
Mean increase of blood glucose concentrations in pa-
tients with diabetes mellitus has been implicated in
the development of degenerative microvascular
changes [1, 2]. One mechanism linking chronic hyper-
glycaemia with tissue damage such as that in diabetic
retinopathy is the formation and accumulation of ad-
vanced glycation end products (AGE) [3]. Studies
done in vitro and in vivo have indicated that AGE in-
duce irreversible crosslinks in long-living extracellu-
lar matrix [4±8] and, upon binding to specific cellular
proteins, change the local concentrations of cyto-
kines, growth factors and other bioactive molecules

Diabetologia (1999) 42: 728±736

Differential accumulation of advanced glycation end products
in the course of diabetic retinopathy
H.-P. Hammes1, A. Alt1, T. Niwa2, J. T.Clausen3, R. G. Bretzel1, M. Brownlee4, E. D. Schleicher5

1 Justus-Liebig-Universität Giessen, Giessen, Germany
2 Nagoya University, Daiko Medical Centre, Nagoya, Japan
3 Bio Sciences, Novo Nordisk A/L, Bagsvaerd, Denmark
4 Diabetes Research Center, Albert Einstein College of Medicine, Bronx, New York, USA
5 Department of Internal Medicine, Division of Endocrinology, Metabolism and Pathobiochemistry, Tübingen, Germany

Ó Springer-Verlag 1999

Abstract

Aims/hypothesis. Glycated proteins, formed by reac-
tion of glucose and protein, react further yielding
numerous, mostly undefined advanced glycation
end products (AGE). The recently characterized
imidazolone-type AGE (AG-1) is non-oxidative-
ly formed involving 3-deoxyglucosone whereas
some AGEs, particularly Ne-(carboxymethyl)lysine
(CML), are formed only in the presence of oxygen.
Methods. To study the possible contribution of oxida-
tive and non-oxidative AGE formation in the devel-
opment of diabetic retinopathy antibodies directed
against CML-type and imidazolone-type AGEs were
characterized by dot blot analysis and used to localize
these well-characterized epitops in the retinas from
diabetic rats (early course) and from human Type I
(insulin-dependent) diabetes mellitus with laser-
treated proliferative diabetic retinopathy (late
course).
Results. In non-diabetic rats CML was moderately
positive in neuroglial and vascular structures of non-
diabetic rat retinas and increased strongly in diabetic

retinas. Anti-imidiazolone antibody staining was
strongly positive only in diabetic capillaries. Ad-
vanced human diabetic retinopathy showed strong
CML-immunolabelling of the entire retina whereas
control samples showed moderate staining of neuro-
glial structures only with the polyclonal CML-anti-
body. Anti-imidiazolone antibody staining was faint
in the inner retina of control sections but were strong
throughout the entire diabetic retina. Immunolabel-
ling for the AGE-receptor was congruent with a
marker of Müller cells.
Conclusion/interpretation. Our data indicate that the
oxidatively formed CML is present in non-diabetic
retinas as a regular constituent but increases in diabe-
tes both in neuroglial and vascular components. Imi-
dazolone-type AGE are restricted to microvessels
and spread during later stages over the entire retina,
co-localizing with the expression of AGE-receptor.
[Diabetologia (1999) 42: 728±736]
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[9±11]. Advanced glycation end products accumulate
with age and, at an accelerated rate, in diabetes
[12±14]. Fluorescent AGEs in the retinas of diabetic
animals correlate with the duration and degree of hy-
perglycaemia [15]. Fluorescent AGEs were first de-
scribed by us to accumulate in precapillary arteriolar
branching sites in retinas of diabetic rats [15].

