase (TH) content was seen in acute
(3 weeks) diabetes in rats (Szabadfi et al., 2012; see also Fig. 1.1).

pO565 The total number of cholinergic amacrine cells in the diabetic mice was
20% less than that in nondiabetic animals, but they were lost in a random
pattern. Diabetes leads to a greater reduction of cholinergic amacrine cell
density in the peripheral retina than in the central regions (Gastinger
etal., 2006). In the rat retina, most of the neurons containing neuronal nitric
oxide synthase (nNOS) appear to be amacrine cells, residing in the INL or
displaced to the GCL and closely related to vessels. The number of these
nNOS-containing cells was found to decrease by 32% as early as 1 week after
the streptozotocin (STZ)-induced diabetes and remained reduced for up to
8 months (Goto et al., 2005). These results suggest that some amacrine cell

IRCMB, 978-0-12-800179-0

Comp. by: DElayaraja Stage: Proof Chapter No.: 1 Title Name: IRCMB
Date:21/4/14 Time:22:49:36 Page Number: 11



To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only
by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in print. This proof
copy is the copyright property of the publisher and is confidential until formal publication.

B978-0-12-800179-0.00001-5, 00001

f0005 Figure 1.1 Tyrosine hydroxylase (TH) immunoreactivity in healthy and diabetic rat ret-
inas. The dopaminergic amacrine cells are situated in the inner retinal layers, at the bor-
der of INL and IPL of the retina as were shown in the control vertical retinal section (B).
Representative fields of whole-mount retinal preparations of control (A), 3-week dia-
betic (C), and insulin-treated chronic diabetic animals (4 months of diabetes; E) and ret-
inal cross sections from the same three groups (B, D, F). TH immunoreactivity was in
higher density in the control retinas (A) compared with the two diabetic groups (C,
D and E, F, respectively), where the arborization of the TH-positive cells was also
reduced. Scale bars are 200 um in pictures A, C, and E and 20 um in pictures B, D,
and F. Abbreviations: INL, inner nuclear layer; IPL, inner plexiform layer.
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types may play pivotal roles in maintaining retinal integrity and if these cells

are damaged, retinal circuitry suffers nonreparable consequences. Also, these &0
cells may not be the most numerous—dopaminergic and nitrergic cells both
represent less than 1% of amacrine cells but may confer widespread regula-
tory functions.

s0040 2.1.3 Photoreceptors

p0570 Various aspects of visual information are transmitted in parallel from photo-
receptors to the output neurons of the retina, which code for many different
signals, for example, brightness, darkness, contrast, color; and motion. Pho-
toreceptors are one of the most metabolically active cell types of the retina
(Wassle, 2004). There are several factors such as metabolic changes associ-
ated with diabetes that may lead to outer retinal dysfunction. Aizu and
coworkers (2002) provided the first evidence showing changes of photore-
ceptor layer (PRL) during DR the shortening of the photoreceptor outer
segment (OSs) and the increase in the number of fragmented cone photo-
receptors and a disrupted photoreceptor—-RPE cell complex were shown by
electron microscopy in rats with very early stage of diabetes (1 month after
the onset of diabetes). Since RPE cells produce a variety of trophic factors
and have an important role in renewing the photoreceptor OSs, their dam-
age will also influence the phototransduction process. A 2-month diabetic
period induced destructive changes in the neurosensory cells. Fragmentation
and vacuolar degeneration of the OSs are characteristic, as well as nuclear
pyknosis, edema of the perikaryon, and enlargement of the scleral processes
of Miiller cells, which actively phagocytose degraded OSs. Quantitative
analysis demonstrated a threefold increase in the proportion of photorecep-
tors with pyknotic nuclei (Logvinov et al., 2010).

pO575 As a consequence of the aforementioned structural damage after
diabetes-induced dysfunction, the retinal phototransduction is apparently
hindered even in early-stage diabetes, including deterioration of the flash
response and light adaptation (Kim et al., 2005).

s0045 2.1.4 Synaptic layers

pos80 The signal transmission of various classes of retinal neurons is the physiolog-
ical bases for visual processing and requires a range of synapses with different
kinetics, such as electrical synapses, conventional chemical synapses, and rib-
bon synapses. Diabetes impacts a broad population of retinal synapses, which
may explain significant thinning of the IPL, after a longer duration of dia-
betes (Barber et al., 1998, 2005). Ribbon synapses in both plexiform layers
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are especially strongly affected (Fig. 1.2). The thickness of the IPL in the
6-month diabetic rats was markedly reduced (Aizu et al., 2002). There
was a 22% decrease in the thickness of the IPL in rats after 7.5 months of
STZ-induced diabetes, suggesting a cumulative loss of neural dendrites
and synapses in the inner retina (Barber et al., 1998).

p0585 After 1 month of STZ-induced diabetes, synaptophysin content was
found reduced in the whole retina and also in isolated retinal synaptosomes.
The size and density of synaptophysin-immunoreactive punctawere reduced
in the plexiform layers. The loss of synaptic proteins in retinal synaptosomes
was accompanied by decreased mRINA content after 1 month of diabetes;
therefore, diabetes may increase local degradation rate of presynaptic proteins
at retinal synapses and also that of their mRINA (VanGuilder et al., 2008).
Indeed, synaptophysin mRNA translation continues at a higher rate after
the induction of diabetes as a compensatory mechanism of the reduction
of the mature protein. Nevertheless, there is also an increase in its degradation
during an early stage of its maturation, possibly during its posttranslational
processing (D’Cruz et al., 2012). These findings suggest multiple potential
regulatory mechanisms for synapse disintegration.

so050 2.1.5 Miiller glial and retinal pigment epithelial cells
pos90 Although often considered as nonprincipal components, these cell types are
integral constituents of the retinal metabolism.

0055 2.1.5.1 Mdller glial cells
pos95s Miiller glial cell is the principal glia of the retina, which expresses a diversity
of ion channels and transporters, releases a variety of cytokines and survival
factors, and has receptors for numerous neurotransmitters and growth fac-
tors. Miiller cells play an.active, dynamic role in the retina. They are radially
oriented and span the depth of the retina from the vitreal border to the inter-
photoreceptor matrix of the subretinal space. Their processes are in close
apposition to neuronal cell bodies, neurites, and synapses, and blood vessels
and their processes make contact with most neural cells (Sarthy and Harris,
2001). They-also form end feet on both large vessels and capillaries in the
inner and outer retinal vessel beds. Miiller glial cells are vital for maintaining
normal neuronal and vascular function in the retina. Their mechanical role is
stabilizing the retinal architecture, and they are involved in regulating retinal
glucose metabolism, modulating the ionic and molecular composition of the
retinal microenvironment, altering blood flow to match the local metabolic
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f0010 Figure 1.2 Ultrastructure of the outer and inner plexiform layers (OPL and IPL) of con-
trol, early diabetic (3 weeks) and chronic diabetic (4 months) rat retinas. Although rib-
bons of the photoreceptors are still present in the OPL of both diabetic retinas (arrows:
C, E), they are less densely packed and shorter than those of the controls (A). Some
degenerative profiles appear (asterisks: C, E). The processes are often devoid of synaptic
vesicles. In the IPL;, the ribbon and conventional synapses are (arrowheads) healthy in
the control retinas (B) if compared with the same structures of the diabetic retinas (D, F).
The shape of the ribbons was distorted in diabetic animals; they did not have sharp con-
tours as found in control retinas. Almost no synapses were present in the IPL compared
with the control (B); some unusual ribbons and degenerating synaptic profiles were
seen in the IPL (arrowheads: D, F). Scale bars: indicated in the images.
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needs, and contributing to the maintenance of the inner blood—retina barrier
(BRB; Bringmann et al., 2006).

