
Abstract

Aims/hypothesis. Neurodegenerative changes in the
diabetic retina occurring before diabetic retinopathy
could be inevitable by the altered energy (glucose)
metabolism, in the sense that dynamic image-process-
ing activity of the retinal neurons is exclusively de-
pendent on glucose. We therefore investigated the
morphological changes in the neural retina, including
neuronal cell death, of a streptozotocin-induced model
of diabetes.
Methods. Streptozotocin was intravenously injected.
Rats were maintained hyperglycaemic without insulin
treatment for 1 week and 4, 8, 12, and 24 weeks, re-
spectively. Diabetic retinas were processed for histol-
ogy, electron microscopy, and immunohistochemistry
using the TUNEL method.
Results. A slight reduction in the thickness of the in-
ner retina was observed throughout the diabetic reti-
nas and a remarkable reduction was seen in the outer
nuclear layer 24 weeks after the onset of diabetes.

The post-synaptic processes of horizontal cells in the
deep invaginations of the photoreceptors showed 
degeneration changes from 1 week onwards. A few
necrotic ganglion cells were observed after 4 weeks.
At 12 weeks, some amacrine cells and a few horizon-
tal cells showed necrotic features. Three to seven
cellular layers in the outer nuclear layer and nerve
terminals, rolled by the fine processes of the 
Müller cells near the somata of the degenerated gan-
glion cells, were apparent at 24 weeks. Apoptosis ap-
peared in a few photoreceptor cells at 4 weeks, and
the number of apoptotic photoreceptors increased
thereafter.
Conclusion/interpretation. These findings suggest that
the visual loss associated with diabetic retinopathy
could be attributed to an early phase of substantial
photoreceptor loss, in addition to later microangiopa-
thy. [Diabetologia (2003) 46:1260–1268]
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Diabetic retinopathy is the most common complica-
tion of diabetes and a leading cause of vision loss.

Many of the studies addressing diabetic retinopathy
have focused on the clinically well-recognized fea-
ture of microangiopathy and its underlying mecha-
nisms to develop protective strategies directed
against exacerbated angiogenesis and subsequent 
vision loss. Hyperglycaemia induced at the initiation
of diabetes causes tissue damage by several major
mechanisms, including increased traffic through the
polyol pathway, increased de novo synthesis of 
diacylglycerol, altered intracellular redox state, and
AGE formation [1, 2]. AGE, together with reactive
oxygen species, attacks the endothelial cells of the
blood vessels, and could contribute to the breakdown
of the diabetic blood-retinal barrier and the adher-



ence of leucocytes, by losing such characteristics as
the site of the blood-tissue barrier and the non-
thrombogenic surface for blood flow, thereby con-
tributing to the development of microangiopathy and
attendant unregulated angiogenesis [3].

The retina, as a part of the central nervous system,
uses glucose as an exclusive energy source for dynam-
ic activity such as for capturing images and for prima-
ry visual processing. The glucose used for retinal neu-
ronal activity is transported from the blood by two
vasculatures: by the deep and superficial layers of the
retina’s own blood vessels, and by the capillaries of
the choroids [4, 5]. Radial Müller cells, as an addition-
al glial component of the blood-retinal barrier, are
present spanning the whole retinal thickness and
wrapping the apposed neurons with their thin cyto-
plasmic processes [3, 6]. Therefore, systemically im-
paired glucose metabolism causes dysfunction in the
neural retina soon after the onset of diabetes, whereas
microangiopathy sets in after an extended period of
long-standing hyperglycaemia.