Advanced glycation end products are a heteroge-
nous group and it is not known how many there are
of them [16]. Up to now only a few products occur-
ring in vivo have been fully characterized and are
therefore structurally well-defined [17]. After reac-
tion of glucose with the amino groups of proteins
and subsequent Amadori rearrangement a variety of
chemically different structures are formed [16]. Ad-
vanced glycation end products are formed non-oxid-
atively through highly reactive carbonyl compounds
such as 3-deoxyglucosone which reacts with free ami-
no groups. It has been shown that when 3-deoxy-
glucosone reacts with lysine, pyrraline is formed [18]
whereas with arginine it yields a hydroimidazolone
[19, 20]. Other candidate compounds of AGE include
a group which form through oxidative cleavage of the
carbohydrate moiety yielding mainly Ne-(carboxy-
methyl)lysine (CML) and erythronic acid [21±24].
As this reaction occurs only in the presence of oxy-
gen, the resulting product CML was named a glycoxi-
dation product. The fluorescent pentosidine repre-
sents another well-characterized oxidatively formed
product representing a minor proportion of the
AGEs [7, 8]. Furthermore, AGEs may be formed
from auto-oxidation products of glucose [25].

The use of antibodies against AGE structures led
to the discovery that only a minor proportion of
AGE are detectable by autoflourescence and that
they form intracellularly much faster and to a greater
extent than extracellularly because several glucose
fragmentation products which occur during the me-
tabolism of glucose in the cell are more reactive than
glucose itself [26]. It was also found that the non-flou-
rescent CML is the major epitope against which
AGE-antibodies are directed [23, 27, 28]. Some
AGE-antibodies used so far have not been character-
ized at all. The currently available AGE-antisera
therefore contain variable amounts of antibodies
against undefined AGE-epitopes. To circumvent this
problem we applied antibodies directed against the
well-characterized epitops CML and AG-1 as repre-
sentative markers for the oxidative and non-oxidative
pathway, respectively.

Part of the pathogenic reaction excerted by AGEs
is mediated by interaction with cellular receptors.
One of them has been termed RAGE and mediates
both adhesive as well as procoagulant properties
of AGEs [29, 30]. The interaction of AGE with
RAGE is of crucial importance for the understanding
of the pathobiochemical role of AGE in diabetic angi-
opathy.

Our aim was to investigate the possible contribu-
tion of AGE formation in the development of diabet-
ic retinopathy. We used rat retinal tissues as a model
of very early retinopathy with similarities to the alter-
ations in human retinas, such as pericyte drop-out, in-
creased endothelial cell numbers and the formation
of acellular capillaries. In addition, autoptic material
of human proliferative diabetic retinopathy repre-
senting the other end of the natural course of mi-
crovascular damage was studied. As several cellular
binding sites for AGE were discovered on a variety
of cells such as endothelial cells and smooth muscle
cells, we investigated the co-localization of the AGE
with RAGE.

Materials and methods

Proteins and antibodies. We prepared CML-BSA, AGE-modi-
fied BSA and CML-keyhole limpit haemocyanin (KLH) as de-
scribed previously [14, 28]. We also prepared Ne-(carboxyeth-
yl)lysine (CEL) as described previously [31] and characterized
it by mass spectrometry. For the detection of tissue-bound imi-
dazolone-type AGE and CML-type glycoxidation products, we
used only antibodies whose epitopes had been characterized
previously. The monoclonal anti-CML antibody (6D12) and
the monoclonal anti-imidazolone antibody (AG-1) were pre-
pared and characterized as described in [28] and [19, 20], respec-
tively. The polyclonal anti-CML antibody was generated in rab-
bits and extensively characterized [14]. The RAGE antibody
was generated in rabbits using the extracellular N-terminal part
of the RAGE (amino acid sequence GAAGTAVGAWVLVLS)
[32], emulsified in Freund's complete adjuvans, as antigen. The
antibody was characterized by western blotting using mem-
branes from Hek 293 cells transfected with RAGE. A single
band was observed in retinal extracts from normal and diabetic
rats at a molecular weight level of ~ 39 kDa, while bands with a
molecular weight between 45 and 52 kDa were observed in sam-
ples from transfected cell membranes (due to different post-
translational glycosylation of RAGE in Hek cells) whereas no
bands were detected in the non-transfected cells (not shown).
The polyclonal antibody against glial fibrillary acid protein
(GFAP) was obtained from Dako (Hamburg, Germany).

