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The most striking features of diabetic retinopathy are the
vascular abnormalities that are apparent by fundus examina-
tion. There is also strong evidence that diabetes causes apo-
ptosis of neural and vascular cells in the retina. Thus, there is
good reason to define diabetic retinopathy as a form of chronic
neurovascular degeneration. In keeping with the gradual onset
of retinopathy in humans, the rate of cell loss in the animal
models is insidious, even in uncontrolled diabetes. This is not
surprising given that a sustained high rate of cell loss without
regeneration would soon lead to catastrophic tissue destruc-
tion. The consequences of ongoing cell death are difficult to
detect, and even the quantification of cumulative cell loss
requires painstaking histology and microscopy. This subtle cell
loss raises the issue of the relevance of the phenomenon to the
progression of diabetic retinopathy and the ultimate loss of
vision. Neuronal function may be compromised in advance of
apoptosis, contributing to an early deterioration of vision. Here
we review some of the evidence supporting apoptotic cell
death as a contributing mechanism of diabetic retinopathy,
explore some of the potential causes, and discuss the potential
links between apoptosis and loss of visual function in diabetic
retinopathy. (Invest Ophthalmol Vis Sci. 2011;52:1156-1163)
DOI:10.1167/i0vs.10-6293

etinopathy is one of the most common complications of

diabetes, afflicting about 20% of adults with diabetes. As of
2008 diabetic retinopathy affected more than 4.4 million Amer-
icans age 40 and older (Vision Problems in the U.S., the
National Eye Institute and Prevent Blindness America, 2008,
available at http://www.preventblindness.org/vpus/). The dis-
ease is characterized and diagnosed by visual fundus examina-
tion revealing vascular lesions and macular edema. There is
plenty of evidence, however, that these visible manifestations
of the disease are accompanied by insidious degenerative
changes that can only be detected by more invasive histologi-
cal or biochemical assays. One of the most perplexing of these
changes is persistent apoptosis of a variety of vascular and
neural cells, which has been observed in retinal tissue from
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humans with diabetes and diabetic animal models. While the
evidence for an appreciable increase in retinal cell apoptosis
has become abundant, the underlying mechanisms are still
unknown. Furthermore, the relationship between apoptosis of
vascular and neural cells is unclear, with the possibility that
loss of these different classes of cells occurs over different
timeframes and possibly by unrelated mechanisms. Finally, the
relatively low rate of chronic cell loss that appears to occur in
diabetes confounds our scientific efforts and renders the phys-
iological relevance of apoptosis to vision loss uncertain. In this
article, we will discuss the evidence for apoptosis of retina
cells in diabetes, and briefly consider some of its potential
mechanisms and physiological consequences.

APOPTOSIS OF VASCULAR CELLS

It is well established that diabetes leads to loss of vascular cells
in the retina, as indicated by the appearance of acellular cap-
illaries in which basement membrane or remnant endothelial
cell cytoplasm remains while the cell nucleus is absent.' These
lesions are best observed in the protease (trypsin or elastase)
digest preparation, which has remained the most widely used
technique for the histologic inspection of retinal vasculature in
fixed specimens.” Vascular apoptosis was explored using ter-
minal dUTP nick-end labeling (TUNEL) in human and rat reti-
nas treated by trypsin digestion.”> There was a small but signif-
icant increase in the number of vascular cells positive for
TUNEL in postmortem retinas of seven human donors who had
diabetes for an average of 9 = 4 years compared with retinas
from nine donors who did not have diabetes. A similarly mod-
est increase in vascular cell death was found in rats after 31
weeks of streptozotocin-induced (STZ)-diabetes.” This study
was the first to quantify an increase in apoptosis throughout
the entire vasculature of the retina. Other studies confirmed
the increase in retinal vascular cell apoptosis in diabetic reti-
nas®*~® and in db/db mice.® The increase in vascular cell apo-
ptosis also suggested a potential mechanism for the appear-
ance of acellular capillaries given that the endothelial cell
bodies and nuclei were thought to disappear while leaving
their intact basement membranes behind.?

