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Abstract

For several decades the pathobiology of diabetic reti-
nopathy has been the object of conjecture and hy-
potheses. Indeed, very little was known about the cel-
lular events triggered by diabetes in the retina and
about the processes underlying the microangiopathy.
In the last few years there has been a concerted effort
to acquire such information, and the work has target-
ed not just the retinal vessels but more comprehen-
sively the retina. The picture emerging is one of mul-
tiplicity: multiple cell types in the retina are affected
early by diabetes and multiple processes are opera-

tive in the microangiopathy. The main abnormalities
captured to date are altered expression of several
genes, apoptosis, microthrombosis, and proinflam-
matory changes. The new information needs to be in-
tegrated into temporal and mechanistic sequences
and further expanded but it is beginning to provide a
framework for the cellular dimension of diabetic reti-
nopathy. [Diabetologia (2001) 44: 791-804]
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Important knowledge has been gained during the last
decade on how to delay the onset and progression of
diabetic retinopathy by primary treatment of the un-
derlying diabetic state. The value of tight glycaemic
control, strongly suggested by the pioneer prospec-
tive study of Pirart [1], has been unequivocally af-
firmed by the randomized Diabetes Control and
Complication Trial (DCCT) and the United King-
dom Prospective Diabetes Study (UKPDS). In addi-
tion, ongoing follow-up of the DCCT cohorts is de-
monstrating that protection from progressive retino-
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pathy persists for years in the group treated with in-
tensive therapy, despite increasing hyperglycaemia
[2]. By showing the added value of hypertension con-
trol [3], the UKPDS has launched the era of com-
bined approaches to prevent or delay diabetic retino-
pathy. The next target or set of targets to be addres-
sed therapeutically should become clearer as our un-
derstanding of the pathogenetic process deepens.
The availability of new technology has recently
moved the focus of investigation from histology and
biochemistry to the cellular and molecular levels.
This new investigative mode is bound to generate
more questions than answers for some time because
it must go through a descriptive phase centered on
cells and molecules of a complex organ, which will
bring to the fore multiple and diverse abnormalities
whose respective roles have to be established. We
write this review in the midst of such a descriptive
phase. The focus will be on changes relevant to early
non-proliferative retinopathy, and especially on those
changes that generate new themes and are verified or
found in the human retina. We will confine our re-
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Fig.1. Radial section of human retina immunostained for von
Willebrand factor to identify the vessels and counterstained
with haematoxylin and eosin to show the nuclear layers. Ves-
sels (brown) are confined to the inner retina. Arrows point to
small vessels sectioned tangentially or radially; the arrowhead
points to a large vessel ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer. Scale bar 40 um

view and discussion to observations made in the reti-
na in situ because these are the foundation on which
to reconstruct the processes operative in diabetic reti-
nopathy, and cite only occasionally the contributions
derived from studies in cultured cells.

Multiple cell types in the retina are affected by diabetes

The characteristic and clinically best known feature
of non-proliferative diabetic retinopathy is microan-
giopathy that develops almost universally in patients
who have had Type I (insulin-dependent) or Type 11
(non-insulin-dependent) diabetes mellitus 15 or
more years [4, 5]. Microangiopathy threatens sight
when it leads to macular edema and/or retinal ischae-
mia with attendant unregulated angiogenesis. Macu-
lar edema develops when abnormal permeability of
retinal capillaries causes the passive influx of plasma
or blood into the retina which overwhelms the active
reabsorbing transport. Retinal ischaemia develops
when a critical number of capillaries becomes non-
perfused and obliterated. The simplest paradigm to
explain capillary permeability and closure centres on
vascular endothelium. In the retina, as in the brain,
endothelial cells are the site of the blood-tissue bar-
rier, and, as in all vessels, provide a non-thrombo-
genic surface for blood flow. Both these properties
are eventually compromised by diabetes.

On the other hand, diabetes also affects the neural
and glial cells of the retina. This is not surprising giv-
en that diabetes impacts on most cell types in the
body, but it is potentially very important because the
neural and glial cells appear to be affected very early
on in the course of diabetes, and could thus claim a

causative or contributory role in the microangiopa-
thy. Reports of electroretinographic changes in dia-
betic patients without demonstrable vascular lesions
date back to the 1960s [6] and have been confirmed
by several authors, who found the electroretino-
graphic abnormalities to originate in the ganglion
and inner nuclear layers [7, 8]. Studies mostly per-
formed in streptozotocin-induced diabetic rats have
now identified specific molecular changes of neuro-
glial elements in these retinal layers very early after
induction of diabetes. The inner two-thirds of the re-
tina, in which the retinal capillaries reside (Fig.1)
host close to 50 different cell types ([9] and R. Mas-
land, personal communication), intimately interde-
pendent in physiology, and likely therefore to influ-
ence one another in pathological circumstances. An
example of the importance of such reciprocal influen-
ces is provided by retinitis pigmentosa, in which the
genetic defects affect rod photoreceptors, but it is
the subsequent slow degeneration of cones that is
most important for visual loss [10]. Whether the neu-
roglial abnormalities induced by diabetes eventually
contribute to the development of vascular pathology
is not known at present, but the neuroglial abnormal-
ities will be presented first in view of their early ap-
pearance and potential impact on some aspects of
the microangiopathy.