Dot blot analysis of the antibody affinity. We loaded 0.5 ml of in-
creasing concentrations ranging from 1 to 1000 ng/ml of each
antigen on a nitrocellulose membrane (Hybond-N + , Amer-
sham, Braunschweig, Germany) and dried them at room tem-
perature for 10 min. Membranes were washed, blocked with
5 % non-fat dry milk for 30 min, washed again and incubated us-
ing the following antibody concentrations: monoclonal CML
antibody (6D12) 0.1 mg/ml, monoclonal imidazolone-type
AGE antibody (AG-1) 0.1 mg/ml and the polyclonal CML anti-
body diluted 1:10 000. With the latter dilution we aimed to ob-
tain a similar antibody concentration as the monoclonal anti-
bodies based on the assumption that less than 0.01 % of total
IgG recognizes the specific antigen. After extensive washing in
PBS-T, membranes were exposed to peroxidase-labelled anti-
mouse IgG or peroxidase-labelled anti-rabbit IgG antbodies
(Dako, Hamburg, Germany), respectively, for 1 h. Membranes
were washed again and exposed to the enhanced chemoluminis-
cence detection system (Amersham Buchler, Braunschweig,
Germany) according to the manufacturer's instructions. Mem-
branes were subsequently exposed to x-ray film (Sterling, New-
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ark, Del., USA). Developed films were scanned into an image
analysis system (CUE-2, Olympus Opt. Europe, Hamburg,
Germany) and optical density and areas of the dots were quanti-
fied. The results were obtained from three independent experi-
ments and three independent determinations of each individual
AGE value. Results were expressed as arbitrary intensity units
of optical densities (AIU).

Human diabetic and control retinas. We studied the immunolo-
calization of CML and AGE in an eye with advanced diabetic
disease from a patient in whom diabetes duration had been
strictly defined and who had no concomittant eye disease.
Therefore we restricted our study to one eye which we ob-
tained after death from a 43-year-old patient with Type I (insu-
lin-dependent) diabetes mellitus (duration 39 years) and pro-
liferative diabetic retinopathy who had been treated with pan-
retinal photocoagulation 10 years ago. For controls, five eyes
were obtained from autopsies (three men and two women,
age 42±79 years) without diabetes or any known ocular dis-
ease. Eyes were fixed in 4 % PBS-buffered formalin and 6 mm
vertical sections were made of the paraffin-embedded samples.

Immunohistochemistry. Sections were incubated with the 6D12
antibody (2 mg/ml) and the AG-1 antibody (10 mg/ml) for 1 h at
room temperature. After incubation with the bridging antibody
the secondary anti-alkaline phosphatase labelled antibody was
added for 20 min followed by substrate incubation (New Fuch-
sin, Dako) and counterstaining with hemalaun. The polyclonal
CML-antibody was used according the previously described
method [14]. Briefly, sections were incubated in 3 % H2O2 in
TRIS-buffered saline (TBS) to block endogenous peroxidase.
After repeated rinses in TBS, sections were incubated with nor-
mal pig serum at a 1:5 dilution in TBS to reduce unspecific bind-
ing. After rinsing in TBS, sections were incubated with the poly-
clonal antibody against the RAGE (dilution 1:150) for 1 h at
room temperature. After exposure to the appropriate bridging
and secondary antibody, tissues were made visible using
3 ¢ 3 ¢diaminobenzidine hydrochloride as chromogen. Sections
were counterstained with hemalaun. Glial fibrillary acid pro-
tein (GFAP) was localized using a polyclonal antibody (Dako,
4.1 mg/ml, dilution 1:100) as described previously [33].