Abnormalities of the neural retina have been re-
ported in experimental and human diabetes. Loss of
colour sensitivity [7] and contrast sensitivity [8] are
early signs of neural retinal dysfunction that occur af-
ter only 2 years of diabetes. Changed metabolism of
major inhibitory (GABA) and excitatory (glutamate)
neurotransmitters has been documented in diabetic
rats and diabetic patients [9, 10]. The oscillatory po-
tentials of the b-waves on electroretinograms arising
from Müller-cell function become altered after only a
few years in diabetic patients [11]. Impaired glial re-
activity and apoptotic cell death of retinal ganglion
cells have also been observed in cases of short-term
experimental diabetes and in humans with diabetes
[10, 12]. It is therefore important to characterize the
early pathological processes in the diabetic neural reti-
na before the onset of vascular pathology.

The neural retina is composed of diverse neurons,
characterized by morphological and biochemical crite-
ria, and numerous neural networks formed through
chemical and electrical synapses between these neuro-
nal processes. These neural components are arranged
into retinal layers. Retinal neurons are sensitive differ-
entially to a variety of stimuli, depending on the type
of injury, and subtypes within one neuronal type also
show differential sensitivity. Ganglion cells, for in-
stance, are more sensitive to hypoxic conditions and
glutamate excitotoxicity, whereas all neuronal types
are damaged by hypoglycaemia [13]. Moreover, reti-
nal ganglion cells respond differentially to excitotox-
icity, depending on soma size and retinal eccentricity
[14]. In the context of the differential sensitivity of
retinal neurons, where and at which level in the visual
processing pathway the neuron is located as well as
the characteristic of the neuronal environment, could
be key factors in determining the sensitivity of a spe-
cific neuron to a stimulus.

Taken together, the neurodegenerative changes in
the diabetic retina, accessed at the morphological level
by electron microscopy and also studied over a given
course of time, could provide some insight into the
mechanisms underlying the early pathogenesis of the
neural retina that leads to diabetic retinopathy.

Materials and methods

Establishment of the diabetic condition. Male Sprague-Dawley
rats (8 weeks old; blood glucose concentrations 80–120 mg/dl)
were used for this study. The diabetic state was induced with a
single injection of streptozotocin (60 mg/kg body weight in
0.05 mol/l sodium citrate buffer, pH 5.5; Sigma, St. Louis,
Mo., USA) via a femoral vein, under anesthesia produced with
4% chloral hydrate (1 ml/100 g body weight). To evaluate the
optimal induction of diabetes, blood glucose concentrations of
the injected animals were checked using a glucometer (Gluco-
trend, Roche, England) during a fasting state 2 days after 
the injection. Animals with glucose concentrations above
300 mg/dl were selected and maintained on a 12-h alternating
light to dark cycle. Rats were allowed food and water ad lib-
itum. The experimental term of induced diabetes was set at 1,
4, 8, 12, or 24 weeks, and five animals were assigned to each
term group. We used 8-week-old young adult rats as the nor-
mal control group. Non-injected rats were also cared for 24
weeks as an age-matched control group to compare the possi-
bility of senile neurodegenerative changes. The treatment of
animals conformed to the guidelines of the Catholic Ethics
Committee of the Catholic University of Korea, Seoul, in ac-
cordance with the Principles of laboratory animals care (NIH
publication no. 85-23, revised 1985).

Tissue preparation. At each experimental time-point, the eye-
balls were enucleated from the diabetic rats under anesthesia
induced with 16.5% urethane (10 mg/kg body weight) after
checking the final blood glucose concentration and body
weight. The animals were then killed with an overdose of ure-
thane. The eyeballs were opened with an encircling cut along
the ora serrata and the posterior eyecups were immersed in 4%
paraformaldehyde in 0.1 mol/l phosphate buffer, pH 7.4 (PB)
for 30 min. The retina was dissected from the choroids and the
central portion of the superior nasal quadrant was trimmed into
small pieces or the whole retina was immersed further in the
same fixative. The immersion-fixed retinal tissues were soaked
in 30% sucrose solution in PB and stored frozen for later use.