p0600 In normal conditions, the end feet of the glia express GFAP. Increased
GFAP expression has been widely used as a cellular marker for several retinal
pathologies. It has been suggested that elevated expression of GFAP in the
cell body and processes is an aspecific metabolic stress signal (Lundkvist et al.,
2004). Miiller glial cells regulate the extracellular environmentof neurons in
the retina by clearing glutamate from synaptic clefts and by providing glu-
tamine to neurons for the resynthesis of glutamate to be used in neurotrans-
mission. This ability of glia in diabetic rat retina is reduced to only 65%,
which results in an overall increase of total extracellular glutamate levels that
is toxic to retinal neurons. Miiller glial cells in diabetes showed reduced glu-
tamate aspartate transporter (GLAST) function (Livand Puro, 2002) and
impaired glutamine synthesis. The adverse effects of diabetes on the function
of Miiller cells in transporting glutamate by GLAST or in metabolizing glu-
tamate by glutamine synthase (GS) have been widely studied (Kowluru
et al., 2001; Li and Puro, 2002; Lieth et al:; 2000). Although alterations
in GLAST activity during diabetes remain controversial, impairment of
GS activity is convincingly evident (Mysona et al., 2009; Ward et al.,
2005; Zeng et al., 2009). A positive-feedback loop involving oxidative stress
and dysfunction of GLAST may be important in the progression of DR
(Puro, 2002). These dysfunctions alse participate in creating elevated gluta-
mate levels in the microenvironment of diabetic retinas, which might induce
excitotoxicity in amacrine cells. and RGCs (Lieth et al., 1998).

pO605 Glial cells not only send signals to other components of the retina but also
change their own makeup. Changes in glia are accompanied by several dys-
functional responses, including altered potassium and glutamate regulation
(Liand Puro, 2002; Lieth etal., 1998) and y-aminobutyric acid (GABA) accu-
mulation (Ishikawa et al:; 1996). One of the early histological alterations in the
retina of the diabetic rats was the increase in GFAP expression of the Miiller cell
processes as early as few days after the onset of diabetes, which is a nonspecific
response to pathophysiological conditions (Fig. 1.3). Miiller glia is adversely
affected early inthe course of diabetes, the reactive “phenotype” characterized
by hyperplasia and upregulation of GFAP (Lieth et al., 1998). Apart from the
aspecific glial reactions, hyperglycemia leads to overexpression of several bio-
logically active factors, like proinflammatory cytokines (Gerhardinger et al.,
2005) and insulin-like growth factor 1 (IGF-1; Inokuchi et al., 2001).

p0610 Besides excitotoxicity-induced changes, products of carbohydrate
metabolism may also cause alterations in Miiller glia functions. During early
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f0015 Flgure 1.3 Immunofluorescent labeling of glial fibrillary acidic protein (GFAP) in the rat
retinas. In normal conditions, only the end feet of the Miiller glia (ILM) express GFAP (A).
Damaging conditions such as diabetes are able to initiate the upregulation of GFAP in
the whole extent of the cells. In STZ-induced hyperglycemia, GFAP upregulation is read-
ily observed (B), as well as after 3 weeks of diabetes (C). Upregulation may be present
even if insulin treatment is applied in chronic diabetes (4 months; E). Reduced GFAP
expression is detected in PACAP-treated 3-week acute diabetic retinas (D). Scale bar:
20 pm. Abbreviations: OLM, outer limiting membrane; ILM, inner limiting membrane.

experimental diabetes, there is a selective accumulation of the acrolein-
derived advanced lipoxidation end products (ALEs), one of which is Ne-
(3-formyl-3,4-dehydropiperidino)lysine (FDP-lysine), originally restricted
to the end feet at the ILM, but as the disease progresses, this adduct appears
in the radial fibers. This agent is pathogenic for the Miiller glia itself; changes
in polyamine catabolism could underlie the diabetes-induced accumulation
of FDP-lysine. The observed accumulation of these adducts could poten-
tially contribute to Miiller cell dysfunction and death during long-term dia-
betes (Yong et al., 2010). Despite all these unfavorable processes, Miiller
cells are not among the retinal cell populations undergoing apoptosis early
in diabetes (Ali et al., 2008).

po615 During diabetes, hyperglycemia and oxidative stress upregulate VEGF
that induces retinal neovascularization, vascular leakage, and macular edema.
VEGF may also be expressed in, to a lesser extent, endothelial cells, astro-
cytes, RPE, and RGCs. However, Miiller cells are the major source of
VEGEF in DR (Agjamaa and Nikinmaa, 2006; Kim et al., 2009b). VEGF
plays a leading role in inducing retinal inflammation and vascular leakage
that occurs as a consequence of diabetes. The loss of Miiller cell-derived
VEGEF significantly inhibits diabetes-induced vascular leakage and attenuates
capillary acellularity. It is possible that VEGF derived from other endothelial
and retinal cells contributes to diabetes-induced retinal inflammation and
vascular leakage in the presence of Miiller cell-derived VEGF, which
together may serve as a key to the “pathological threshold” (Wang et al.,
2010a). While the endothelial cell-derived VEGF plays a role in the
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pathogenesis of DR (Huang and Sheibani, 2008), the RPE-derived VEGF
rather contributes to the RPE—choriocapillaris interaction and regulates
outer BRB (Hartnett et al., 2003), which may influence the osmotic balance
and the nutrient supply of the outer retina.