Diabetic and non-diabetic rats. The study conformed with the
Association for Research in Vision and Ophthalmology resolu-
tion of use of animals in research. Six week-old male Wistar rats
(Charles River, Sulzfeld, Germany) were rendered diabetic by
i. v. injection of streptozotocin (65 mg/kg body weight; Boehrin-
ger Mannheim, Mannheim, Germany). Animals with blood glu-
cose values lower than 15 mmol/l after 1 week were excluded
from the study. After 6 months of diabetes, eyes were enucleat-
ed from the diabetic group together with eyes from non-diabetic
animals and immediately stored in liquid nitrogen.

Vertical and horizontal cryostat sections (6 mm) were pre-
pared as described previously and stained with the primary an-
tibodies described above, except that an immunofluorescence
protocol was used for GFAP staining [3].

Results

Dot blot analysis. On immuno blot analysis the AGE-
antibodies used in this study showed different reactiv-
ity against highly modified AGE-BSA and highly
CML-modified proteins (Fig.1). The polyclonal
CML antibody recognized all three antigens with sim-
ilar reactivity, indicating the presence of CML in the

AGE-BSA preparation. In contrast, the monoclonal
antibody 6D12 started to react against much higher
concentrations ( ~ tenfold) of AGE-BSA compared
with the polyclonal CML antibody and was also less
reactive against both CML-preparations. Note that
both CML antibodies used did not recognize CEL
(1±1000 ng/ml) in our assay (data not shown) since
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Fig. 1. A-C Immunoreactivity of the CML-antibodies and imi-
dazolone-antibodies to the highly-modified AGE-proteins
CML-KHL, CML-BSA and AGE-BSA. A monoclonal CML-
antibody (6D12); B polyclonal CML antibody; C AG-1 anti-
body. Membranes were loaded with increasing amounts of an-
tigen and antibodies-binding was determined as described in
the method section. On the y-axis the arbitrary intensity units
of optical densities intensities (AIU) are indicated. Results
are expressed as the means of three independent experiments.
The individual values generally scattered less than 7.4 % from
the mean of each measurement (±&± CML-KLH, ±*± CMl-
BSA, ±~± AGE-BSA)



this structurally closely related modification is formed
non-oxidatively [34]. The imidazolone antibody (AG-
1) did not react with the two CML preparations used
but recognized AGE-BSA at concentrations as low
as 100 ng/ml. No immunoreaction was detected with
nonimmune mouse or rabbit IgG. By comparing reac-
tivities of the various antibodies used therefore it be-
came evident that AG-1 antibody was solely reactive
against non-CML epitopes in AGE-BSA samples.
Thus, the 6D12 antibody is a medium affinity CML-
protein-recognizing antibody and the polyclonal
CML antibody is a high affinity antibody.

Immunohistochemistry in experimental diabetic retin-
opathy (early course). Both, vertical and horizontal

crystat sections were used to identify the spatial dis-
tribution of the antibodies and to investigate their rel-
ative co-localization with RAGE and a marker of
Müller cell transdifferentiation in diabetes, GFAP.
In non-diabetic rats, 6D12-immunoreactivity was
weakly positive in the inner plexiform and inner nu-
clear layer and, in particular, positive in capillaries of
the inner nuclear layer (Figs. 2 a, 3a). In diabetic rat
retinas, the immunoreactivity was predominantly in-
creased in the inner nuclear layer (Fig.2b) and in
capillaries (Fig.3b). Of note, CML immunoreactivity
was also increased in the photoreceptor layer.