Abnormalities of the neural retina in experimental dia-
betes. In the rat retina, most of the neurons contain-
ing neuronal nitric oxide synthase (nNOS) appear to
be amacrine cells, residing in the inner nuclear layer
or displaced to the ganglion cell layer and closely re-
lated to vessels [11, 12]. The number of these nNOS-
containing cells was found to decrease by 32 % as ear-
ly as 1 week after the induction of streptozotocin dia-
betes and remained reduced for up to 8 months [12].
The study did not, however, address the question
whether the reduced number of nNOS-positive cells
was due to reduced synthesis of the protein or to
death of the cells. Reduced availability of a vasodila-
tor such as nitric oxide could contribute to the re-
duced retinal blood flow reported after a short dura-
tion of experimental diabetes and so compound the
vascular effects of increased retinal endothelin levels.
Increased endothelin-1 [13, 14] and endothelin-3 [13]
immunostaining has been observed in the neural cells
of the inner retina 2-4 weeks after the induction of
streptozotocin diabetes. Even though immunohisto-
chemical studies are not able to give precise informa-
tion about the synthesis of a secreted protein, the ob-
servations are in agreement with several reports of in-
creased endothelin mRNAs in the retina of diabetic
rats [13, 15, 16]. The expression of endothelin recep-
tors, detected in all retina layers as well as on vascular
cells, appeared to decrease after 2 weeks of strepto-
zotocin diabetes [14] but increase thereafter [13-15].
Studies with inhibitors of endothelin action [13, 16]
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or synthesis [16] have implicated this vasoconstrictor
peptide in the causation of reduced retinal blood
flow, although it is noteworthy that reduced blood
flow was no longer detectable after six months of dia-
betes in rats with a persistent increase in retinal endo-
thelin expression [13]. A possible explanation sugges-
ted by in vitro studies [17] is the development of post-
receptor resistance to endothelin action caused by
chronic hyperglycaemia. A general endothelin recep-
tor antagonist has recently been reported to partially
prevent basement membrane thickening in the retinal
capillaries of diabetic rats [18], an outcome that could
reflect the prevention of blood flow changes or more
direct actions of endothelin on the expression of extra-
cellular matrix components [18]. It has been suggested
that the activation of protein kinase C (PKC) induced
by high glucose is the mechanism for the increased en-
dothelin observed in the diabetic rat retina [16]. The
PKC is activated in the retina of streptozotocin-dia-
betic rats [19] and a selective inhibitor of the 52 iso-
form of PKC was shown to reduce the increased
mean retinal circulation time observed in this model
[19]. However, the effects of the inhibitor on retinal
endothelin were not measured. This information, and
information on which cell types in the retina show acti-
vation of PKC in diabetes, would help show whether
PKC and endothelin are linked in the causation of
blood flow abnormalities or not.

Early in the course of streptozotocin diabetes
(2-8 weeks) there is down regulation of retinal
GLUT 1 expression [20]. GLUT 1 is the ubiquitous
glucose transporter isoform that is not regulated by
insulin and is expressed in the retina by ganglion
cells, photoreceptors, and Miiller glial cells, in addi-
tion to the vascular cells [21]. To determine GLUT 1
expression after a longer duration of diabetes will be
interesting, in view of the fact that GLUT 1 expres-
sion as well as hexose transport are regulated by vas-
cular endothelial growth factor (VEGF), which is re-
ported to increase in the retina after several months
of streptozotocin diabetes [22, 24]. Although VEGF
immunoreactivity was not altered after 2 [25] or 3
[23] months of diabetes, immunoreactive VEGF [23,
24], its transcript [24] and the transcripts encoding
the high-affinity VEGF receptors flk-1 and flt-1 [24]
were found to increase in the inner as well as the out-
er retina of rats who had diabetes for 6 months. This
time-course suggests that retinal VEGF up-regula-
tion in experimental diabetes is not the immediate
consequence of the prevailing metabolic abnormal-
ities but could rather reflect a changing environment
in the retina. The main implication of VEGF overex-
pression is that it could mediate the compromised
barrier properties of diabetic retinal vessels. VEGF
is a powerful permeability factor [26], exogenously
administered VEGF induces retinal edema [27], and
a spatial correlation has been noted in the rat retina
between the appearance of VEGF immunoreactivity

and albumin extravasation [23]. However, increases
in vascular permeability have been reported in the
rat retina as early as 2 weeks [28] or 3 months [29]
after the induction of diabetes, within a period when
increased VEGF expression is not yet to be expected,
at least on the basis of available studies [23, 25].

Perhaps the most dramatic abnormality occurring
early in the neural retina of diabetic rats is a ten-fold
increase in the frequency of apoptosis, observed after
only 1 month of streptozotocin-induced diabetes and
continuing with the same frequency for at least
12 months [30]. The vast majority of apoptotic cells
were not found in association with vascular markers
and appeared to be ganglion cells. Although such a
substantial increase in the rate of apoptosis of postmi-
totic cells might seem incompatible with the long-
term integrity of the retina, the calculated numerical
cell loss over several months of experimental diabetes
was consistent with measured morphometric changes
which would not be detected clinically [30]. The occur-
rence of both neural [30] and vascular [31, 32] apopto-
sisin the diabetic retina suggests a compromised avail-
ability of survival signals. In this context, a recent
study has addressed expression and signaling of insu-
lin-like growth factor 1 (IGF-1) in experimental dia-
betic retinopathy [33]. The IGF-1 is a most potent
growth/survival factor for various cell types, including
neural and vascular [34,35], both IGF-1 and its recep-
tor are present in the retina [36], and circulating
IGF-1 levels as well as IGF-1 expression in several tis-
sues are greatly reduced in both human and experi-
mental diabetes [37]. Retinal IGF-1 mRNA levels
were not found to change after 2 months of streptozo-
tocin-induced diabetes, but after S months of diabetes
they were only half the levels recorded in control rats
matched for age [33]. The suppressed IGF-1 synthesis
was not due to the reduced growth hormone levels
and action characteristic of the streptozotocin-diabet-
ic rat [38], because the study of hypophysectomized
rats showed that retinal IGF-1 synthesis is growth hor-
mone-independent [33]. Surprisingly, neither the le-
vels of IGF-1 receptor phosphorylation nor the phos-
phorylation of Akt, the main downstream anti-apop-
totic effector of IGF-1 [34] were found to decrease in
the diabetic rats, despite the suppressed IGF-1 synth-
esis. This is noteworthy for the additional reason that
Akt phosphorylation is also downstream of the insulin
receptor [34], and the diabetic rats in the study had sys-
temic signs of insulin deficiency. It thus appears that in
the retina of diabetic rats, the activation of the IGF-1
receptor is modulated by influences that compensate
for, or are compensated by, suppressed IGF-1 synth-
esis and that decreased signalling through the IGF-1
receptor cannot readily be invoked to explain acceler-
ated apoptosis in the diabetic retina.