p0620 Diabetes also alters osmotic swelling characteristics of glial cells. Glial
cells in diabetic retinas are more sensitive to osmotic stress. The functional
K" channels in retinal glial cells undergo alterations in the course of exper-
imental diabetic conditions, and these are associated with the changed swell-
ing characteristics of retinal glial cells, which contribute to the development
of edema. Retinal edema also develops under ischemic—hypoxic and/or
inflammatory conditions. Osmotic glial cell swelling has been linked to
the decrease of the main K" conductance of the cells and to endogenous
formation of arachidonic acid in response to osmotic stress (Pannicke
et al., 2006), which may in turn regulate the inflammatory responses. This
aspect is critical to retinal integrity, since inflammatory cells to the retina
mostly arrive through the ILM, which is formed by the end feet of Miiller
cells. Indeed, Miiller cells form two discreet barriers at two strategic loca-
tions. Apart from the aforementioned ILM, the second barrier is formed
at the top of the ONL, which is a discontinuous, lace-like structure sur-
rounding the photoreceptor cell bodies. It.can be disrupted during diseases
such as DR (Omri et al., 2010). The apical processes of Miiller cells are
attached to each other and to inner segments of the photoreceptor cells that
collectively form the outer limiting membrane (OLM). The junction pro-
teins are located in the OLM:. Adherens junctions, occludins, and desmo-
somes have been identified there. OLM could serve as a gate for
macromolecule transportinto the retina and act as a semipermeable barrier.
During DR, the Miiller cells are not only swollen, but they lose their
occluding power at the OLM level, which leads to cyst formation (Omri
et al., 2010).

p0625 Since astrocytes are also present in the nerve fiber layer (NFL) and
around the capillaries; here, early changes in astrocytes are coincident with
inner retinal hypoxia and RGC functional deficits. Therefore, astrocytes
may contribute to changes in retinal vasculature and inner retinal dysfunc-
tion in diabetes (Ly et al., 2011).

0060 2.1.5.2 Pigment epithelial cells
po630 The inner BRB is formed by tight junctions between vascular endothelial
cells, whereas the outer retinal barrier is specific to the eye and consists of
the tight junction present in a monolayer epithelium, the RPE cells. The
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apical side of RPE faces the photoreceptor OSs of the neuroretina, and the
basolateral side lies on Bruch’s membrane, which separates the RPE from
the fenestrated endothelium of the choriocapillaris (Simo et al., 2010).
The RPE is a selective exchange platform between the systemic circulation
and the retina, and the subretinal space between RPE and the neuroretina is
considered as an immune-privileged site (Xu et al., 2009). Glucose entry
into the retina occurs at two major anatomical interfaces: the retinal capil-
laries and the RPE. These cells form part of the BRB. Glucose entry into the
retina through the BRB is mediated by a saturable, facilitated transport pro-
cess involving glucose transporter 1 (GLUT1), a member of a family of
sodium-independent glucose transporter proteins (Kumagai, 1999). It has
already been demonstrated that GLUT1 has asymmetrical distribution
between the luminal and abluminal membranes (with a 4-to-1 ratio) of
the inner BRB in normal rats (Fernandes et al.; 2003). Glucose transport
in the retinal endothelial cells is mediated by a number of difterent factors,
including hypoxia, hyperglycemia, and cytokines, through a variety of dif-
ferent signaling pathways (DeBosch et al., 2002). Several factors associated
with the development and progression of DR, such as hypoxia, VEGF, and
IGF-1, have been demonstrated to increase GLUT1 expression and/or glu-
cose transport (DeBosch et al., 2002; Sone et al., 1997).

p0635 High blood glucose results in high glucose levels in the retina by
transporting more glucose with the GLUT1 between the blood and retina.
Changes in retinal endothelial cell GLUT1 expression and glucose transport
may have a major impact in providing substrate to the various pathogenic
processes. It has also been ‘thought to underlie the development of DR
and be the ultimate cause of it (Kumagai, 1999). To protect the intracellular
environment from excessive glucose flux and/or diabetes, most tissues
downregulate glucose transport in response to elevated extracellular glucose
concentration. In STZ-induced diabetic rats, Badr et al. (2000) reported a
50% decrease in total retinal GLUT1 and retinal microvascular GLUT1 after
8 weeks of diabetes. Persistently high glucose levels may induce the prolif-
eration of RPE cells. RPE cells also secrete VEGF, which is believed to play
an important role in the neovascularization of the retina. RPE showed deep-
ened hollows in the basal infoldings 1 month after the onset of diabetes. After
6 months, the RPE contained large concavities, which were created by
depressions of basal infoldings. Both the microvilli and the basal infoldings
were degenerated, which suggests the destruction of the transport pathway
between the choroid and the outer retina suggesting a possible breakdown of
the BRB (Aizu et al., 2002; Fig. 1.4).
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0020 Figure 1.4 Electron micrographs of pigment epithelial cells (RPE) and photoreceptor
outer segments (OS) in control, early diabetic (3 weeks) and chronic diabetic (4 months)
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so065 2.1.6 Cells migrating to the retina in response to diabetes

poe40 DR 1is a chronic inflammatory disorder; low-grade inflammation has been
observed in the retinas of both diabetic animals and human patients
(Kern, 2007; Krady et al., 2005; Zeng et al., 2008).

pOB45 Microglial cells, the main resident sentinel immune cells in the healthy
retina, are located in the inner retina, around blood vessels. These cells
become activated and migrate in the subretinal space in several retinopathies,
including DR (Zeng et al., 2000, 2008). The activation of microgliainduced
by hyperglycemia has been associated with the early development of DR and
occurs as early as electroretinographic modifications (Gaucher et al., 2007;
Kern, 2007). Cytokines, among other cells released by activated microglia,
were shown to contribute to neuronal cell death (Krady et al., 2005). Acti-
vated displaced microglial cells have a pathogenic role in the time course of
DR. Indeed, activated microglia produce cytotoxic substances, such as
TNFa, ROS, proteases, and excitatory amino acids, which may induce neu-
ronal degeneration. In vivo, the time course of diabetes in noninsulin-
dependent Goto—Kakizaki (GK) rats is modified by microglia/macrophage
trafficking, leading to subretinal accumulation and potential toxicity medi-
ated by these cells. “Pores” in RPE cells are formed at the early stages of
DR, when tight junctions between RPE cells are still intact and serve as a
migratory pathway for inflaimmatory cells (microglia/macrophages). This
“transcellular” route is also used by leukocytes or lymphocytes for migration
through the endothelial cell bodies. The transcellular pathway is established
in RPE cells in the following steps: (i) the identification of “tunnel structures”
crossing the whole thickness of the cell with preserved tight junctions, (i1) the
recruitment of interstitial cell adhesion molecule 1 ICAM-1) and caveolin 1
(CAV-1) around the poresand getting protein kinase C{ (PKCC) involved in
the pore formation, and (iii) the identification of ionized calcium-binding
adaptor molecule 1-positive cells (resident microglial cells) crossing the
RPE through the pore. The presence of microglia/macrophages in the retina
of diabetic GK rat could be related to the expression of ICAM-1, which is