The polyclonal anti-CML antibody specifically
stained the non-diabetic retina from the inner limit-
ing membrane to the outer border of the inner nucle-
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Fig. 2. a-l Immunolocalization of AGE and RAGE in vertical
sections of rats with early experimental diabetic retinopathy.
CML immunlocalization using a monoclonal (6D12) and a
polyclonal (CML) antibody, compared with the imidazolone-
type AGE (AG-1) and RAGE in normal (N) and diabetic
(D) rats. a and b: white arrows indicate immunolabelling in
the inner nuclear layer, black arrow in b indicates CML label-
ling in the photoreceptor layer. c and d: white arrow indicates
positive labelling in the inner nuclear layer. e: no immunoreac-
tivity for the 3-deoxyglucosone derived in non-diabetic rat ret-
ina. f: positive labelling in the vessels of the ganglion cell layer
(white arrow). g: mild labelling for RAGE in the inner nuclear
layer. h: Moderate RAGE immunoreactivity in the inner plex-
iform layer (white arrow). i: GFAP labels astrocytes in the nor-
mal rat retina. j: GFAP labels astrocytes and Müller cells in the
diabetic rat retina. k, l negative controls. Sections were coun-
terstained with hematoxylin. Original magnification 25 ´

Fig. 3. a-h Immunolocalization of AGE and CML in compari-
son with GFAP in horizontal sections of normal (N) and dia-
betic (D) rats with early experimental diabetic retinopathy. a:
mild immunoreactivity of CML in capillaries of the inner nu-
clear layer (arrow). b: CML immunoreactivity in capillaries of
the inner nuclear layer (arrow) and in pericapillary areas of
the inner retina. c: CML immunoreactivity (polyclonal anti-
body) in the vascular (arrow) and the non-vascular structures
of the inner nuclear layer. d: Immunoreactivity in diabetic
rats. Strong signal in the capillaries of the inner retina (arrow)
and the perivascular areas of the inner nuclear layer. e: No
AG-1 immunoreactivity in the normal retina. f: AG-1 immu-
noreactivity limited to capillaries of the inner nuclear layer. g,
h: GFAP in normal (g) and diabetic (h) rat retina. Original
magnification 25 ´



ar layer and the photoreceptor layer (Fig.2c). As ob-
served in the horizontal sections (Fig.3 c) capillary
and pericapillary structures were moderately la-
belled. A major increase of immunoreactivity was ob-
served in retinas from diabetic rats, predominantly in
the inner retina and in the photoreceptor layer
(Fig.2d). It was also evident from the horizontal sec-
tions, that diabetic capillaries were strongly positive.

A major difference of the staining pattern was ob-
served with the AG-1 antibody. This antibody did
not show any positive reaction in the normal retina
(Fig.2e), particularly no neuroglial staining. The
only structures that were labelled were vessels (Figs.
2 f, 3 f). Table 1 summarizes results of AGE immuno-
staining in non-diabetic and diabetic rat retinas.

The antibody against the extracellular part of the
RAGE did not recognize any structure in the normal
rat retina. No difference was observed compared with
negative control sections (Fig.2g,k). A moderately
positive staining pattern of the inner retina (from the
inner limiting membrane to outer border of the inner
nuclear layer) was only present in diabetic sections
(Fig.2h). Of note, CML-immunoreactivity did not

co-localize with RAGE in the inner retina (i. e. from
the inner limiting membrane to the outer border of
the inner nuclear layer) and there was no precise co-
localization of the CML-antibodies with AG-1. To
identify neuroglial structures, GFAP was used. In
non-diabetic retina GFAP antibody labelled astro-
cytes (Figs. 2 i, 3g) and in diabetic retinas astrocytes
and Müller cells were stained (Figs. 2 j, 3h).

Immunohistochemistry in advanced human diabetic
retinopathy (advanced course). Results of AGE im-
munostaining in the retina from the Type I diabetic
patient with proliferative diabetic retinopathy which
had been laser treated are summarized in Table 2.

Non-diabetic retinal tissue did not stain with the
6D12 antibody (Fig.4a). A strong positive reaction
was, however, observed throughout the whole diabet-
ic retina with predominance of the inner plexiform
layer (Fig.4b), comprising positively labelled struc-
tures, the inner limiting membrane, ganglion cell lay-
er, inner and outer nuclear layer and photoreceptor
layer. Of importance, thickened walls of vessels in
the inner retina were also labelled.