Abnormalities of the neural retina in human diabetes.
Neural abnormalities induced by diabetes have also
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been found in the human retina, although the list is
shorter and the extent of abnormalities less conspicu-
ous than in the streptozotocin-diabetic rat. There are
no reports to our knowledge on the behavior of
nNOS-containing neurons or expression of endothe-
lin in the human diabetic retina. The distribution
and intensity of GLUT 1 immunostaining were found
to be virtually identical in the postmortem retinas of
diabetic and nondiabetic donors [39]. However, the
study was not quantitative because GLUT 1 was eval-
uated solely by immunohistochemistry without con-
firmatory measurement of protein abundance. Sever-
al groups of investigators have addressed the be-
haviour of VEGF in human non-proliferative retino-
pathy, and although the findings are not in full agree-
ment, their aggregate does not confirm the dramatic
VEGF increase described in the neural retina of dia-
betic rats [24]. VEGF was found to be constitutively
expressed in the adult human (and rat) retina, being
synthesized in the inner nuclear and ganglion cell lay-
ers, and present, in addition, in the synaptic terminals
of photoreceptors and the wall of blood vessels [40].
In this study, the combined results of quantitative
Northern blot analysis, RT-PCR (to examine the spli-
cing pattern of the VEGF transcript), in situ hybridi-
zation, and immunohistochemistry failed to identify
differences in VEGF abundance or distribution be-
tween the retinas of diabetic subjects with early non-
proliferative retinopathy and the retinas of non-dia-
betic subjects [40]. Other authors did not detect con-
stitutive presence of VEGF in the non-diabetic hu-
man retina but reported the appearance of VEGF im-
munostaining in Miiller glial cells [41] and vessels [42,
43] of diabetic retinas. The controversy over constitu-
tive retinal expression of VEGF appears to be resol-
ving, because the very investigators who had initially
reported undetectable VEGF mRNA in the non-
ischaemic monkey retina [44], have lately discovered
abundant constitutive expression of VEGF in such
normal monkey (and rat) retinas [45]. The signifi-
cance of the increased VEGF immunostaining
around diabetic retinal vessels is not easy to assess,
because immunostaining cannot throw light on synth-
esis, especially of a secreted protein, and, in addition,
VEGTF is present in the systemic circulation. In other
words, increased VEGF staining around diabetic ret-
inal vessels showing evidence of leakage [23, 42]
could simply reflect VEGF extravasation and cumu-
lative binding to heparin groups in the basement
membranes.

Furthermore, the phenomenon of early neuroret-
inal apoptosis appears to be less prominent in human
diabetes than in the streptozotocin-diabetic rat. An
initial study found no evidence of neural apoptosis in
the retina of seven diabetic donors with early non-
proliferative retinopathy [31], but only one retinal
section was examined for each donor, a sample that
could have been too small to detect a rapidly consum-

mated phenomenon such as apoptosis. The use of flat
mounts of retinal quadrants has provided larger fields
of observation and led to the detection of increased
neural apoptosis in diabetic donors [30]. However,
the study compared only three non-diabetic and two
diabetic donors, and one of the latter had a 30-year
history of diabetes with established retinopathy. In
the retina of the other diabetic donor, who had a 6-
year history of diabetes and no clinical retinopathy,
the number of apoptotic neural cells was twofold
greater than in the non-diabetic specimens. Overall,
it is likely that neural retinal cells undergo acceler-
ated apoptosis in diabetes, and that the process ex-
plains the extensive atrophy of retinal neurons and fi-
bres observed in patients with advanced diabetic reti-
nopathy. However, the issues of how early and exten-
sive neural apoptosis is in human diabetes, and whe-
ther it precedes microangiopathy are still to be set-
tled. Likewise, it is not known whether the greatly
suppressed IGF-1 synthesis observed in the retinas
of human diabetic subjects [33] plays a role in neural
apoptosis. The postmortem period, which did not af-
fect the stability of the IGF-1 transcript, resulted in
complete loss of tyrosine phosphorylation of the
IGF-1 receptor [33], thus precluding studies of recep-
tor activation. The data obtained in diabetic rats [33]
and discussed earlier indicate that reduced IGF-1
synthesis might not translate into reduced signalling,
but the actual events in the human diabetic retina
are not currently known.

Abnormalities of retinal glial cells in experimental and
human diabetes. The mammalian retina contains two
types of macroglial cells: Miiller cells that are specific
to the retina, and astrocytes which migrate into the
retina from the optic nerve [46]. Miiller cells extend
their radial processes to span the thickness of the reti-
na (Fig.2), while astrocytes are confined to the nerve
fiber layer. In their respective locations, the two cell
types envelope neurons, the initial segments of the
ganglion cell axons, and blood vessels. Specifically,
the inner layer of retinal capillaries is enveloped by
both astrocytic and Miiller cell processes, while only
the latter provide the glial wrapping to the outer layer
of the retinal vasculature [46]. Glial processes are so
inextricably enmeshed in the outer basement mem-
branes of retinal microvessels, that it is practically im-
possible to isolate retinal capillaries free of glial con-
tamination [47].