Apoptosis may also account for the appearance of pericyte
“ghosts” (pockets within the basement membrane that appear
to have once contained a pericyte) frequently noted in trypsin
digest samples.®> TUNEL labeling of pericytes in human retinas
was increased by diabetes and also localized with Bax immu-
noreactivity, a proapoptotic Bcl2 family member protein.'®
Another study of postmortem retinas noted that pericytes were
absent from some blood vessels that still contained intact
endothelial cells and that vessels with microaneurysms tended
not to contain pericytes, suggesting that their loss permits
uncontrolled proliferation of endothelial cells.'! Pericyte drop-
out has been used as an index of diabetic retinopathy,'*'? but
the functional consequences of this finding remain unclear.
Given the potential contractile properties of these cells,'? it is
conceivable that their loss could alter the way blood flow is
regulated in the retinal microvasculature.
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Although much has been learned about apoptosis of vascu-
lar endothelial cells, it is unclear whether the modest increase
in apoptosis is related to other functional consequences of
diabetes, such as loss of blood-retinal barrier integrity leading
to macular edema.">'” Increased retinal vascular permeability,
which precedes vascular proliferation, is a well-documented
consequence of diabetes in humans and animal models.'® 2% It
is also unclear whether there is a causal link between vascular
cell apoptosis and increased vascular permeability. The con-
cept that loss of an endothelial cell leaves a transient hole in
the vessel wall seems simplistic. Occasional losses in the vas-
culature of control animals are likely to occur during the
normal turnover of endothelial cells, but this does not appear
to increase vascular permeability. Furthermore, a study using
STZ-diabetic rats to identify the most permeable regions of
blood vessels by in situ fixation of fluorescent concanavalin A
showed that permeability did not occur at isolated cells or
capillaries.?® Rather, permeability occurred in many vessels
simultaneously, first in the larger superficial vessels and then
progressing to the capillaries of the outer plexiform layer
within 2 months of the onset of diabetes. It therefore seems
more likely that vascular permeability increases as a conse-
quence of regulatory changes in tight junction proteins within
a broad population of endothelial cells and is less likely the
consequence of the apoptosis of small numbers of endothelial
cells.**

The long-term functional significance of vascular cell apo-
ptosis is unclear, and it is uncertain whether it is responsible
for, or a result of, the development of localized capillary non-
perfusion and retinal ischemia. Vascular cell dropout can be a
response to reduced metabolic demands from the surrounding
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.

APOPTOSIS OF THE NEURAL RETINA

Trypsin digestion isolates the vascular cells of the retina for
histologic examination. Studies using TUNEL in histologic sec-
tions of retinas of STZ-diabetic rats and postmortem human
retinas revealed that diabetes increased apoptosis in neurons,
especially in the inner retina, where retinal ganglion cells are
located.?>2° When TUNEL labeling was adapted to whole ret-
ina, the total number of apoptotic cells could be quantified and
was approximately 10-fold greater than the number reported in
trypsin digest retinas, suggesting that nonvascular cells also
undergo apoptosis in diabetes.”” These findings indicate that
significant neural apoptosis is an earlier event than vascular
apoptosis and that the rate of neural apoptosis remains con-
stant throughout the duration of diabetes. Similar results were
found by other investigators using the same technique,® and
an increase in intraocular pressure further elevated the number
of TUNEL-positive cells in diabetic rats.?® Taken together, these
data suggest that apoptosis in the neural retina is an early and
persistent event in diabetes.

Neurons are unable to proliferate, so apoptosis of these
cells will result in a cumulative loss leading to chronic neuro-
degeneration. The morphology of rat retinas was examined to
determine whether the gradual cell loss reduced the overall
number of cells remaining in the retina after a long duration of
diabetes.?” Paraffin-embedded sections of eyes from STZ-dia-
betic rats after 30 weeks of diabetes were examined for
changes in thickness, and the number of large cell bodies in the
retinal ganglion cell layer was counted to determine whether
the cumulative cell loss would result in significant differences
in the total number of remaining cells in diabetic and control
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retinas. The total number of cell bodies in the retinal ganglion
cell layer was reduced by 10% after 7.5 months of diabetes.
This was accompanied by a 22% reduction in the thickness of
the inner plexiform layer and a 14% loss in the thickness of the
inner nuclear layer. In contrast, there was no change in the
thickness of the outer nuclear layer, suggesting that more cells
were lost from the inner than from the outer retina. This study
attempted to test the origin of cells undergoing apoptosis by
pairing TUNEL with immunohistochemistry for von Willebrand
factor, an immunohistochemical marker of vascular endothelial
cells.®® It was found that, at least in the small number of radial
sections sampled, TUNEL labeling did not localize with blood
vessels, suggesting that the cells undergoing apoptosis were
more likely to be neurons or glia.