As in the non-diabetic rat retina, the polyclonal
CML antibody moderately stained the inner limiting
membrane, the nerve fibre layer, and weakly stained
the inner plexiform (Fig.4 c). The diabetic retina was
strongly positive from the inner limiting membrane
to the photoreceptor layer (Fig.4d). Of note, neovas-
cular membranes which were partly present in the
sections, were not labelled with any of AGE antibod-
ies used.

Wheras AG-1 imidazolone antibody did not stain
any part of the non-diabetic retina (Fig.4 e), a moder-
ate to strong immunolabelling was present in the in-
ner part of the diabetic retina (Fig.4 f). In contrast to
the diabetic rat retina, the staining was not limited to
vascular structures.

The RAGE antibody moderately stained parts of
the inner limiting membrane and the inner plexiform
and nuclear layer (Fig.4g), concordant with the dis-
tribution of GFAP (Fig.4 i). As GFAP in the normal
retina is a marker of astrocytes, co-localization of
RAGE and GFAP in normal retinas suggests expres-
sion in glial elements. A moderate signal in the dia-
betic retina which was not restricted to vascular struc-
ture (Fig.4h) was observed. In the diabetic retina, the
GFAP labelling extended from the inner limiting
membrane to the outer nuclear layer, confirming pre-
vious results of a transdifferentiation Müller cells in
diabetes [33].

Discussion

This study shows the distribution pattern of structur-
ally defined AGE epitopes in diabetic retinopathy us-
ing well-characterized specific antibodies. We have

H.-P. Hammes et al.: AGE in diabetic retinopathy732

Table 1. Immunohistochemical detection of AGE products in
retinas of normal and diabetic rats

antibody

6D12 CML AG-1

N D N D N D

GC/NFL 0 + ++ ++++ 0 0
IPL + +++ ++ ++++ 0 0
INL + +++ ++ ++++ 0 0
OPL 0 ++ + ++ 0 0
ONL 0 + + ++ 0 0
PR 0 + ±+++ ++ ++++ 0 0
Vesselsa + ++++ ++ ++++ 0 ++++
a as determined from the horizontal sections
N = normal; D = diabetic. 0 None; + weakly positive; ++ mod-
erately; +++ strongly positive; ++++ intensely stained; GC/
NFL, ganglian cell/nerve fibre layer; IPL, inner plexiform lay-
er; INL, inner nuclear layer; OPL, outer plexiform layer;
ONI, outer nuclear layer; PR, photoreceptor

Table 2. Immunohistochemical detection of AGE-products in
human retinas from normal and diabetica retinas

antibody

6D12 CML AG-1

N D N D N D

GC/NFL 0 +++ ++ +++ 0 ++
IPL 0 ++++ + ++++ 0 +++
INL 0 ++ ++ ++ 0 +
OPL 0 +++ 0 ++++ 0 0
ONL 0 +++ 0 ++ 0 0
PR 0 +++ + +++ 0 0

The abbreviations are the same as in Table 1
a obtained from a Type I diabetic patient with laser treated
proliferative diabetic retinopathy



studied the spatial and, by indirect means, the tempo-
ral distribution of these AGE-epitopes in normal and
diabetic retinas. Our results show that: (1) CML-im-
munoreactivity is present in the non-diabetic retina,
with a pronounced increase in diabetes, (2) this im-
munoreactivity is present in neuroglial elements of
diabetic and non-diabetic retinas, including photore-
ceptors with a pronounced increase in diabetes, (3) im-
idazolone-type AGE are exclusively located in the
vasculature of the diabetic retina and differ in that re-
spect from CML-type AGE, (4) imidazolone-type do
not strictly co-localize with RAGE but CML-type
protein modifications do co-localize with RAGE in
the inner retina and (5) in advanced retinopathy, imi-
dazolone-type and CML-type AGE are distributed
throughout the whole retina. We chose the diabetic

rat retina as representative of the early course of dia-
betic retinopathy. The diabetic rat lesions are charac-
teristic of early background retinopathy in diabetic
humans, in particular, pericyte loss and acellular capil-
laries. In contrast, the retina of a Type I diabetic pa-
tient with laser-treated proliferative diabetic retinopa-
thy represents the end stage of the disease.