Morphological observation. Further immersion-fixation of the
retinal pieces was done in 2% paraformaldehyde with 2.5% glu-
taraldehyde solution, and then in 1% osmium tetroxide solution
in PB. After being thoroughly rinsed with PB, the pieces were
dehydrated in a graded ethanol series, passed through acetone,
and embedded in Epon 812 mixture (Polyscience, Warrington,
Penn., USA). Samples were polymerized at 60°C for 3 days.
From these polymerized tissue blocks, 1-µm-thick semi-thin 
sections were cut using an ultramicrotome (Reichert-Jung,
Nuβloch, Germany), then mounted on gelatin-coated glass
slides, and stained with 1% toluidine blue. Next, 70-nm-thick 
ultra-thin sections were cut from the well-preserved and defined
areas of the semi-thin sections identified by light microscopy.
Ultra-thin sections were mounted on Formvar (Merck, Darm-
stadt, Germany)-coated one-hole grids. The ultra-thin sections
were double stained with 1% uranyl acetate and lead citrate, and
observed with electron microscopy (JEM 1200B, Jeol, Japan).

S.-H. Park et al.: Apoptotic death of photoreceptors in the streptozotocin-induced diabetic rat retina 1261



1262 S.-H. Park et al.: Apoptotic death of photoreceptors in the streptozotocin-induced diabetic rat retina

TUNEL staining. To identify apoptotic cell death in the retinal
neurons affected by diabetes, the whole retinas were treated
with a modified terminal deoxynucleotidyl-transferase-mediat-
ed dUTP nick end labelling (TUNEL) method, following the
protocol given in the In Situ Cell Detection Kit (Boehringer
Mannheim, Mannheim, Germany). To enhance the permeabili-
ty of the cells, the whole retinas were incubated in 0.2% Triton
X-100 for 5 min and rinsed in distilled water. Endogenous per-
oxidase activity was blocked by placing the retinas in 3%
H2O2 in distilled water for 10 min. The retinas were equilibrat-
ed in terminal-transferase labelling buffer (Boehringer Mann-
heim), and the tailing reaction was done with terminal deoxy-
nulceotide transferase (0.3 e.u./µl) and biotinylated deoxyuri-
dine triphosphate (1 nmol/l/µl) in a humidified chamber for 1 h
at 37°C. The reaction was terminated by incubation in a solu-
tion containing 0.3 mol/l NaCl and 0.03 mol/l sodium citrate.
The retinas were rinsed in distilled water and treated with 2%
bovine serum albumin in 0.01 mol/l phosphate-buffered saline
(PBS, pH 7.4) for 30 min at room temperature, followed by
several rinses in PBS. To visualize the incorporated biotinyla-
ted dUTP, the retinas were processed with avidin-biotin-perox-
idase complex (ABC, Vector Laboratories, Burlingame, Calif.,
USA) in PBS for 30 min at room temperature, and the peroxi-
dase reaction was done with 0.05% 3,3′-diaminobenzidine-
0.01% H2O2 in 0.05 mol/l Tris-HCl buffer (pH 7.4) as sub-
strate. The superior halves of the TUNEL stained retinas were
mounted with the ganglion cell layer upward, and the inferior
halves with the outer nuclear layer upward.

Histological analysis. To analyse the pattern of alterations in
the retinal structure at each experimental time-point, the thick-
ness of each retinal layer was measured in at least ten sections
from each animal, using the BMI-PLUS image analysis system
(Bummi Universe, Ansan, Korea). The reliability of this mea-
surement was ensured by checking one cellular layer of the
ganglion cells in the vertical retinal sections at every experi-
mental stage. Using a 40× objective and a 10× eyepiece on the
microscope, images of each section were captured and then
processed. The mean values for the thickness of each retinal
layer at each time-point have been represented as means ±
standard deviations.

Results

The chemically-induced insulin-dependent diabetic
condition was properly established in our rats, as

judged by the high blood glucose concentrations and
the remarkable reduction in body weight of the diabet-
ic animals (Table 1).