Further studies have revealed the loss of multiple subtypes
of neurons in mouse retinas.>"*>*> The number of apoptotic
cells in mice that had been diabetic for 4 weeks was measured
in whole retinas by counting the number of cells immunore-
active for active caspase-3.>' Again, the number of TUNEL-
positive and active caspase-3-immunoreactive cells was in-
creased in the ganglion cell layer, and there was a cumulative
loss of retinal ganglion cells®® and amacrine cells in diabetic
mice.>* Apoptosis of cells in the retinal ganglion cell layer of
STZ-diabetic mice was further confirmed by the appearance of
fragmented nuclei in electron micrographs.®>? Importantly, the
increase in apoptosis occurs soon after the onset of experi-
mental diabetes, corresponding to the earliest changes in vas-
cular permeability.

Other studies have confirmed that diabetes results in the
apoptosis of a variety of cells in the retina. The reduction in the
number of cell bodies in the retinal ganglion and inner nuclear
layers in rats after 1 month and 4 months of STZ-induced
diabetes was corroborated by immunohistochemistry for
NeuN, a cell-specific marker expressed exclusively in the nu-
clei of neurons.?> The total number of inner nuclear layer cell
bodies with NeuN immunoreactivity was reduced to approxi-
mately 50% of controls after 4, 6, and 12 months of diabetes
and was accompanied by a 20% reduction in NeuN-positive
cells in the retinal ganglion cell layer after 1 month and 4
months. Although this study provides good evidence that ret-
inal ganglion cells are vulnerable in diabetes, it is conceivable
that other neurons, such as displaced amacrine cells, would
appear positive for NeuN in the retinal ganglion cell layer. A
loss of retinal ganglion cell bodies is also indicated by a reduc-
tion in the number of axons in the optic nerve of rats after 12
weeks of STZ-diabetes,*® and by a clinical study showing a
reduction in the thickness of the retinal nerve fiber layer using
scanning laser polarimetry.®” In the latter study of a group of
patients who had diabetes for an average of 15 years, the
thickness of the nerve fiber layer in the superior polar quadrant
of the retina was significantly reduced compared with the
control group, indicating a loss of axons in this region and
implying an accompanying loss of retinal ganglion cells. Inter-
estingly, an earlier study of 137 patients with type 2 diabetes
and 144 subjects without diabetes suggested that nerve fiber
layer defects occurred in 20% of the diabetic subjects with no
evidence of microaneurysms.>®> More recently, OCT studies
have demonstrated reductions in the thickness of the inner
retinal layers, including the retinal ganglion cell layer, in type 1
diabetes patients with minimal vascular retinopathy>>*°

Data from human retinas suggest that there are similar
increases in apoptosis of both the vascular and neural compo-
nents of the retina.>2%27%1 Therefore, we suggest that current
animal models accurately reflect the apoptosis encountered by
human retinas in diabetes. In a small number of whole-
mounted retinas from human donors, the number of TUNEL-
labeled cells was greater than in age-matched nondiabetic do-
nors,>” and apoptosis markers were increased in the inner
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retinas of humans with diabetes.®! Therefore, it seems likely
that diabetes causes apoptosis of retinal neural cells in humans
similar to that observed in rodents. It is our experience, how-
ever, that the time of onset (duration of diabetes required to
significantly elevate apoptosis) was difficult to determine in
humans because of a lack of accurate determination of the
onset of diabetes in tissue donors. Studies on postmortem
tissue are also compromised by the uncertain effects of the
variable time span between death and retinal preservation.

Use of multifocal electroretinograms (mfERGs) has pro-
vided provocative evidence suggesting a direct link between
neural and vascular dysfunctions in diabetic patients. mfERG
detected localized defects in neuronal function (implicit time
delays) that predicted the appearance of visible vascular dys-
functions in the same regions over the course of 3 years.*? This
finding suggests that neuronal apoptosis precedes overt vascu-
lar dysfunction. The spatial coincidence might also suggest that
neuronal death or dysfunction leads to vascular pathologies;
however, subtle undetected vascular defects could have ex-
isted before the deficit in ERG response.

In summary, there is now ample evidence that diabetes
increases the rate of apoptosis of both neural and vascular cells
in the retina. Histologic evidence of neuronal loss has been
noted in monkeys with spontaneous type 2 diabetes** and in
humans.**%> Taken together, these data clearly indicate that
apoptosis of retinal vascular and neural cells is a consequence
of diabetes in multiple species, including humans. We propose
that research must continue to move beyond the characteriza-
tion of pathology and seek better understanding of the disease
mechanisms that are the precursors of diabetic retinopathy.