We describe the distribution and intensity of an
imidazolone-type AGE in the diabetic retina. This
antibody stained only vascular structures of the rat
retina, consistent with the hypothesis that imidazo-
lone-type AGE start to form in the inner vasculature
in diabetes. Of note, during the advanced stage of re-
tinopathy, the immunostaining spreads over the en-
tire inner retina suggesting that both vascular and
neuroglial parts of the retina are affected by AGE ac-
cumulation during the end stage. The staining pattern
of the imidazolone-type AGE was more widespread
than that of GFAP, a marker of Müller cells in diabe-
tes, suggesting that additional cell population such as
neuronal cells may accumulate AGE. Imidazolone-
type AGE have been shown to be increased in eryth-
rocytes of diabetic patients and were shown immuno-
histochemically in renal nodular glomerular lesions,
in expanded mesangial matrix and in vessels of dia-
betic nephropathy [19].

In contrast to the imidazolone-type AGE, oxida-
tion-dependent AGE like CML form as the conse-
quence of both glycation and oxidation [21]. Our ex-
periments characterizing the specificity of the CML
antibodies showed that they did not cross-react with
the non-oxidatively formed CEL and together with
earlier results indicate that they specifically recognize
CML. Results from the comparative dot blot analysis
indicate that the 6D12 has a substantially lower affini-
ty than the polyclonal CML antibody. The differences
in the labelling pattern observed between these two
antibodies could thus possibly be explained by the
higher detection threshold of the 6D12, particularly
evident in the non-diabetic rat retina, in which this an-
tibody was negative. From these differences, it is con-
cluded that the antibody affinity is of crucial impor-
tance in the evaluation of an AGE/CML antibody.

The polyclonal CML-antibody already labels reti-
nal structures of the non-diabetic rat and human reti-
na. Previous immunohistochemical studies using this
antibody in non-diabetic humans reported on posi-
tive CML-staining in dermis, vessel walls, renal tu-
bules and interstitium and intervertebral discs which
was increased in diabetes and ageing [14]. In subjects
less than 10 years of age CML-staining was rarely ob-
served. We observed CML immunoreactivity, howev-
er, in retinas of 7.5-month-old non-diabetic rats. This
unexpected finding indicates tissue-specific CML for-
mation independent from hyperglycaemia and non-
enzymatic glycation. Lipid peroxidation has been
identified as an alternative source of CML formation
[35] and is likely to occur in the retina since this tissue
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Fig. 4.a-l Immunohistochemistry of a non-diabetic human reti-
na (N) and of a Type I diabetic patient (D) with proliferative
retinopathy. a, b: normal (a) and diabetic (b) retina stained
with the monoclonal 6D12 antibody. Note the difference and
the strong immunolabelling of the inner plexiform layer (white
arrow). c, d: normal (c) and diabetic (d) retina stained with the
polyclonal CML antibody. c: Arrows mark positive labelling in
the ganglion cell layer and in the inner nuclear layer. d: White
arrow head marks a neovascular membrane that is negative
for CML. e, f: normal (e) and diabetic (f) retina stained with
the monoclonal AG-1 antibody, recognizing the imidazolone
type AGE. g, h: Normal (g) and diabetic (h) retina stained
with the polyclonal RAGE antibody. i, j: Normal (i) and dia-
betic (j) retina stained with the polyclonal GFAP antibody.
Note the pronounced increase in labelling in the entire inner
retina. k, l: Negative controls for normal (k), and diabetic reti-
na (l). Original magnification 25 ´