Miiller cells have characteristics that make them
both potential targets of diabetes and potential con-
tributors to retinopathy. Akin to brain astrocytes,
Miiller cells are the primary site of glucose uptake
and phosphorylation in the retina [48]. They are en-
dowed with GLUT 1 [39], which permits unregulated
transport of glucose. They metabolize glucose inten-
sely through glycolysis to produce lactates that fuel
neuronal metabolism [48], are the primary site of gly-
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Fig.2. Radial section of human retina immunostained for Bcl-
2 to identify Miiller cells. In the adult retina Bcl-2 is confined
to Miiller cells. The small arrows point to Miiller cell endfeet;
the arrowhead to Miiller cell processes investing a large vessel;
and the arrows to the radial processes spanning the thickness
of the retina, and contributing to the outer limiting membrane
(*). The wall of the vessel does not show Bcl-2 immunostain-
ing. Scale bar 40 pm

cogen storage and metabolism in the retina [48] and
also have aldose reductase [49, 50], which exposes
them to the consequences of polyol pathway activa-
tion. Some of the Miiller cells housekeeping functions
are linked to the regulation of retinal blood flow.
These cells express several ion channels and co-trans-
porters responsible for the rapid removal of potas-
sium ions, CO,, and other metabolites released by
neurons in the synaptic space [51]. The subsequent
release of potassium and acid equivalents at the end-
feet of Miiller cells (known as the Miiller cell “spatial
buffering system”) is thought to be the mechanism
coupling neuronal activity to blood flow regulation
[51]. Being the only cells in the retina endowed with
the enzyme glutamine synthetase [S1], Miiller cells
transform the glutamate taken up via high-affinity
carriers into glutamine, which is then returned to the
neural cells for glutamate resynthesis [48]. Finally, in
the retina as in the brain, the acquisition of barrier
properties by vascular endothelial cells appears to be
driven by the surrounding neuro-glial environment
[52], and Miiller cells share with astrocytes the capa-
city to induce barrier characteristics in endothelial
cells [53].

Until recently, retinal glia was known to be in-
volved only in the late stages of diabetic retinopathy.
The B-wave of the electroretinogram, which origi-
nates from Miiller cells, shows reduced amplitude in
advanced or proliferative retinopathy [7], and glial
cell invasion is probably the final chapter in the oblit-
erative process of microvessels [54]. There is now evi-
dence that retinal glia, and Miiller cells in particular,
are affected early in the course of both experimental
and human diabetes. In the context of various retinal

pathologies, a recurrent pattern of Miiller cell ab-
normalities includes increased expression of the
anti-apoptotic molecule Bcl-2 and of the intermedi-
ate filament protein glial fibrillary acidic protein
(GFAP), together with reduced expression of the en-
zyme glutamine synthetase [55]. In the rat, marked
overexpression of GFAP was observed as early as
3 months after the induction of streptozotocin dia-
betes [56]. The investigators also detected a reduced
ability to convert glutamate into glutamine and in-
creased glutamate in the diabetic rat retinas, and pro-
posed that glutamate excitotoxicity occurs in the dia-
betic retina as a consequence of Miiller cell dysfunc-
tion [56]. The increased GFAP appears to occur
mainly in Miiller cells [28, 57], with astrocytes show-
ing instead reduced GFAP immunoreactivity after
2 months of streptozotocin diabetes [57] and possibly
a reduced number [28]. Of note, Miiller cell hyperpla-
sia but not yet increased GFAP expression has been
found after 4 weeks of diabetes [28], suggesting that
the latter does not merely reflect increased Miiller
cell numbers. In one of the studies [28], all glial ab-
normalities were preceded by an increase in retinal
capillary permeability detected as a leakage of intra-
vascularly injected Evans blue after only 2 weeks
duration of experimental diabetes. The authors thus
proposed that glial abnormalities in the diabetic reti-
na are a consequence of vascular leakage. This is a
distinct possibility which requires confirmation.

The retinas of human donors with early diabetic
microangiopathy showed a selective and prominent
increase in GFAP [55]. The typical Miiller cell pat-
tern of Bcl-2 and glutamine synthetase immunostain-
ing was similar for both intensity and distribution in
the diabetic and non-diabetic retinas, as were quanti-
tatively the levels of the two proteins. In contrast,
GFAP, largely confined to the most proximal retina
in the non-diabetic donors, was present in most dia-
betic retinas along the entire length of the Miiller
cell processes, throughout the outer retina. Accord-
ingly, the GFAP content was increased three-fold in
the diabetic retinas [55]. Insofar as the content of
Bcl-2 and glutamine synthetase did not change, the
overexpression of GFAP appears selective and is not
likely to reflect an increased number of Miiller cells.
Thus, in both human and experimental diabetes, the
circumstances of increased retinal GFAP point to al-
tered regulation of gene expression. This could be be-
cause of selective transcriptional effects of high glu-
cose or other metabolic abnormalities on the GFAP
gene, or be an element of more pervasive changes in
Miiller cells yielding a “reactive” phenotype.

Even as an isolated abnormality, increased GFAP
could have consequences because transgenic mice
overexpressing GFAP show a phenotype that ranges
from early postnatal lethality to degenerative chan-
ges in the central and peripheral nervous system, in
direct relation to transgene expression [58]. If GFAP
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Table 1. Changes in the cells of retinal vessels in early diabetic retinopathy®

Change in vessels Cellular attribution® Species Reference
| GLUT1 Rat 20
TGLUT1 Endothelial cells Human 62
AGE accumulation Pericytes®, endothelial cells Rat 63
T Glutathione peroxidase Pericytes Human 29
T Haeme-oxygenase I Rat 65
NF-%B activation Pericytes Human 67
T Endocytosis Endothelial cells Rat 73
PAL-E expression Endothelial cells Human 75
Opened tight junctions Endothelial cells Dog 74
{ Occludin Endothelial cells Rat 29
T Occludin Endothelial cells Human 77
T Fibronectin Human 80
T Integrin g1 Human 82
J tPA Human 84
T PAI-1 Human 85
TICAM-1 Human 86
T Prostacyclin-stimulating factor Rat 25
T Prostacyclin production Rat 87
T Bax Pericytes Human 47
T ICE protease CPP32 Pericytes Human 29
) Apoptosis Pericytes, endothelial cells Human, rat 28,72
T Labelling index Endothelial cells Rat 89

2Assigned when permitted by the detection method used or on the basis of known selectivity of expression

®Accumulation could be in basement membrane apposed to cells

up regulation is a marker of a “reactive” phenotype,
an even more complex set of consequences could rea-
sonably be envisioned. Best studied in relation to
events in the central nervous system, reactive glia
up-regulates the expression of a multitude of mole-
cules, including molecules involved in cell adhesion
and migration, tissue repair and scar formation, in-
flammation and neuro protection [59]. Such an al-
tered local environment would magnify tremendous-
ly the number of abnormal signals received by retinal
vascular cells early in the course of diabetes and po-
tentially impact on their regulation of blood flow, bar-
rier properties, and even survival.