Pot1eENTIAL CAUSES OF RETINAL CELL APOPTOSIS
IN DIABETES

The potential mechanisms of diabetic retinopathy are too nu-
merous to comprehensively review in this Perspective. We will
focus instead on selected mechanisms (illustrated in Fig. 1) that
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FIGURE 1. Summary of potential causes of apoptosis in diabetic reti-
nopathy. Evidence from animal models and postmortem human tissue
support an increase in apoptosis in the retinal vasculature (left) and
neural cells (including all neurons and photoreceptors; right). Some
potential mechanisms considered in this Perspective include general
ones such as oxidative stress and reduced growth factor signaling,
which could induce cell death in all cells. Also considered are gluta-
mate excitotoxicity, which is known to cause apoptosis in neurons
though its potential to kill vascular cells is less clear, and neuroinflam-
mation, which is known to induce vascular permeability and may also
cause dysfunction in neural tissue.
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have been implicated as elevators of apoptosis in the retina and
that we suggest as important candidates for further study.

Glutamate Excitotoxicity

Neuronal apoptosis in the central nervous system is often
associated with increased release of extracellular glutamate,
which is thought to play a central role in both chronic and
acute neurodegeneration.?®*7 A number of studies in rats and
humans suggest that the total content of glutamate in the retina
and vitreous is elevated by diabetes.*®~>° Diabetes also reduces
the rate at which explant retinas convert '*C-glutamate to
14C-glutamine, suggesting that the activity of glutamine synthe-
tase is reduced.” The 35% loss in activity of this Miiller cell-
specific enzyme was also accompanied by reduced glutamine
synthetase protein content measured by Western blot.>' Oxi-
dation of '*C-glutamate to '*CO, by the TCA cycle was re-
duced to 62% of the control value in retinas from STZ-diabetic
rats.>! Interestingly, the general transaminase inhibitor, ami-
nooxyacetate, blocked the oxidation of glutamate in control
retinas but caused no further deficit in the retinas of diabetic
rats, suggesting that the reduction in the rate of glutamate
oxidation is caused by impaired transamination between glu-
tamate and keto-acids, thus lessening the production of a-ke-
toglutarate from glutamate and ultimate oxidation of glutamate
carbons.”?~>% Taken together, these data suggest that diabetes
may impair glutamate uptake and metabolism, resulting in a
potential accumulation of extracellular glutamate, leading to
excitotoxicity in which excess glutamate stimulation causes an
uncontrolled intracellular calcium response in postsynaptic
neurons.>>>¢

Changes in the uptake of glutamate by Miiller cells may also
contribute to excitotoxicity in diabetes by causing an excessive
synaptic glutamate accumulation. Aspartate immunoreactivity
was increased in Miiller cells of diabetic rats, suggesting slower
clearance of glutamate,?” whereas excised Miiller cells from
STZ-rats after 1 month of diabetes demonstrated reduced glu-
tamate transporter activity, measured by patch clamp analy-
sis.>® A more recent study of mouse Miiller cells showed that
high glucose had no effect on the expression and activity of the
cystine-glutamate exchanger (xCT), but the induction of oxi-
dative stress in these cells more than doubled xCT mRNA
expression and elevated its activity, whereas the activity of the
glutamate transporter GLAST was moderately decreased by
oxidative stress.®® The results of these studies on Miiller cells
suggest that diabetes reduces the activity of glutamate trans-
port, potentially elevating the concentrations of extracellular
and synaptic glutamate in the retina, which, in turn, could lead
to excitotoxic cell death.

In addition to a potential imbalance in the glutamate-glu-
tamine cycle, studies suggest that diabetes may alter the regu-
lation of glutamate receptor expression. For example, an
immunohistochemical study compared the content of a-amino-
3-hydroxy-5-methyl-isoxazole-4-propionate (AMPA) receptor
and the N-methyl-D-aspartate (NMDA) glutamate receptor sub-
unit protein expression in 12 diabetic and 6 control donor
eyes. The results showed that the immunoreactivity of GluR2
and NR1 subunits was significantly increased by diabetes.®!
Studies in diabetic rats also indicated that immunoreactivity of
AMPA and NMDA receptor subunits Glu2/3 and NMDA1 were
increased.®? In addition, one of these studies indicated that
AMPA receptor subunit GluR2 phosphorylation and cellular
distribution were altered during the early stages of diabetes,
perhaps reflecting a shift in receptor recycling.®® High glucose
also increased the expression of the GluR2 subunit by cultured
retinal neurons, whereas the expression of GluR1 and GluR6/7
subunits was decreased and coincided with a decrease in
calcium permeability through AMPA receptor-associated chan-
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nels,®* which may be a compensatory mechanism to reduce
chronically elevated glutamate stimulation.