Histological changes in the diabetic retina. The nor-
mal retina has five well-defined layers in light micro-
scopic views of semi-thin sections. These are the gan-
glion cell layer (GCL), the inner plexiform layer
(IPL), the inner nuclear layer (INL), the outer plexi-
form layer (OPL), and the outer nuclear layer (ONL),
in order from the vitreal to scleral sides (Fig. 1A). In
the retina of 1-week diabetic rat, the vitreal radial pro-

Table 1. Body weight and blood glucose concentration of nor-
mal control and diabetic rats

Average of Average of 
Body weight blood glucose 
(g) concentration

(mg/dl)

Normal group 205.8±11.17 110.0±16.17

Diabetic group
1 week 143.3±25.17 357.0±52.50
4 weeks 187.0±36.33 517.0±51.10

12 weeks 162.0±27.75 509.2±113.21
24 weeks 186.3±37.72 526.5±53.24

Data are given as means ± standard deviation

Fig. 1A–D. Light microphotographs of 1-µm-thick retinal sec-
tions taken from normal rat (A), and rats at 1 week (B), 12
weeks (C), and 24 weeks (D) after the onset of diabetes. In A,
the retinal structure is well organized into layers. In B, proxi-
mal radial processes of Müller cells (arrows) are clearly visible
in the ganglion cell layer (GCL) and the inner plexiform layer
(IPL). In C, the photoreceptor cells in the outer nuclear layer
(ONL) are separated from each other and are encapsulated
within an inter-photoreceptor matrix. Radial processes (ar-
rows) are still present in the GCL and the IPL. In D, the thick-
ness of the retina is remarkably reduced due to the loss of pho-
toreceptor cells. INL, inner nuclear layer; OPL, outer plexi-
form layer. Scale bar represents 50 µm
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cesses of Müller cells stained moderately and became
prominent (Fig. 1B). This feature continued into later
stages. The cellular arrangement of the ONL in the
12-week diabetic retinas was looser, and the scleral ra-
dial processes of Müller cells were clearly visible in
between the loosened columns of photoreceptor cells
(Fig. 1C). The most remarkable change in the diabetic
retinas appeared in the ONL of the 24-week diabetic
retina, in which the number of nuclear layers of photo-
receptor cells had decreased to 3–7 compared with
10–12 of the normal young adult retina and 8–12 of
the age-matched retina (Fig. 1D).

The changes in thickness of the retinal layers at
each diabetic stage were not great in the inner retina,
which consists of the GCL, IPL, and INL (Fig. 2B).
The thickness of the inner retina increased slightly
and temporarily in the 1-week diabetic retinas, and
decreased slightly thereafter. In contrast with the
slight change in the inner retina, the thickness of the
ONL showed an abrupt decrease only at 24 weeks
(Fig. 2A). There was little change in the thickness 

of the OPL in the diabetic retinas, although this 
layer was very thin (less than 10 µm) in the normal
retina.

Pathological changes of neuronal components detect-
ed by electron microscopy. The first sign of diabetic
influence on the neural retina was detected as myelin-
ated and multi-vesicular features of the mitochondria
at one week. Degenerating mitochondria with these
features appeared in a few photoreceptor terminals
and their post-synaptic processes in the OPL, and in
some axon terminals in the IPL near the capillaries
(Fig. 3A). The post-synaptic processes of photorecep-
tor terminals with degenerative profiles were located
on the lateral sides in the deep invaginations. Nerve
terminals containing degenerating mitochondria were

Fig. 2A, B. The graphs show changes in the thickness of each
retinal layer of the normal and diabetic retinas. In A, the thick-
ness of the outer nuclear layer (ONL) and of the outer plexi-
form layer (OPL) in the diabetic retinas is indicated. The line
indicating the changes in thickness of the ONL declines gradu-
ally up to 12 weeks and then drops suddenly at 24 weeks. In
contrast, the line representing the thickness of the OPL re-
mains nearly horizontal. In B, the changes in thickness of the
inner nuclear layer (INL), the inner plexiform layer (IPL), and
the ganglion cell layer (GCL) at different diabetic stages are
shown. Each of the three layers displays a similar pattern at the
different experimental time-points, indicating a transient in-
crease at one week and a subsequent slight decrease