Abnormalities of retinal vascular cells in experimental
and human diabetes. Cellular and molecular studies
of retinal vessels in diabetes have focused on identify-
ing mechanisms for glucose toxicity, altered proper-
ties of the endothelial barrier, and capillary oblitera-
tion. Table 1 summarizes the changes described to
date in diabetic retinal vessels in situ or in vessels iso-
lated from the fresh retina and indicates the cell type
exhibiting the abnormality when the attribution was
unequivocal.

Changes relevant to glucose toxicity. The expression
of GLUT 1 has been found to be reduced in the retin-
al vessels of rats that have had streptozotocin dia-
betes for 2 months [20], and previous studies in rats
with similarly short duration of diabetes had shown
increased K, values for the glucose transport systems
of the blood-retinal barrier [60]. While these changes
could be directed at protecting vascular cells as well

as the neural retina from the effects of higher blood
glucose, in vitro data indicate that down-regulation
of glucose transport by high glucose concentrations
does not suffice to achieve normalization of intracel-
lular glucose concentrations in the presence of sus-
tained high glucose [61]. It is thus not certain whether
changes in GLUT 1 can be expected to modulate sig-
nificantly the impact of hyperglycaemia on retinal
cells. Moreover, preliminary studies comparing retin-
al microvessels of three diabetic and two non-diabetic
human donors have shown a bimodal distribution of
GLUT 1, with the larger proportion of diabetic mi-
crovessels manifesting a dramatic increase in GLUT
1 immunoreactivity on the lumenal and ablumenal
membrane as well as in the cytoplasm [62]. The find-
ings in the rat and human diabetic retinal vessels ap-
pear at odds, but the duration of diabetes was so
very different (a few weeks in the rats, over 15 years
in the human subjects) that the findings could in fact
describe different stages and influences in the devel-
opment of the microangiopathy.

There is little information on whether and how ret-
inal microvascular cells in situ are specifically da-
maged by hyperglycaemia. A progressive accumula-
tion of advanced glycation end-products (AGEs) has
been noted in the retinal vessels of rats who had dia-
betes for 2-8 months, with strong immunoreactivity
localized around the pericyte nuclei [63]. The AGEs
found in the retinal vessels of diabetic rats appear to
be derived from both the oxidative and non-oxidative
pathway of AGE formation [64] and there is no clear
evidence for changes in the AGE receptors [63, 64].
The retinal vessels of diabetic patients have been test-



M. Lorenzi and C. Gerhardinger: Cellular changes in diabetic retinopathy 797

ed only for products of the oxidative pathway of
AGE formation, which were found increased in the
basement membranes of large vessels [43].

Increased haeme-oxygenase 1 immunostaining
[65] and products of lipids peroxidation [66] in the re-
tina of diabetic rats, as well as activation of the tran-
scription factor nuclear factor xB (NF-xB) [67] and
up-regulated expression of glutathione peroxidase
[29] in human diabetic pericytes suggest the occur-
rence of oxidant stress. A few studies have tested the
effect of antioxidants on the characteristic vascular
pathology of diabetic retinopathy. Neither nicartine
[65] nor probuchol [68] administered to streptozoto-
cin-diabetic rats for 6 months prevented the develop-
ment of acellular capillaries. Nicartine, however, re-
duced pericyte loss by 40 % [65] and a similar protec-
tive effect on pericytes was reported with trolox in
rats with 5 months of diabetes [69]. It should be noted
that not all investigators detect vascular histopatholo-
gy in the rat retina after 5-6 months of diabetes [31],
and therefore the results of these studies await confir-
mation at more advanced stages of the microangiopa-
thy. Nonetheless, the observations are of interest
from several standpoints. First, they indicate a great-
er susceptibility of pericytes than endothelial cells to
oxidative stress, consistent with the finding that in
the human diabetic retina NF-xB activation was se-
lectively observed in the pericytes [67]. Second, they
suggest that oxidative stress is not the major driving
force in the pathogenesis of diabetic microangiopa-
thy. It has been pointed out that diabetes induces
more of a “substrate” stress than an oxidant stress,
because the increased generation of reactive carbonyl
compounds by overloaded metabolic pathways oc-
curs through both oxidative and non-oxidative routes
[70] so that antioxidant therapy could miss a large
fraction of the target [70]. This view would explain
why aminoguanidine, which acts as a general carbo-
nyl scavenger, trapping both oxidative and non-oxi-
dative species derived from carbohydrate as well as li-
pid metabolism [70], is more effective than antioxi-
dants in preventing the vascular lesions of diabetic re-
tinopathy in rats [68, 71]. On the other hand, it is pos-
sible that aminoguanidine acts through mechanisms
other than, or in addition to, the prevention of AGE
formation. The drug was recently reported to prevent
vascular apoptosis and histopathology in experimen-
tal diabetic retinopathy without preventing the accu-
mulation of several AGEs [72]. Hence, the capacity
of aminoguanidine to target multiple processes could
be at the basis of its preventative effects on both peri-
cyte loss and the development of acellular capillaries,
two events increasingly suspected to have a different
pathogenesis.