Elevated glutamate levels may be the consequence of al-
tered glutamate metabolism and reduced glial uptake (or vice
versa). These may be accompanied by adaptive changes in
glutamate receptor content and binding. The combined
changes in the glutamate signaling system may ultimately in-
crease apoptosis despite compensatory mechanisms designed
to protect neurons, and the resultant imbalance in neurotrans-
mission activity could also lead to dysfunction in visual signal
processing in the retina and to apoptosis. Thus, the glutamate
excitotoxicity hypothesis suggests a mechanism not only for
the increase in cell death but also for the loss of visual function
in diabetes.

Loss of Trophic Support/Survival Signaling

Another hypothesis to explain apoptosis is that diabetes re-
duces the abundance of trophic factors or the effectiveness of
growth factor signaling mechanisms that are essential for the
survival of neurons, pericytes, and endothelial cells in the
retina. Administration of nerve growth factor to STZ-induced
diabetic rats protected the retina from apoptosis,>> but another
study found that nerve growth factor content and its receptor
expression were unchanged by diabetes in the retinas of Bio-
Breeding/Worcester rats, a model of spontaneous insulin-defi-
cient diabetes.®®> Other studies showed that diabetes depletes
the content of brain-derived neurotrophic factor (BDNF) in
both the brain and the retina®°” and reported that intravitreal
replacement of BDNF reduced the loss of dopaminergic ama-
crine cells, indicated by immunoreactivity for tyrosine hydrox-
ylase, suggesting that this growth factor may be important for
amacrine cell survival in the inner retina.®” It has also been
demonstrated that insulin acts as a survival factor for retinal
neurons.®® The retina has an abundance of insulin receptors
with high basal activity that respond to physiological concen-
trations of insulin (10 nM) with the phosphorylation of Akt.®”
Diabetes also reduces the kinase activity of the insulin recep-
tor/phosphoinositide 3-kinase/Akt signaling pathway in the
retinas of STZ- diabetic rats,”®”" suggesting that the sensitivity
or responsiveness of downstream components of the tyrosine
kinase growth factor signaling pathway may be reduced.

Growth factor signaling is also important to the survival of
the vasculature. Apoptosis of retinal vascular cells during dia-
betes may be attributed to lack of platelet-derived growth
factor B (PDGF) signaling because mice with endothelial cell-
targeted knockout of the PDGF gene exhibit retinal pericyte
loss resembling that of diabetic animals.”* Recently, hypergly-
cemia and diabetes have been shown to cause phosphorylation
and inhibition of the PDGF receptor beta in a protein kinase C
delta (PKCd)-dependent fashion, such that PKCSé knockout
mice did not exhibit the accumulation of acellular retinal cap-
illaries during diabetes.”®

It is likely that diabetes progressively impairs the function of
multiple trophic signaling pathways in both vascular and neu-
ral components of the retina, thus reducing the strength of
survival signals and elevating the chance of apoptosis induced
by other disease-related stresses.