rat retinas. In normal retinas, intact structures of the RPE and the OSs were seen (A). Early
diabetic retinas contained abnormal blood vessels with red blood cells inside the retina,
nearby the RPE. The somata of RPE were pycnotic; the membranes between the RPE and
choroid have swollen (B). RPE had intact appearance in chronic diabetic retinas, and it
seemed like the control retinas; however, their microvilli were missing and several
degenerative structures were seen at the junction of the RPE and OS (C). Scale bars: indi-
cated in the images. Abbreviations: OS, outer segment; RPE, pigment epithelium; RBCs,
red blood cells.
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essential for inflammatory cell migration. At the early stages of diabetes
(5 months of hyperglycemia), the RPE transcellular pathway is functional.
Later in the course of diabetes (12 months), ICAM-1 and CAV-1 protein
expressions in RPE cells decrease and the accumulation of subretinal
microglia/macrophages is observed, together with significant decrease in
the number of RPE pores. Morphological abnormalities are observed in
the outer retina, with RPE vacuolization and loss of junction integrity as well
as disorganization of photoreceptor OSs. A migration of cells from the retina
toward the choroid could occur through RPE; PKCE is a new actor partic-
ipating in this process (Omri et al., 2011). Via the inhibition of PKC{ signal-
ing pathway, macrophage survival and deactivation are promoted possibly by
changing the intraocular immune environment (Mantovani et al., 2004).
PKCC is induced by TNFa, suggesting its possible implication in diabetes-
induced BRB breakdown (Aveleira et al., 2010).

po650 Leukocyte-mediated retinal cell apoptosis is among the earliest patholog-
ical manifestations of DR and results in the formation of acellular-occluded
capillaries, microaneurysms, and vascular basement membrane thickening
(Engerman and Kern, 1995). The role of VEGF in the development of these
diabetic complications in the eye is well established. In human DR, all types
of macrophages could be detected regardless of clinical history and duration
of the disease. In the eye of a 47-year-old man with simple DR, numerous
spherical cells with pseudopodal protrusions were observed throughout the
retina. They were identified as:macrophages in light, scanning electron and
transmission electron microscopic studies. The macrophages were particu-
larly dense and were arranged in a circinate pattern corresponding to circi-
nate lesions within the retina. The macrophages also densely populated
retinal areas with hard exudates. In areas adjacent to the macrophages, the
inner retinal surface lost its smooth and continuous structure. The matrix
in the ILM disappeared.in‘such areas so that a coarse network of filaments
lay bare on the retinal surface (Kishi et al., 1982). In the sclera of alloxan-
induced diabetic mice, the number of mast cells was significantly increased.
No increase in the mast cell number could be observed in the sclera of the
obese hyperglycemic mice. The lack of insulin may be of importance for the
accumulation of mast cells in the sclera of mice with hyperglycemia (Jansson
and Naeser, 1987).

soo70 2.2. Molecular alterations

poess As we have shown in the preceding text, DR is a multifactorial progressive
disease where its pathogenesis is extremely complex involving many

IRCMB, 978-0-12-800179-0

Comp. by: DElayaraja Stage: Proof Chapter No.: 1 Title Name: IRCMB
Date:21/4/14 Time:22:49:40 Page Number: 22



To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business use only
by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in print. This proof
copy is the copyright property of the publisher and is confidential until formal publication.

B978-0-12-800179-0.00001-5, 00001

Protective Compounds in Diabetic Retinopathy 23

different cells, molecules, and factors. Diabetes-induced metabolic changes
in the retina induce a range of molecules and pathways involved early in the
pathophysiology of DR.

soo75 2.2.1 Apoptotic markers

poee0 Many kinds of retinal cells undergo accelerated apoptosis before other his-
topathologic changes are detectable in diabetes. One of the most perplexing
biochemical changes in DR is the persistent, slow apoptosis of vascular and
neural cells, which has been observed in retinal tissues from humans with
diabetes and diabetic animal models. The relationship between apoptoses
of vascular and neural cells is unclear, with the possibility that loss of these
different classes of the cells occurs over different time frames and by
unrelated mechanisms (Barber et al., 2011). Significant neural apoptosis is
an earlier event than vascular apoptosis, and the rate of neural apoptosis
remains constant throughout the duration of diabetes. Since neurons are
unable to proliferate, apoptosis of these cells will result in cumulative loss
leading to chronic retinal degeneration (Barber et al., 2011).

p0665 In rats, a 10-fold increase in the frequency of the apoptosis was observed
compared with control animals after only 1 month of STZ-induced diabetes,
continuing with the same frequency for atleast 12 months. The vast majority
of apoptotic cells appeared to be RGCs (Barber et al., 1998; Lorenzi and
Gerhardinger, 2001). Apoptotic-events can be revealed by in situ DNA
terminal dUTP nick-end labeling (TUNEL) or measuring active caspase
3. After only 2 weeks, STZ-induced diabetic rat retinas, besides 2.5-fold
more TUNEL-positive nuclei, had the highest density of caspase
3-immunopositive cells compared to the control (Gastinger et al., 2006).
Labeling could be found in photoreceptors and dopaminergic amacrine cells
as well. Both methods showed significantly more apoptotic cells in the ret-
inal layer in 6-week diabetic mouse retinas, and in addition, electron micro-
scopic analysis revealed cells in the GCL that had the classical morphological
characteristics of apoptosis (i.e., disintegrating nuclei) (Martin et al., 2004).

pO670 Several studies demonstrated that oxidative stress induced by hypergly-
cemia is closely linked to apoptosis in a variety of retinal cell types (Abu
El-Asrar et al., 2007). This may partly be linked with the changes of capillary
structure and distribution. Engerman and Kern (1995) had found a small but
significant increase in the number of TUNEL-positive apoptotic cells in the
capillaries of postmortem human diabetic retinas (who had diabetes for an
average of 10 years) compared with normal retinas. A similarly modest
increase in vascular cell death was found in rats after 31 weeks of STZ-
induced diabetes. The increase in vascular cell apoptosis suggests a potential
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mechanism for the appearance of acellular capillaries given that the endothe-
lial cell bodies and nuclei were thought to disappear while leaving their
intact basement membranes behind (Mizutani et al., 1996). Vascular cell
dropout can be a response to reduced metabolic demands from the sur-
rounding neurosensory retina, as in photoreceptor degeneration; hence, it
is conceivable that vascular apoptosis represents a final response to localized
cell death in the surrounding neural tissue (Barber et al., 2011).