Fig. 3A, B. Electron microphotographs of parts of the rat reti-
na at one week (A) and 4 weeks (B) after the onset of diabetes.
Photoreceptor terminals containing ribbon synapses (arrows),
and their post-synpatic terminals with degenerated mitochon-
dria (open arrows), were observed in the outer plexiform layer
at one week of diabetes. Ganglion cells (GC) showing necrotic
profiles appeared at 4 weeks of diabetes. Scale bars represent
2 µm
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Fig. 4. An electron microphotograph showing part of a photo-
receptor column delineated with the scleral radial process (rp)
of a Müller cell. An apoptotic photoreceptor cell (white star)
appears in between the normal photoreceptor cells (PC) at 8
weeks of diabetes. Scale bar represents 1 µm

frequently observed near the stout radial processes of
Müller cells in the IPL by 4 weeks. Necrotic features
were also found in a few ganglion cells of the GCL at
this time-point, whereas no sign of degeneration ap-
peared in displaced amacrine cells (Fig. 3B). Numer-
ous photoreceptor terminals showed electron-dense
cytoplasm and apoptotic nuclei were rarely observed
among the photoreceptor cells in the 8-week diabetic
retina (Fig. 4). In the 12-week diabetic retina, photore-
ceptor cells with apoptotic features appeared in the
ONL, whereas some ganglion cells in the GCL and
some amacrine cells in the INL showed necrotic
changes, as containing extraordinarily electron-dense
cytoplasmic inclusions (Fig. 5B). Necrotic horizontal
cells identified by their localization and morphology,
were also exceptionally found at this time (Fig. 5A).
In the 24-week diabetic retina, most of the deep invag-
inations of the photoreceptors contained degenerating

Fig. 5A–D. Electron microphotographs show parts of the inner
plexiform layer in diabetic retinas at 12 weeks (A, B), and part
of the ganglion cell layer at 24 weeks (C, D). A necrotic hori-
zontal cell (HC) in A, and a degenerative amacrine cell (AC)

and a Müller cell (MC) packed with glycogen inclusion ap-
peared in B. C and D show degenerated nerve terminals (ar-
rows) tightly rolled by the vitreal radial process of a Müller
cell (ef). Scale bars represent 1 µm

▲
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post-synaptic processes. In lamina five of the IPL,
near the degenerating ganglion cells, the nerve termi-
nals rolled spirally with the fine processes of Müller
cells. Bipolar cell terminals with degenerating mito-
chondria were also remarkable at this time-point
(Fig. 5C,D).

Apoptotic neuronal death detected by in situ TUNEL
method. Throughout this experiment, TUNEL-positive
apoptotic nuclei were observed in the ONL and the
GCL. In 4-week diabetic retina, apoptotic nuclei were
rarely observed in the middle of the ONL (Fig. 6A).
The apoptotic photoreceptor cells were remarkable in
12-week and 24-week diabetic retinas and a few pre-
sumptive ganglion cells in the GCL were also TUNEL
positive at these times (Figs. 6B, 7A,B).

Discussion

The maintenance of increased blood glucose concen-
trations above 300 mg/dl and a decrease in body
weight were recorded for the streptozotocin-treated
rats throughout the experiment. These measurements
indicated that the Type 1 diabetes state, induced with a
single dose of streptozotocin, is sufficient for tracing
the early degeneration in the neural retina in ongoing
diabetic retinopathy.