Oxidative Stress

Many studies have focused on the possibility that cellular
dysfunction in diabetic retinopathy (and other complications
of diabetes) is caused by oxidative stress induced by hypergly-
cemia.”*~77 Levels of 8hydroxydeoxyguanosine (8-OH-dG), an
indicator of oxidative DNA damage, are increased in both the
urine’® and the vitreous’® of patients with diabetic retinopa-
thy. Vascular cell TUNEL labeling was reduced by the antioxi-
dant drug aminoguanidine in diabetic rats,> suggesting that
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endothelial apoptosis may be triggered by oxidative stress.
Direct measurement of free radicals in tissue is difficult; how-
ever, indirect evidence of oxidative stress in the retinas of
diabetic animals has been reported. The intracellular store of
reductive capacity, glutathione, was depleted after 2 months
of STZ-diabetes in rat retinas, but not brain, suggesting that
oxidative stress may be more pronounced in the retina.®® Lipid
peroxides measured by thiobarbituric acid reactive substances
were also found to be increased.®' Caspase-3 activity was
diminished after 2 and 14 months of diabetes in alloxan-in-
jected rats fed with a complex of antioxidants including Trolox,
a-tocopherol, acetyl cysteine, ascorbic acid, (-carotene, and sele-
nium.®* When fed to STZrats diabetic for 11 months, the
antioxidant a-lipoic acid also reduced TUNEL labeling in the
trypsin-digested vasculature, possibly by inhibiting the oxida-
tion of DNA and nitrotyrosine.®* Diabetic mice fed lutein ex-
hibited lessened generation of reactive oxygen species in the
retina, resulting in diminished caspase-3 activation, fewer
TUNEL-positive cells, significant prevention of ganglion cell
loss, inner plexiform layer and inner nuclear layer thinning,
and improved ERG responses.®* Similar results were observed
in diabetic rats fed either lutein or docosahexanoic acid.®
These pharmacologic studies show that reducing oxidative
stress may be an effective approach to slow the retinal degen-
eration in diabetic retinopathy.

Mitochondrial oxidative stress and dysfunction may play a
key role in retinal vascular dysfunction during diabetes. Re-
cently, a haplotype of the mitochondrial uncoupling protein 2
(UCP2) gene was found to be associated with significantly
increased risks for proliferative diabetic retinopathy in both
type 1 and type 2 diabetes.®® UCP2 expression is increased in
retinal endothelial cells and pericytes cultured in high glu-
cose,®” presumably as a compensatory mechanism to combat
increased reactive oxygen production.®® Mitochondrial dys-
function as a consequence of diabetes has been measured in
whole rat retina.?® In this study there was also an increase in
release of cytochrome ¢ and a greater association of BAX with
mitochondrial membranes, suggesting that the intrinsic mito-
chondrial pathway plays a role in the initiation or propagation
of cell death by apoptosis. However, in vitro results suggest
that high glucose may cause mitochondrial oxidative stress
indirectly by increasing cytokine production, which in turn
affects mitochondrial function.’® Another indirect player may
be matrix metalloproteinase 2 (MMP2). MMP2 expression was
upregulated in diabetic retinas and retinal endothelial cells
cultured in high glucose, and the inhibition of MMP2 function
or expression blocked the ability of high glucose to induce
retinal endothelial cell mitochondrial dysfunction and apopto-
sis.”! Thus, though hyperglycemia causes endothelial damage,
this may not simply be due to increased glucose metabolism by
these cells but rather to indirect induction of mitochondrial
oxidative stress and dysfunction leading to apoptotic signaling.

Neuro-inflammation

Inflammation is thought to play a key role in the pathology of
several diabetic complications. The role of inflammatory pro-
cesses in diabetic retinopathy is now generally accepted.”**?
Several studies identified increased concentrations of cyto-
kines, particularly vascular endothelial growth factor (VEGFA),
interleukin (IL)-1B3, IL-6, IL-8, tumor necrosis factor (TNF)-a,
and monocyte chemoattractant (MCP)-1, CCL2 in the vitreous
of patients with proliferative diabetic retinopathy and diabetic
macular edema.”’?*°4-°¢ Genomic assessment of whole reti-
nas of diabetic rats identified increased expression of the in-
flammatory genes CCL2, ICAM-1, STAT3, CCR5, and CD44,°7
and Miiller cells isolated from diabetic rats had increased ex-
pression of several genes associated with immune function and
inflammation.*®
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A causal link between cytokine expression and retinal apo-
ptosis in diabetes has not been well established. However, an
inflammatory component was supported by the finding that
vascular apoptosis was blocked by systemic administration of
an antibody to Fas ligand, preventing leukostasis.® Injection of
IL-1 into the vitreous of normal rats also induced TUNEL label-
ing and increased numbers of acellular capillaries in trypsin
digest retinas, whereas a diet rich in multiple antioxidants
reduced the amount of IL-1 and prevented vascular apoptosis
in diabetic rats.” Similarly, a TNF antagonist also reduced the
number of apoptotic vascular cells.®