so080 2.2.2 Glutamate excitotoxicity-induced apoptosis in diabetic retina

po675 Diabetes may impair glutamate uptake and metabolism resulting in accumu-
lation of extracellular glutamate, leading to excitotoxicity.in which excess
glutamate stimulation causes an uncontrolled intracellular calcium response
in postsynaptic neurons (Laabich and Cooper, 2000). This is primarily true
for ganglion cells, which are known to possess NMDA receptors (Thoreson
and Witkovsky, 1999). The elevated aspartate immunoreactivity of Miiller
cells in diabetic rats suggests slower clearance of glutamate, whereas excised
Miiller cells from STZ-treated rats after 1 ' month of diabetes demonstrated
reduced glutamate transporter activity. (Li and Puro, 2002; Puro, 2002;
Woard et al., 2005). Diabetes may also alter the regulation of glutamate recep-
tor expression. The combined changes in the glutamate signaling system
may ultimately increase apoptosis despite compensatory mechanisms
designed to protect neurons, and the resultant imbalance in neurotransmis-
sion could also lead to dysfunction in visual signal processing in the retina.
Thus, glutamate excitotoxicity suggests a mechanism for not only the
increases in cell death but also the altered ER G response and the loss of visual
function in diabetes (Barber et al., 2011).

so0s5 2.2.3 Pathways

poes80 Hyperglycemia has been considered the key initiator of retinal damage asso-
ciated with DR by activation or dysregulation of several (glycolytic, protein
kinase C (PKC), polyol, poly-(ADP)-ribose polymerase (PARP), and
hexosamine) pathways. All these converge to increase the production of
ROS, which induces apoptosis and inflammatory responses and promotes
angiogenesis (Ola et al., 2012). It also induces the diacylglycerol (DAG)
pathway de novo, initiating its synthesis through actions of phospholipase
C. The elevated level of DAG has been linked to vascular dysfunctions
and pathogenesis of DR (Geraldes and King, 2010). The activity of PKCs
is greatly enhanced by DAG, which has been implicated in several cellular
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and structural abnormalities occurring in DR (Curtis and Scholfield, 2004;
Das Evcimen and King, 2007).

pO685 The overexpression of the pro nerve growth factor (NGF) mimics dia-
betes action resulting in retinal neurodegeneration in vivo and in vitro. RGCs
are more sensitive to death signals in response to proNGF. The direct apo-
ptotic effect of proNGF on RGCs delineates the apoptotic role of RhoA
activation in retinal neurodegeneration. The significant activation of
RhoA/p38 mitogen-activated protein kinase (MAPK) pathway causes neu-
ronal death with increasing phosphorylation of c-Jun N-terminal kinase
(JNK) and p38 MAPK in response to overexpression of proNGF in the dia-
betic rat retina (Al-Gayyar et al., 2013).

pO690 The polyol pathway of glucose metabolism becomes active when intra-
cellular glucose levels are elevated. The polyol pathway is the only mecha-
nism of glucose toxicity currently proved to be responsible for the spectrum
of neural, glial, and vascular abnormalities detectable during the develop-
ment of DR (Dagher et al., 2004). Aldose reductase is the key and rate-
limiting enzyme in polyol pathway, and galactose and glucose are substrates
to this enzyme. Under diabetic conditions, the increased level of glucose
activates this pathway, which causes reduced NADPH level in the cyto-
plasm. The resulted decrease in glutathione and increased oxidative stress
are the major factors of the retinal damage (Barba et al., 2010). The polyol
pathway is therefore a rational candidate mechanism for the ganglion cell
apoptosis and Miiller glial cell/activation that occur early in both human
and rat diabetes (Lorenzi and Gerhardinger, 2001). Further, the polyol path-
way initiates and multiplies several mechanisms of cellular damage by acti-
vation of aldose reductase and other pathogenetic factors such as advanced
glycosylated end product (AGE), activation of oxidative—nitrosative stress,
and PKC pathway that may lead to initiation of inflammation and growth
factor imbalances (Obrosova and Kador, 2011). PARP activation in diabetic
retinas causes DNA breaks, thus exacerbating oxidative and nitrosative stress
(Drel et al., 2009). The progression of axonal atrophy and axoglial disjunc-
tion in the optic nerve in 12-month diabetic Bio-Breeding/Worcester (BB/
W) rats is a polyol pathway-related mechanism activated by hyperglycemia
and galactosemia. Hexosamine has been shown to impair insulin signaling in
retina (Nakamura et al., 2001), therefore being also considered as a potential
pathway implicated in DR (Ola et al., 2012).

p0695 The high glucose and the diabetic state stimulate different pathways to
produce excess levels of ROS. It is still unclear whether oxidative stress
has a primary role in the pathogenesis of diabetic complication occurring
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at an early stage in diabetes or whether it is a consequence of the tissue dam-
age (Fernandes et al., 2011; Izuta et al., 2010). Mitochondria play a key role
in the control of apoptotic cell death. Bad is a proapoptotic member of Bcl-2
family that promotes apoptosis by binding to and inhibiting functions of
antiapoptotic proteins Bcl-2 and Bel-xL. Early during the apoptotic process,
mitochondria can release several apoptogenic proteins, such as cytochrome ¢
and apoptosis-inducing factor (AIF), into the cytosol (van Gurp etal., 2003).
Increased ratio of Bax to Bcl-2 occurs early in the DR and plays a role in the
apoptosis of retinal cells (Gao et al., 2009b). R etinal mitochondria become
leaky during diabetes (8 months). When capillary cell apoptosis is observed,
cytochrome ¢ starts to accumulate in the cytosol and Bax is secreted into the
mitochondria. The inhibition of superoxides in turn inhibits the glucose-
induced release of cytochrome ¢ and Bax and inhibits apoptosis in both
endothelial cells and pericytes (Kowluru and Abbas, 2003).

p0700 Mitochondria are also the major endogenous source of superoxides and
hydroxyl radicals. Reactive oxidant intermediates can trigger mitochondria
to release cytochrome ¢, resulting in activation of caspase 3 (Sandbach et al.,
2001). Overproduction of superoxides by mitochondria is considered a
causal link between elevated glucose and the major biochemical pathways
postulated to be involved in the development of diabetic complications
(Brownlee, 2001). According to a recent report, mitochondrial structure,
mitochondrial function, and mitochondrial DNA (mtDNA) are damaged
in the diabetic retina and its vasculature, and the mtDINA repair machinery
is also compromised. Diabetes also facilitates epigenetic modifications,
which contribute to the mitochondria damage. Diabetes-induced abnor-
malities in mitochondria continue even when the hyperglycemic insult is
terminated and are implicated in the metabolic memory phenomenon asso-
ciated with the continued progression of DR (Kowluru, 2013).