A transient increase in the thickness of the retinal
layers was recorded in the inner retina at one week af-
ter diabetic onset. The main cause for this increase
could be the breakdown of the blood-retinal barrier,
especially the inner one, and the subsequent edema-
tous swelling, in agreement with other studies [15, 16,
17]. Therefore, a gradual decrease in the thickness of
the inner retina, to well below that observed in the
normal state, seems likely to arise from the decay of
the neural components affected by the altered bio-
chemical environment, including the glucose transport
system [18, 19]. A remarkable decrease in the thick-
ness of the ONL is the first morphological finding, al-
though physiological and clinical data had already
provided evidence of changes in the photoreceptors
under diabetic conditions [20, 21].

The delayed occurrence of structural changes in the
outer retina in our study has two possible explanations.
One is the differences in energy sources between the
inner and outer retinas. The outer retina is fed by the
choriocapillaries, of a fenestrated type, located in the
innermost part of the choroids [5, 22]. With these char-
acteristics, the outer blood-retinal barrier requires the
pigment epithelium to be tightly bound by tight junc-
tions to protect the neural retina from the open circula-
tion in the choroid. The pigment epithelium, in turn,
not only has a specific glucose transporter, but also has
its own growth factor, both of which are vital to the
maintenance of homeostasis in the photoreceptor cells
[18, 23]. The other possibility arises from the hypothe-
sis that the substances produced by other retinal neu-

Fig. 6A, B. Light microphotographs being focused on the outer
nuclear layer of parts of 4-week (A) and 12-week (B) diabetic
whole mounted retinas processed for TUNEL staining. A low
number of apoptotic nuclei (arrow) are present in A, whereas
about ten times more apoptotic nuclei are present in B. Scale
bar represents 100 µm

Fig. 7A, B. Light microphotographs focused on the outer nu-
clear layer (A) and the ganglion cell layer (B) of 12-week dia-
betic whole mounted retina processed for TUNEL staining.
Note that a few TUNEL positive nuclei also appear in the gan-
glion cell layer. Scale bar represents 50 µm
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rons in response to diabetic injury, such as free radi-
cals, react directly secondarily on the photoreceptor
cells, ultimately leading to cell death. Of these free
radicals, nitric oxide is a strong candidate for the role
of an agent of inducible cytotoxicity, as photoreceptors
contain a huge amount of cGMP, the final product of
soluble guanyl cyclase, which is activated by nitric ox-
ide [24]. It is possible that both these proposed mecha-
nisms function in concert, because the changes in the
ONL constitute a massive event.

The post-synaptic processes of the ribbon synapses
in the photoreceptor terminals that show neurodegen-
erative changes throughout the stages of diabetes be-
long to horizontal cells. It is identified by their loca-
tion in the deep invaginations of the photoreceptors
[25]. Processes of some horizontal cells are located
near the capillaries of the OPL, encompassing the
basement membrane of the capillaries [26]. This char-
acteristic of the horizontal cells can make them sensi-
tive to any minute alteration in the capillaries, which
are the deepest and the finest in the retinal vasculature
[4]. The degenerative processes in the IPL are found
mainly near the radial processes of the Müller cells,
which constitute one component of the inner blood-
retinal barrier in the INL [22]. Degenerative profiles
at the neuronal level occur time sequentially, in pro-
portion to their distance from the vasculature. These
findings could explain that retinal neurons in the dif-
ferent spatial and temporal contexts are differentially
sensitive to diabetic conditions, and this differential
sensitivity correlates closely with the environment of
the vasculature in the retina.

Both apoptosis and necrosis occur in the degenera-
tion changes of neural retina in ongoing diabetic reti-
nopathy in our study. Neurons undergoing necrotic de-
generation were predominantly located in the inner ret-
ina, and appeared time sequentially. Therefore, necro-
sis in some neurons of the inner retina during diabetes
is interpreted to be an inevitable primary effect of im-
paired glucose metabolism, which is consistent with in
vitro glucose deprivation studies of the brain and the
retina [27, 28]. It is, however, not a cascade episode. In
contrast, neural apoptosis occurred only in the ONL in
our study. Apoptotic cell death is initiated in a very
few photoreceptors about one month after the onset of
diabetes, and accelerates from three months onwards.
Thus, the main causal factor for the apoptosis in the
ONL is not likely to be directly associated with altered
glucose metabolism and consequent altered vascular
conditions, as supported by another report [15, 29].
They describe that the main glucose transporter in the
retina, GLT-1, is much more strongly expressed in the
pigment epithelium than in the neural retina or its mi-
crovessels. GLT-1 in the epithelium is less affected or
completely unaffected by diabetes. However, whether
the regulatory mode of the GLT-1 in the neural retina
in response to diabetes is upregulation [29] or down-
regulation [18, 30], is still controversial.