Changes relevant to altered properties of the endothe-
lial barrier. Normally, retinal and brain vascular endo-
thelium functions as a selective barrier using three

mechanisms: the presence of specific transporters or
enzymes; minimal or absent pinocytosis which limits
the transcellular passage of solutes; and continuous
inter-endothelial tight junctions which prevent para-
cellular diffusion of solutes [52]. Increased endocyto-
sis by retinal vascular endothelial cells has been ob-
served in rats infused with horseradish peroxidase
who have had diabetes for a short duration (6 weeks).
However, the tracer present in endocytotic vesicles
was not transported outside the endothelium [73]. A
similar finding had been reported almost two decades
previously in dogs who had had diabetes for 5 years
[74]. In the diabetic dogs, the infused horseradish per-
oxidase was present in pinocytotic vesicles within the
cytoplasm of retinal endothelium but did not identify
leaky vessels [74]. At possible variance with these re-
sults in animal models, a recent study on the human
diabetic retina has documented a spatial correlation
between the vascular expression of the PAL-E anti-
gen-which is associated with the endothelial plasma-
lemmal vesicles and normally absent from barrier en-
dothelium-and leakage of plasma proteins [75]. In-
creased pinocytosis thus appears as an early and sus-
tained abnormality of the retinal endothelial cells in
diabetes which could or could not translate into in-
creased permeability. On the other hand, diabetic ret-
inal vessels clearly become abnormally permeable
when tight junctions are altered [74]. Tight junctions
seal the paracellular space through a continuous net-
work of intermembrane fibrils formed by the trans-
membrane proteins claudins and occludin [76]. Oc-
cludin binds to the cytosolic plaque proteins ZO-1
and ZO-2, which, in turn, bind actin filaments, thus
anchoring the tight junction to the cytoskeleton [76].
Occludin was the first integral transmembrane pro-
tein of tight junctions to be identified and its beha-
viour in diabetes has now been investigated in two
studies. One study has reported a 35% reduction in
retinal occludin content concomitant with an in-
creased vascular leakage of fluoresceinated albumin
in rats who have had streptozotocin diabetes for 3
months [29]. However, in retinas obtained postmor-
tem from human subjects who had Type II diabetes
for 5-10 years, and showing albumin permeation of
the vascular walls, a fourfold increase in occludin
content was detected [77]. There could be several
reasons for this discrepancy, possibly including the
short duration of diabetes in experimental rats when
compared with the human subjects. Of note, overex-
pression of occludin in cultured epithelial cells might
increase on the one hand transepithelial electrical re-
sistance (an index of the strength of the tight junction
seal), but is on the other hand associated with in-
creased paracellular flux [78]. If this scenario pertains
to occludin function in vascular endothelium, occlu-
din overexpression could affect the physiology and
permeability of retinal capillary tight junctions as
much as occludin underexpression. Much additional
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work is clearly required to ascertain how the molecu-
lar composition of tight junctions is altered in dia-
betes and which changes are necessary and sufficient
to compromise the seal.

Changes relevant to capillary obliteration. Ultimately,
retinal capillaries in diabetes become acellular and
non-perfused, tubes enclosed by thickened base-
ment membranes and filled with debris and glial
processes [54, 74]. A molecular abnormality imme-
diately relevant to these morphological changes is
the up-regulated synthesis of basement membrane
components. When compared with non-diabetic hu-
man donors, diabetic donors show increased retinal
levels of the mRNAs encoding collagen IV [79],
the predominant structural component of basement
membranes, and fibronectin [80], an extrinsic com-
ponent of basement membranes especially concen-
trated at pericyte-endothelial contacts [81] and in-
creased in human retinal microvessels [80]. The ret-
inal vessels of patients with early stages of diabetic
retinopathy show additionally an increase in integrin
p1 [82], the subunit common to the family of integ-
rin heterodimers that function as receptors for ma-
trix molecules. This indicates that the processes con-
tributing to basement membrane thickening are ac-
companied by modifications of the relation between
cells and their matrix. Whether these modifications
impact on the function of retinal microvascular cells
in diabetes has not been resolved. In vitro studies
have shown that excess extracellular matrix leads to
increased cell-matrix adhesion and cytoskeletal rear-
rangements, eventually hampering endothelial cell
replication [83], a series of events that, if occurring
in vivo, could undermine the anti-thrombogenic
properties of retinal microvascular endothelium.
Other changes described in diabetic retinal vessels
are poised to undermine such properties in a more
direct manner. The combination of reduced expres-
sion of tissue plasminogen activator [84] and in-
creased expression of plasminogen activator inhibi-
tor-1 [85] observed in the retinal vessels of human
diabetic donors could severely impair fibrinolysis.
Increased expression of intercellular adhesion mole-
cule-1 (ICAM-1) [86] could also confer to the endo-
thelium pro-inflammatory properties. However, ret-
inal vessels of diabetic rats also express more prosta-
cyclin-stimulating factor [25], and produce more
prostacyclin [87], an inhibitor of platelet aggregation
and platelet adherence to the endothelium, as well
as a potent vasodilator. These changes have been
tested for relevance to retinal haemodynamics in
diabetes [25] but can be expected to influence as
well the functional properties of the luminal surface
of diabetic vessels.

In both human and experimental diabetes retinal
vascular cells die prematurely and show biochemical
and morphological features consistent with apoptosis

[28]. Pericyte apoptosis is more readily detectable
than endothelial cell apoptosis, most probably be-
cause the pericytes are encased in basement mem-
brane and thus less accessible to clearing mechan-
isms, whereas apoptotic endothelial cells slough off
into the capillary lumen and are cleared by blood
flow. Microvascular cell apoptosis as detected by the
terminal deoxynucleotide transferase (TUNEL) re-
action is not yet evident in rats who have had diabetes
for 2 or 5 months [33], but becomes evident after
7-8 months [31], and precedes the appearance of vas-
cular histopathology [31]. Investigations on the mole-
cular mechanisms underlying the accelerated apopto-
sis have assessed whether diabetes changes the levels,
and thus the balance, of endogenous regulators of
apoptosis. In the adult human retina, Bcl-2, the best
known pro-survival member of the Bcl-2 family of en-
dogenous regulators of apoptosis, was found almost
exclusively in Miiller glial cells, but could not be de-
tected in vessels (Fig.2), and its abundance was not
modified by diabetes [S5]. Similarly, the retinal con-
tent of the pro-survival (Bcl-X;) and proapoptotic
(Bcl-X) isoforms of Bcl-X was not altered by dia-
betes [47]. Diabetes did instead increase the content
of proapoptotic Bax [47] and in retinal microvessels
intense Bax staining was often detected around the
fragmented (apoptotic) nuclei of pericytes, indicating
that increased Bax expression is related, at least tem-
porally, to the accelerated death of pericytes. As
noted earlier for NF-xB activation [67], increased
Bax was observed selectively in the pericytes and no
staining was detected in endothelial cells. Hence, the
aggregate of molecular changes noted in diabetic
pericytes (Table 1) suggests a pathway to apoptosis
that involves oxidant stress and Bax up regulation,
which can be triggered by high glucose [47]. In con-
trast, the molecular changes attributable to the endo-
thelium are indicative rather of an activated pheno-
type that could contribute to apoptosis through indir-
ect mechanisms such as heightened interactions with
circulating elements. Further investigation is re-
quired to assess the nature and mechanisms of retinal
endothelial cell activation in diabetes, and whether it
coexists with endothelial-intrinsic pathways to apop-
tosis which have not yet been revealed by studies
done to date.