p0705 An increase in peroxynitrite as indicated by tyrosine nitration correlates
with accelerated retinal endothelial cell death, breakdown of the BRB, and
accelerated neuronal cell death in experimental models of diabetes, inflam-
mation, and neurotoxicity (Ali et al., 2008; Du et al., 2002; El-R emessy
et al., 2003a,b, 2005). Peroxynitrite plays a key role in mediating different
aspects of DR.. In response to hyperglycemia-induced oxidative stress, both
microglial and macroglial cells are activated, and the function of macroglia in
transporting glutamate by glutamate transporters and in metabolizing gluta-
mate by GS may be impaired (Li and Puro, 2002; Lieth et al., 1998, 2000).
This may lead to glutamate accumulation, such as that reported in the vit-
reous humor of diabetic patients (Ambati et al., 1997) and in the retina of
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diabetic animals (Kowluru et al., 2001; Lieth et al., 1998). GS is susceptible
to tyrosine nitration, which subsequently can impair the enzyme activity
(Gorg et al., 2005, 2007). This vicious cycle of glial dysfunction will result
in cell death and the injury of adjacent retinal neurons.

s0090 2.2.4 Metabolic end products

po710 Glycation is an important event that occurs in physiological and pathophys-
iological circumstances. Acute hyperglycemia and chronic hyperglycemia
are known to enhance early, intermediate, and advanced glycation. The
deposition of hyperglycemia-induced AGEs in retinal blood vessels plays
an important role in the onset and development of DR in vivo. AGEs are
late products of nonenzymatic glycation. The pathogenic significance of
ALEs in DR is less well known (Shanmugam et al., 2008; Stitt et al.,
2004) than those of AGEs (Denis et al., 2002)./AGEs/ALEs can form on
the amino groups of proteins, lipids, and DNA through a number of com-
plex pathways including nonenzymatic glycation by glucose and reaction
with metabolic intermediates and reactive dicarbonyl intermediates.
AGEs/ALEs are known to accumulate in the diabetic retina where they
are thought to influence retinal vascular cell function (Stitt et al., 2004).
A possible pathway of oxidative stress in the development of DR that
may contribute to retinal cell dysfunction and degenerative changes is the
formation of ALEs. ALEs may induce a variety of cytopathologic effects,
including cross-linking of cell surface proteins, inactivation of enzymes,
and stimulation of proinflammatory and proapoptotic signaling pathways.

po715 During the pathological action, AGEs promote the upregulation of
SLIT-ROBO signaling, which acts as a cue in neuronal guidance during
development and plays a role in vasculogenesis and angiogenesis throughout
life. Hereby, it may actively participate in the progression of DR (Zhou
et al., 2011). The SLIT-ROBO signaling cascade includes Slit family of
secreted proteins  (Slitl, 2, and 3) and their corresponding receptors
(Robol, 2, 3, and 4): Robol and 4 are involved in retinal vasculogenesis
and angiogenesis (Huang et al., 2009a,b, 2010) and are expressed in the cho-
roid and the retinal endothelial and RPE cells. RPE cells autosecrete Slit2,
which then binds the single-pass transmembrane receptor, Robol, under
conditions of DR. AGEs promote the upregulation in Robol and Slit2
expressions, which may be involved in the pathological action of AGE.
N-Slit2 (the recombinant protein) results in increased proliferation, attach-
ment, and migration of RPE cells, which increases VEGF mRNA expres-
sion and VEGF secretion (Zhou et al., 2011).
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p0720 AGEs initiate the onset of DR through both receptor- and nonreceptor-
mediated pathways. AGE cross-linking causes proteins that are normally
flexible to become rigid, resulting in their dysfunction. The binding of
AGE:s with receptors in macrophages and endothelial cells initiates a release
of a large number of cytokines, inducing endothelial cell proliferation and
damaging retinal blood vessels (Qazi et al., 2009). Glucose irreversibly mod-
ifies long-lived macromolecules by forming AGEs during periods of normal
glucose homeostasis, which may explain the phenomenon of hyperglycemic
memory. AGEs cause qualitative and quantitative changes in extracellular
matrix components such as collagen and laminin and can-affect cell adhesion
and growth and matrix accumulation, thus altering cell function. AGEs can
attack the nucleus directly and block DNA synthesis, thus interfering with
the proliferation of pericytes. AGEs disturb microvascular homeostasis
through interaction with the receptor of AGEs (RAGE). This AGE-RAGE
axis plays a central role in the inflammation, neurodegeneration, and micro-
vascular dysfunction in DR (Zong et al., 2011).

p0725 Increased AGEs formation and accumulation have been found in retinal
blood vessels and vitreous of diabetic patients and animals, which correlate
with a degree of DR (Goh and Cooper; 2008). Retinal pericytes accumulate
AGE:s during diabetes, which are implicatedin endothelial cell injury and BRB
dysfunction (Stitt et al., 2000). AGEs increase VEGF, monocyte chemo-
attractant protein 1, and ICAM-1 expressions in microvascular endothelial
cells through increased intracellular R OS generation causing apoptosis of peri-
cytes and other retinal cells (Ibrahim et al., 2011; Yamagishi et al., 2008a,b).
Luo et al. (2012) found no significant differences in the amount of AGEs
between 3- and 6-month’ STZ-induced diabetic rats, suggesting that AGE
deposition in the retinal blood vessels occurs prior to obvious morphological
changes in DR; thus, the damage to blood vessels by AGEs is a chronic process.
The degree of AGE deposition was negatively correlated with pericyte num-
ber, but positively correlated with endothelial cell number, suggesting that
AGEs damage pericytes in a cumulative manner. Without pericyte support,
retinal capillaries could expand to form microaneurysms and acellular capil-
laries, which are closely linked with nonperfusion areas and could potentially
lead to the onset and development of proliferative DR (Luo et al., 2012).

so0e5 2.3. Electrophysiological changes

po730 Tissue injuries and neurochemical changes of the retina are reflected in elec-
trophysiological changes at all levels of visual information processing. Two
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such electrophysiological recordings are practiced routinely: ERG that
reflects retinal functions and VEP that shows cortical processes.

p0735 The ER G recordings had long been believed to be useless for the detec-
tion of early DR, because the classical ER G components at that time, such as
the a and b waves, had been proven to be normal at early stages of DR.. Only
after introducing better recording techniques (Galloway et al., 1971) did it
become possible to detect fine differences between signals derived from
healthy and diseased tissues. The a wave arises principally from photorecep-
tors, whereas the b wave originates mainly from ON bipolar cells. OPs rep-
resent the contribution of certain amacrine cells. Abnormal ER G in diabetic
rats suggests the dysfunction of the retinal neuronal processing and reflects
deterioration of function (Li et al., 2002). ER G deficit was found as early as
2 weeks after induction of diabetes indicating that the functional integrity of
the diabetic retina had been compromised (Li et al., 2002).