We detected apoptotic death of photoreceptors by
the TUNEL method which was clearly distinguishable
with electron microscopy. Earlier signs of visual dys-
function in patients with diabetic retinopathy were de-
scribed as abnormal colour and contrast sensitivity evi-
denced by hue discrimination and electrophysiological
methods [21, 31, 32, 33]. Regarding these results corre-
lated with photoreceptor deficits, the remarkable ap-
pearance of apoptotic photoreceptors suggests that visu-
al dysfunction in diabetic retinopathy may be initiated
from the loss of the photoreceptors. However, there is a
big controversy on which type of neurons undergoes
apoptotic death in the diabetic retinas. Neural apoptosis
in the ganglion cell layer has already been reported on
the whole-mounted diabetic rat retinas [12]. Moreover,
the neural apoptosis in diabetic retina has been suggest-
ed to be reversed by insulin therapy [12]. In our study,
only a few presumptive ganglion cells showed apoptot-
ic death at 12-week diabetic retina, when the appear-
ance of apoptotic photoreceptors reaches a peak. This
could be due to earlier necrotic changes of the ganglion
cells. Judging from such different findings, there might
be an unidentified mechanism modulating the neuronal
apoptosis in the diabetic retina.

The glial reaction in both experimental and human
diabetic retinas has been widely discussed [10, 34]. In
this ultrastructural investigation, some end feet of
Müller cells show a phagocytic feature. In the normal
retina, debris of neurons in the inner retina are en-
gulfed and digested by microglial cells, whereas pho-
toreceptor debris are incorporated by pigment epithe-
lial cells [35, 36]. Microglial cells in the diabetic reti-
na showed shape changes before the leakage of the
blood-retinal barrier indicating their functional activa-
tion [37]. Hypertrophied microglial cells showed posi-
tional changes from the NFL and GCL to the IPL and
rarely the OPL, and they increase in number [19].
This pattern of microglial activation is similar to what
we observed immunohistochemically with an antibody
against a lectin isoform. Based on these results and
considering that the phagocytic character of Müller
cells manifested only in the NFL, it is highly likely
that the debris from the delayed degeneration of nerve
fibers is cleared by activated Müller end feet. This
proposition remains equivocal, even though in vitro
studies have reported a phagocytic function for Müller
cells [38, 39], and ultrastructural studies an increased
lysosomal content in the Müller cells of streptozoto-
cin-induced diabetic rats [40, 41].

The two findings, a severe loss of photoreceptors
and the phagocytic feature of Müller end feet, could
provide the morphological basis for the proposition
that visual loss in diabetic retinopathy is initiated by
neural dysfunction earlier than microangiopathy. Pro-
gression of diabetic retinopathy is considerably pre-
vented by aminoguanidine [42]. It is also clarified that
the initial phase of diabetic retinopathy is through non
aminoguanidine-inhibited mechanism [42]. In con-
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trast, aminoguanidine has been suggested to act on re-
storing the number of nNOS-containing neurons in the
short-term and long-term diabetic retinas, as mediated
by the inhibition of AGE formation [43]. We suggest
that future studies should be directed towards charac-
terizing the mechanisms inducing the apoptosis of
photoreceptors and ganglion cells. This could further
the prevention of early neuronal degeneration in ongo-
ing diabetic retinopathy.
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