Multiple processes could contribute to retinal diabetic
microangiopathy

The cellular and molecular abnormalities described
above begin to reveal processes operative in the dia-
betic retina. The following is a synthetic view of how
multiple abnormalities could converge in the causa-
tion of the two clinically important features of diabet-
ic microangiopathy, increased capillary permeability
and capillary occlusion and obliteration.
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Increased capillary permeability. Increased endocyto-
sis [73, 75] and altered content of the tight junction
protein occludin [29, 77] point to an endothelial cell
phenotype that has lost some of its barrier features.
The inciting events could originate within and/or out-
side the endothelial cells. Diabetes could act on endo-
thelial cells to change directly how they regulate
transcellular transport or synthesize and assemble
tight junction proteins, but such effects have not yet
been demonstrated experimentally. The up-regulated
expression of proinflammatory molecules found on
retinal endothelial cells in diabetes could be a me-
chanism for capillary leakage through the induction
of leukostasis [86, 88]. And later in the course of dia-
betes, the accelerated death [31] and turnover [89] of
retinal endothelial cells could compromise the timely
acquisition of the highly differentiated barrier pheno-
type. This could in turn be compounded by altered
capability of the glial cells affected by diabetes [28,
55, 56] to provide their inductive influences on barri-
er endothelium. Increased expression of VEGF by
the neuroretina-when occurring [24]-can be expected
to alter endothelial cell properties so as to increase
permeability; and, finally, the activated monocytes
and granulocytes encountered in diabetes [90, 91]
could contribute to vascular leakage through non-
specific damage to the endothelium. This constella-
tion of abnormalities indicates that the increased per-
meability of retinal vessels in diabetes is a multifac-
torial process, where the relative importance of indi-
vidual contributors could change during the course
of diabetes, and could differ in different individuals.
Hence, the perspective within which studies are inter-
preted should be wide and inclusive.

Capillary occlusion and obliteration. A similarly in-
clusive approach appears to be desirable in recon-
structing the process(es) underlying capillary occlu-
sion and obliteration. The documentation of reperfu-
sion of retinal capillaries in diabetic patients studied
longitudinally [92] indicates that occlusive events
are, at least for some time, reversible. In the diabetic
rat model, adhesion of leukocytes to retinal capillar-
ies has been noted within days of the induction of dia-
betes [88,91], mediated by an increased expression of
both endothelial ICAM-1 [88] and neutrophil integ-
rins [91]. Later on, in the course of experimental [93]
or spontaneous [94] diabetes in the rat, retinal capil-
laries are found occluded by platelet-fibrin thrombi,
surrounded by leukocytes and erythrocytes. Recent-
ly, increased prevalence of microthromboses has also
been quantitatively demonstrated in the retinal ves-
sels of diabetic patients [95]. When compared with
those of non-diabetic donors, the retinas of diabetic
donors showed twice the number of capillaries with
fibrin-platelet thrombi, and a four-fold increase in
the total area of capillary segments occupied by
thrombi. In both the diabetic and non-diabetic sub-

jects, there was a significant topographical associa-
tion of microthrombosis with apoptotic vascular cells
[95]. Microthrombosis and apoptosis probably have
a circular relation because platelet aggregation can
damage microvascular endothelium causing ischae-
mia/reperfusion, while apoptotic endothelial cells
can become procoagulant [96] and hyperadhesive
[97] and incite microthrombosis. The fact that apop-
tosis and microthrombosis become detectable in ex-
perimental animals after several months of diabetes
[31, 93, 94] suggests that the risk increases over time,
a kinetic pattern consistent with the occurrence of cu-
mulative vascular damage. An intriguing question is
whether some of the cumulative damage reflects the
cumulative effects of high glucose. This could be the
case in pericytes, which accelerate their rate of apop-
tosis after several weeks of exposure to high glucose
in vitro [47]. No data are available on the susceptibil-
ity of retinal endothelial cells to the ill effects of high
glucose, and it will be a challenge to address such an
issue in vitro. At variance with pericytes, retinal en-
dothelial cells show in vitro exuberant proliferation,
a state that is both fundamentally different from the
replicative quiescence observed in retinal vessels
[98] and incompatible with the very goal of testing cu-
mulative effects of high glucose on a stable cell popu-
lation.

The consequences of retinal microvascular cell
apoptosis can readily account for many features of
diabetic retinopathy. Pericyte apoptosis is the prob-
able prodrome of pericyte “drop out” and “ghosts”
because pericytes regenerate minimally, if at all, in
the adult retina [98]. Endothelial cell apoptosis can
initiate the accelerated turnover of endothelial cells
[89], which in turn can contribute to the accumulation
and layering of basal membranes, as well as to vascu-
lar remodelling. The life cycle of endothelial cells can
be a hidden arbiter of the inertia with which retinal
vessels respond to changes in metabolic control [2,
99, 100]. Accelerated apoptosis and turnover during
poor metabolic control are likely to deplete the repli-
cative reserve of endothelial cells, and this could ac-
count for the progression of diabetic microangiopa-
thy from apparently normal vessels and despite re-
storation of normoglycaemia [99, 100]. Conversely,
the spared replicative reserve of retinal endothelial
cells during tight metabolic control could be a capital
that lessens, for some time, the impact of later de-
mands. This concept could be applicable to the obser-
vation that the intensely-treated DCCT cohort ex-
periences in follow-up persistent protection from
progression of retinopathy despite a return to in-
creasing hyperglycaemia [2]. The slow accumulation
and long half-life of AGEs have been invoked to ex-
plain the delay with which retinopathy responds to
prevailing glycaemic levels [2], but it is of note that
the development of vascular histopathology in two
animal models of diabetic retinopathy was predicted
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by the rate of microvascular cell apoptosis and had no
correlation with the accumulation of several AGEs
[72].