po740  After the first clinically validated change of the OPs, they were widely
accepted as one of the earliest manifestations-of DR (Galloway et al.,
1971). The OP generator is presumed to lie in the intraretinal feedback neu-
ronal circuity, which consist of the interneurons. The disturbance of dopa-
mine metabolism in the retina may play a role in the OP abnormality in
diabetes. Morphological changes of the neural cells are seen 10 weeks after
the induction of diabetes in mice and rats. This suggested that the alterations
of the OPs probably represent metabolic disturbances affecting inner retinal
function at the early stages of DR the depletion of dopamine and abnormal
dopamine metabolism (Gibson, 1988). In STZ-induced diabetic rats, the
OPs have significantly prolonged implicit times and reduced amplitudes as
early as 2 weeks following the induction of hyperglycemia (Hancock and
Kraft, 2004). These abnormalities are restored by the administration of insu-
lin, suggesting that the abnormal OPs seen in early DR represent only met-
abolic and/or functional changes of the neurons. During 6 weeks of diabetes,
the peak latency of the OPs was prolonged (Shirao and Kawasaki, 1998).

p0745 The amplitudes of a and b waves and OP1, OP2 and OP3 of ERG were
reduced in rats 1 month after the onset of diabetes. The peak latencies of a
and b waves were not delayed, but the OP2 and OP3 were (Aizu et al.,
2002). The R GC-dominated positive scotopic threshold response was
reduced following a single episode of acute IOP elevation in STZ-induced
diabetic rats, but not in control rats after 11 weeks of diabetes. These data
indicate that hyperglycemia renders the inner retina more susceptible
(Kohzaki et al., 2012). The peak latency of the OPs is one of the most sen-
sitive markers for the early phase of DR, while in later phases, the intensity
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response curves of the ERG b wave of diabetic rats during the 25 weeks’
diabetic period were shifted to higher intensities. This, along with significant
reductions in the maximal amplitude of the b wave, means reduced sensi-
tivity. The maximal amplitude of the b wave was more reduced than the
corresponding parameter of the a wave. These observations suggest that
the photoreceptors are relatively resistant to the pathological processes in
early diabetes (Li et al., 2002; Samuels et al., 2012).

p0750 The loss of amacrine cells may play a role in the reduction-of the OPs in
animals and humans with diabetes (Dong et al., 2004). The source of abnor-
mal or missing OPs may be from the altered synaptic activity between
amacrine and bipolar cells or RGCs. These deficits could be explained by
the degeneration in synaptic neurotransmission and/or combined loss of
amacrine neurons and RGCs (Kern and Barber, 2008). The function of
R GCs is compromised when there is a loss of dopaminergic or cholinergic
signaling in the retina (Amthor et al., 2002). Loss of dopaminergic and cho-
linergic neurons may cause changes to visual processing that play a role in the
vision loss associated with diabetes (Gastinger-et al., 2006). The significantly
prolonged peak latency of the OPs in the ERG and the increased VEGF
level are correlated with the increased serum’ AGE concentration (Segawa
et al., 1998).

pO755 In diabetic patients, a functionalloss of the inner retina has been detected
by ERG and VEP recordings before vasculopathy (Moreo et al., 1995).
Spontaneously, diabetic BB/W rats develop central sensory neuropathy,
characterized functionally by modification of VEP and structurally by dys-
trophy in the RGCs and optic nerve fibers without visible vascular changes.
The amplitude alterations of ERG and VEP begin 1 week after STZ injec-
tion in rats and progress week by week reaching a stable reduction by the end
of the first month of diabetes. The b wave and VEP latency changes, how-
ever, were significant onlyafter 1 month of diabetes (Biro et al., 1998). Sim-
ilar VEP latency changes appeared to be parallel with RGC dystrophy and
optic nerve axonopathy in 6-month diabetic BB/W rats (Kamijo
et al., 1993).

50100 3. EXPERIMENTAL MODELS OF DIABETIC RETINOPATHY

p0760 This field became a major focus area in the recent years. Journals and
academic departments devoted to target this area of research exclusively.
Experimental models of any kind of human disorder undergo vigorous eval-
uation from time to time. DR is no exception from the rule. In this section,
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besides reviewing scientific achievements in the field, this aspect is put to the
forefront. To understand the pathophysiological mechanisms of diseases and
to test the pharmacological effects of new drugs, animal models for the dis-
eases have been developed and widely utilized. These efforts called to life a
new scientific discipline, translational medicine.

s0105 3.1. Type 1 diabetes

po765 Due to the early discovery of easy inducibility of this disorder (Szkudelski,
2001), an enormous body of data has accumulated over the years. Therefore,
most of the solid knowledge on diabetes has been gained through this
approach.

so110 3.1.1 Chemical induction

po770 Alloxan and STZ are widely used as diabetogenic agents in experimental
animal models that include rodents, dogs, and primates (Szkudelski, 2001).
This approach replicates some of the early symptoms of DR and has the
advantage that the onset of diabetes can be defined as the time of injection
of the toxin. However, toxin-induced diabetes in mice has been less success-
ful because of strain-dependent resistance to-STZ (Rossini et al., 1977).

s0115 3.1.1.1 Alloxan
po775 Alloxan is synthesized by uric acid oxidation and exerts its diabetogenic
action by intravenous, intraperitoneal, or subcutaneous administration.
Alloxan induces insulin release for a short duration inducing complete sup-
pression of the islet response to glucose. The mechanism of alloxan action is
through the formation of ROS, and in the pancreas, it is preceded by rapid
uptake by the B cells (Weaver et al., 1978). Alloxan elevates cytosolic free
Ca”" concentrations in pancreatic P cells (Park et al., 1995) and also targets
DNA; its fragmentation takes place in B cells exposed to alloxan (Sakurai and
Ogiso, 1995).

50120 3.1.1.2 Streptozotocin
po780 STZ is synthesized by Streptomyces achromogenes and is used to induce insulin-
dependent diabetes mellitus (Szkudelski, 2001). STZ-induced diabetic rats
are useful models of human type 1 (insulin-dependent) diabetes mellitus
with hyperglycemia. STZ action in B cells is accompanied by characteristic
alterations in blood insulin and glucose concentrations. This is reflected in
the abnormalities in B cell function. STZ is taken up by pancreatic B cells via
the glucose transporter GLUT2. It impairs glucose oxidation and decreases
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insulin biosynthesis and secretion. At first, it abolishes the B cell response to
glucose. Intracellular action results in changes in DNA in pancreatic [ cells
comprising its fragmentation and alkylation (Elsner et al., 2000). Some ancil-
lary factors are involved in the process of the STZ effects: nitric oxide, ROS,
and superoxide anions. Inhibition of the Krebs cycle and limited mitochon-
drial ATP production activate poly-ADP ribosylation (Sandler and Swenne,
1983) and are also characteristic of this condition.