Several studies have observed alterations in the morphology
of retinal microglia, the innate immune cells of the nervous
system. These changes include shortening and decreased ram-
ification of microglial membrane processes.>"*>1°° Altered
microglia were associated with the vasculature in human dia-
betic retinas, leading to the term microglial perivasculitis.®®
Diminished ramification of microglia in diabetic animals and
human specimens may indicate inflammatory activation of
these cells.>"**>1°1-192 Microglia that have progressed to a fully
activated inflammatory state produce numerous cytokines, in-
cluding IL-6, IL-18, TNFa, and MCP-1.'°% Several animal studies
have suggested that these cytokines may contribute to micro-
vascular complications and apoptosis during diabetic retinop-
athy. For example, 2 months of STZ-diabetes increased IL-1
activity in rat retinas.” Intravitreal injection of IL-18 in normal
rats increased the number of TUNEL-positive vascular cells in
trypsin digests and also increased 8-OH-dG content.'®* Mice
lacking the IL-1RI exhibited greatly diminished retinal caspase
activation and acellular capillary formation after 4 to 7 months
of STZ-induced diabetes.'®® Mice lacking TNFRI or TNFRII
expression also exhibited diminished pericyte and endothelial
cell loss when fed galactose for 20 months. ¢ In diabetic rats,
inhibition of TNFa with the soluble receptor fusion protein
drugs pegsunercept and etanercept reduced caspase activa-
tion, endothelium-associated apoptosis, loss of pericytes and
endothelial cells, and formation of acellular Capillaries.8 In
addition, a recent small phase 3 clinical study found that
treatment with the anti-TNF monoclonal antibody inflix-
imab improved visual acuity in patients with diabetic mac-
ular edema.'®” The mechanism by which these cytokines
may contribute to retinal vascular and neural apoptosis is
not clear but may involve the induction of excitotoxicity,
oxidative stress, or mitochondrial dysfunction.'®®-11° Al
though a strong association between inflammation and dia-
betic retinopathy has been established, a precise mechanistic link
between inflaimmatory cytokines and retinal apoptosis during
diabetes has not yet been determined.

THE POTENTIAL FOR L0OSs OF NEURONAL FUNCTION
IN THE ABSENCE OF APOPTOSIS

It seems a reasonable assumption that the gradual loss of visual
function in diabetic retinopathy is due to a progressive loss of
cells, much in the same way that loss of cerebral function
occurs in chronic degenerative diseases of the brain (e.g.,
Alzheimer’s and Parkinson’s diseases), which are assumed to
be the result of a progressive loss of neurons. In diabetic
retinopathy, however, the progressive loss of cells is a small
effect, and it may not be safe to assume that it is directly
responsible for loss of function, especially in the early stages of
disease progression. Other changes are known to occur in the
retinas of diabetic animals that may affect neuronal function in
the absence of apoptosis. Loss of synaptic proteins required for
neurotransmission, for instance, has the potential to alter reti-
nal function.''™''* Changes in intracellular calcium signaling
as a result of extracellular glutamate activity or changes in the
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expression of calcium-binding proteins and the activity of cal-
cium-responsive enzymes such as CamKII could also alter the
physiological output of the retina.®**'? Early compromise of
specific visual functions, such as contrast sensitivity and
dark adaptation, are indicators of functional changes within
the photoreceptors or other neuronal components of the
retina.''*!'7 Alterations in the biochemistry and physiology
of retinal neurons may occur independently or as a precur-
sor to their ultimate demise by apoptosis, making loss of
visual function a potential consequence of cell loss by apo-
ptosis and maladaptive dysfunction of surviving cells.

CONCLUSIONS

In conclusion, apoptosis of vascular and neural cells in diabetes
is clearly established, and these pathologies are well character-
ized in animal models and postmortem human tissue. Altered
glutamate excitation, reduced trophic factor signaling, oxida-
tive stress, and neuro-inflammation are among the many poten-
tial causes of the increase in apoptosis and are important
candidate mechanisms for further study. The next steps to
better understanding of the mechanism of diabetic retinopathy
must embrace new challenges that move beyond further char-
acterization of pathology. Given the difficulty in detecting
small amounts of apoptosis, even in animal models of diabetes,
we must address its physiological relevance to the human
disease. We suggest that the next important questions regard-
ing diabetes-induced apoptosis in the retina are: How well do
animal models recapitulate what occurs in humans? What are
the mechanisms that induce retinal cell apoptosis? What are
the vascular and neural functional consequences of apoptosis
in the retina? Experiments designed to address these questions
will help move the diabetic retinopathy field closer to an
understanding of how to reduce the risk for vision impairment
in persons afflicted with diabetes.
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