The three processes that can currently be associ-
ated with capillary occlusion and obliteration-proin-
flammatory changes, apoptosis, and microthrombo-
sis-have been documented in human diabetic retinal
vessels [31, 86, 95]. It is thus tempting to view such
processes as targets for available drugs. The recent
demonstration that aspirin administered to dogs
from the onset of experimental diabetes prevented
the development of acellular capillaries [101], reawa-
kens interest in past studies showing the beneficial ef-
fect of aspirin or other anti-platelet agents on blood
flow [102] and development of microaneurysms [103,
104] in patients with early diabetic retinopathy.

Perspectives and caveats

Ten years ago, in a Perspective in Diabetes, we drew
attention to the importance of ascertaining “whether
and how the cells involved in the complications of dia-
betes modify their differentiated functions in vivo”,
through the application of the then novel techniques
to study gene expression in situ in complex organs
[105]. As shown by this review, much work has been
done, but more is needed to arrive at a cohesive de-
scription of the pathogenesis and pathophysiology of
diabetic retinopathy. We expect that future work will
develop the promising leads obtained to date, and un-
cover new ones using the latest generation of molecu-
lar and genetic approaches. Microarray technology,
optimally combined with methods to isolate specific
populations of retinal cells, will provide global profiles
of the changes in gene expression induced by diabetes.
A recent study comparing normal and tumor endothe-
lium [106] is a beautiful example of the type of work
that could tell us comprehensively and without bias
about endothelial changes in diabetic retinopathy.
Comprehensive monitoring of gene expression will
also unravel the nature of the retinal “neuropathy”
and “gliopathy” that diabetes seems to cause. The use
of genetically engineered animals will help investiga-
tors define the mechanistic role of candidate abnorm-
alities, and thus guide studies on prevention and treat-
ment. A third new tool, the sequence of the human
genome, could become instrumental in exploring ge-
netic contributions to diabetic retinopathy although
the rationale for undertaking genome-wide screens
would have to be more firmly established.

The potential of these new approaches must con-
tend with the limitations of the specimens and models
to which they can be applied. Work on the human
diabetic retina continues to provide an essential
sounding board in the field but requires precautions
and has intrinsic limitations. The retinas are obtained
postmortem and thus from elderly individuals who

are affected often by other pathologies in addition to
diabetes. The potentially confounding influences im-
posed by these characteristics can be ascertained by
appropriate experiments in animals [33, 40] and con-
trolled at least in part by precise inclusion and exclu-
sion criteria as well as by rigorous matching of the
characteristics of diabetic and non-diabetic donors.
However, the fact remains that postmortem human
retinas do not permit studies of signal transduction
[33] and will mostly manifest the effects of Type 11
diabetes, which might or might not be identical to
those of Type I diabetes. Streptozotocin-diabetic rats
have shed much light on early retinal microangiopa-
thy because they develop several of the characteristic
lesions known in human diabetic retinopathy, but re-
quire further evaluation as a model for neuroglial
dysfunction. Acute streptozotocin toxicity is prob-
ably not a confounding factor because the neuroglial
abnormalities reported in streptozotocin-diabetic
rats were prevented by intensive insulin treatment
[12, 14, 30], noted to occur over time [23, 28, 33, 56,
57], and/or also shown in spontaneously diabetic rats
or humans [15, 33, 57]. However, prevention by inten-
sive insulin and time-related changes cannot rule out
contributions to neuroglial abnormalities from the
low growth hormone levels [38] and low thyroid state
[107] that accompany severe diabetes in the strepto-
zotocin-diabetic rats. Minimal precautions will be to
study animals that, even in the short-term, receive
sufficient maintenance insulin to prevent weight loss
and hypothyroidism and to seek verification of criti-
cal findings in the human diabetic retina. Finally,
overexpression or targeted deletion of candidate
genes in vivo are generally engineered in mice and
mice are not yet well established models for the study
of retinopathy. Mice have been shown to develop the
microvascular lesions characteristic of human non-
proliferative diabetic retinopathy but the lesions
were induced by galactose feeding and more that
15 months were required for their number to be sig-
nificantly greater than in control mice [108]. Because
the pathogenesis of diabetic and galactose-induced
retinopathy differ at an early stage [72], galactosemic
mice might not be an appropriate model. Considera-
tion should also be given to the spontaneous patholo-
gies that specific strains of mice develop and that are
bound to interfere with the study of the effects of dia-
betes. For example, the FVB mouse strain, which is
used extensively in transgenic research because of its
well-defined inbred background and easiness of
DNA microinjection in the fertilized zygote, devel-
ops early retinal degeneration on account of the
rd/rd genotype [109]. The need for better character-
ized and innovative mouse and non-mouse models
to study retinopathy and other diabetic complications
is acknowledged in recent requests for grant applica-
tions (RFA) by the United States National Institutes
of Health (RFA DK-01-009 and HL-01-010).
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Diabetic retinopathy is a difficult process to inves-
tigate owing to its protracted course and multiple
endpoints and these features will always be a hurdle
even as we begin to understand its biology and have
access to ever more powerful technology. The good
news, however, is that we are in a position to stall
the process by helping our patients achieve good me-
tabolic and hypertension control, while we continue
to labor at the scientific issues and at the next rational
intervention.
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