p0785 Although STZ-injected rats provide an intensively studied model of dia-
betes, this is not identical to the clinical situation. One reason for this is that
uncontrolled hyperglycemia is not typical in patients. Also, of course, rats
may respond differentially to hyperglycemia and hypoinsulinemia than
humans. Additionally, a chemically induced loss of B cell function is very
rare in humans (Puro, 2002). Still, the most widely accepted animal model
for the evaluation of retinal complication of diabetes is the STZ-induced
diabetic rats. It has been shown that in STZ-treated rats, significantly more
cells undergo apoptosis, resulting in cell loss in the retinas of diabetic rats and
not in control animals (Asnaghi et al., 2003; Barber et al., 1998). However,
some typical clinical symptoms (neovascularization and macular edema)
could not be detected in rats.

po7o0  During the preclinical phase of diabetes drug research, it is indispensable
to perform experiments on a reliable animal model to mimic diabetes-related
complications. Recently, several reviews have been published summarizing
the existing methods for the investigation of diabetic eye disorders in rodents
(Islam, 2013; Jo et al., 2013; Kong etal., 2013; Robinson et al., 2012). Now-
adays, a number of diabetes models are well known and widely used, but
only a few of them offer a thorough examination of the diabetic manifesta-
tions in their complexity. Such diabetic state should be extended for a time
interval, long enough to allow the formation of accurately detectable func-
tional and morphological diabetes-related complications in various sever-
ities. However, the main limitation of the currently available diabetes
models is that the experimental subjects cannot tolerate the severe general
conditions in ‘the absence of any antidiabetic therapy (Fox et al., 1999).
Therefore, it is'essential to apply an experimental design enabling tolerable
general states of the animals. Maintenance of a suboptimal glycemic control
mimics the diabetic conditions and permits the development of chronic
complications. Our group has recently developed a novel chronic,
insulin-controlled method for the investigation of diabetic ocular changes.
Diabetes was induced by single-dose STZ injection and maintained for 12 or
16 weeks in male Sprague—Dawley rats. Diabetic rats were divided into four
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groups according to the different doses of insulin replacement with subcu-
taneously applied implants. In groups where blood glucose levels were
between 5—10 mmol/l and around 20 mmol/l, resulting in mild and
medium severe forms of diabetes, we found only minimal functional and
histopathologic changes in the eye. When the blood glucose concentration
was over 30 mmol/l, severe pathophysiological signs developed. Marked
corneal neovascularization, retinal degeneration, and cataract formation
were observed. This chronic, insulin-controlled animal model is-available
for the preclinical studies of promising drug candidates against diabetic com-
plications (Hajna et al., 2013).

s0125 3.1.2 Genetic defects

po795 Using the advantages of the widespread controlled breeding of laboratory ani-
mals (primarily rats and mice), a number of inbred strains were selected with
metabolic deficiencies, several of those bearing the hallmarks of diabetes.

$0130 3.1.2.1 BB/W rats

posoo The BB/W Wistar rat develops autoimmune diabetes similar to type 1
human diabetes mellitus. The syndrome is.characterized by sudden onset
of hyperglycemia, ketonemia, and pancreatic B cell destruction; therefore,
BB/W rat strain is a model of type 1 diabetes. In these animals, diabetes
develops spontaneously. It is an excellent laboratory model of type 1
juvenile-onset diabetes mellitus from both a metabolic point of view and
an immunological point of view. The diabetic syndrome of these rats spans
a spectrum of increasing severity from insulitis without glucoregulatory
changes to insulin-dependent diabetes with massive B cell destruction. Obe-
sity is absent, both sexes are affected, and peak incidence of diabetes occurs
around the age of sexual maturation (80—-100 days). Sublines with expected
zero incidence and high diabetes incidence (40-100% overt type 1 diabetes)
have been developed. However, these animals have never been examined

extensively for DR syndromes. It remains to be shown that these animals
develop DR atall+(Yale and Marliss, 1984).

s0135 3.2. Type 2 diabetes

posos Type 2 diabetes is a complex, heterogeneous, polygenic disease character-
ized mainly by insulin resistance and pancreatic B cell dysfunction. Appro-
priate experimental models are essential tools for understanding the
molecular basis, pathogenesis of the vascular and neural lesions, actions of
therapeutic agents, and genetic or environmental influences that increase
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the risks of type 2 diabetes. In contrast to type 1 diabetes, where rats are used
most often, there are several mouse models of type 2 diabetes too.

s0140 3.2.1 OLETF rats

p0810 A spontaneously diabetic rat with polyuria, polydipsia, and mild obesity was
discovered in 1984 in an outbred colony of Long—Evans rats. A strain of rats
developed from this rat by selective breeding has since been maintained at
the Tokushima Research Institute and named OtsukaLong—Evans
Tokushima Fatty (OLETF) strain. They became a widely used model of
noninsulin-dependent diabetes. The characteristic features.of OLETF rats
are late onset of hyperglycemia (after 18 weeks of age), a chronic course
of disease, mild obesity, inheritance by males, hyperplastic foci of pancreatic
islets, and renal complication (nodular lesions). Histologically, the changes in
pancreatic islets can be classified into three stages: (1) an early stage
(620 weeks of age) of cellular infiltration and degeneration, (2) a hyperplas-
tic stage (20—40 weeks of age), and (3) a final stage (at >40 weeks of age).
These clinical and pathological features of disease in OLETF rats resemble
those of human noninsulin-dependent diabetes mellitus. Architectural
defects of the islet capillaries can cause impaired B cell function in aged
OLETF rats (Mizuno et al., 1999).

p0815 OLETF rats exhibited a significantly reduced total retina thickness,
especially that of the NFL at 28, 36, and 40 weeks of age. Histological
examination revealed increased apoptosis (active caspase 3-positive and
TUNEL-positive cells in NFL) and a decrease in the number of RGCs
(Yang et al., 2013a). GFAP immunofluorescence staining was upregulated
in vertical sections and showed a more ramified pattern in whole-mount ret-
inas. VEGF expression extended into the OPL (Jung et al., 2013). The INL
decreased from 3—4 rows to 2 rows, whereas the photoreceptor cell nuclei
decreased from 8 rows to.3—6 rows. These results suggest that retinal neu-
rodegeneration occurs in type 2 diabetic OLETF rats. RPE decreased in
height, and basal infoldings were poorly developed. Retinal capillary base-
ment membranes were significantly thicker in the OLETF rats than in the
Long—Evans Tokushima Otsuka (LETO) rats, and endothelial cell damage
was observed (Lu et al., 2003). In the 64-week-old OLETF rats without
treatment, corrosion cast revealed diabetic retinal and choroidal vascular
changes: tortuosity of the vessels, variations in caliber, narrowing of arteries,
arterio-arterial anastomoses and hairpin loop formation in precapillary arte-
rioles, sparse collecting venules in the choroid, and marked capillary changes
such as caliber irregularity, narrowing, tortuosity, loop formation and
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