is rich in polyunsaturated fatty acids as a source of
peroxidation in the presence of oxygen [36]. This
could also explain the wide distribution of CML im-
munoreactivity in the non-diabetic retina, including
the photoreceptor layer. CML immunoreactivity in-
creased both in vascular and in non-vascular struc-
tures of diabetic rat and human retinas and was ob-
served in the intracellular and extracellular compart-
ment, indicative of augmented oxidative stress of the
entire retina. Indeed, it has been reported that Müller
cells become transdifferentiated to a GFAP- express-
ing cell type and heme oxygenase I, a heat-shock pro-
tein expressed in response to oxidative stress, is up-
regulated in the diabetic retina [37]. The up regula-
tion of vascular endothelial growth factor and the
low affinity binding site of nerve growth factor,
p75NGFR, can further be related to the increased oxi-
dative stress in diabetic retinas [38].

Others have reported on the localization of CML
in retinas of non-diabetic and diabetic rats and hu-
mans. Results from one study [39] showed a much
stronger immunoreactivity in the inner retina of for-
malin-fixed samples from non-diabetic Sprague-
Dawley rats, compared with our results. Differences
in rat strains, fixation techniques, antibody produc-
tions and staining procedures could account for the
qualitative and quantitative differences observed be-
tween these data and ours. Using the 6D12 antibody,
a staining pattern different from that reported here
was shown in Type II diabetic patients with moderate
degrees of retinopathy [40]. In that report, CML was
restricted to the thickened vascular wall of vessels in
the nerve fibre layer and to a strand-shaped staining
pattern in the inner plexiform layer around large ves-
sels. Shorter diabetes duration, lesser degrees of ret-
inopathy and possibly also differences in the method
could account for the less intense staining.

The predominant intracellular location of AGE
occuring primarily in vascular structures agrees with
the biochemical finding of an early and rapid increase
of AGEs, possibly by highly reactive carbonyl com-
pounds of glycolytic intermediates. By subtractive
analysis (Table 2) of the oxidation-derived AGE
compared with imidazolone-type AGE, it is evident
that the vasculature is the primary location of this
type of AGE. Inhibition of these AGE determined
by autofluorescence with aminoguanidine reduces
formation of acellular capillaries by 80% in diabetic
rats, suggesting a pathogenetic role in diabetic retin-
opathy [15]. Aminoguanidine inhibits AGE forma-
tion by reacting with highly reactive dicarbonyl com-
pounds such as 3-deoxyglucosone with a,b-diketones
localized to proteins [41] and it reacts with methylgly-
oxal [42]. Glycoxidation product formation does not
involve 3-deoxyglucosone intermediates. It is there-
fore unlikely that aminoguanidine would decrease
CML formation. In line with this hypothesis, we have
observed that in the rat model used in this study, am-

inoguanidine does not decrease retinal CML immu-
noreactivity in diabetic rats and confirmed this results
by immunoblotting (H.-P. Hammes, unpublished).

According to our findings, RAGE is upregulated in
diabetic rats early during the course of diabetes and is
primarily located in the inner retina and co-localizes
with CML rather than with imidazolone-type AGE.
Our data further suggest that one cell type, on which
the RAGE is expressed is Müller cells. This receptor
has also been found on vascular cells (endothelial cells
and most likely pericytes) and its expression in up reg-
ulated in diabetes. According to the findings in the hu-
man retina, it appears that this upregulation is perma-
nent and possibly increasing. Others have investigated
the possible co-localization of CML with RAGE in di-
abetic rats and have found that RAGE is distributed
over the whole retina including the photoreceptor lay-
er, suggesting a complete co-localization with CML
but no regulation in the presence of diabetes [39].
Again, the discrepancies between their study and
ours probably results from technical differences, rat
strains, antibody affinity and targets. Preliminary
data indicate that CML-modified proteins, as recog-
nized by the antibodies used in our study, are ligands
for RAGE activating intracellular signalling pathways
and altering gene expression [43].

Direct evidence for increased oxidative stress in
this diabetic rat model has been provided in that
heme oxygenase I (HSP 32) is up regulated in diabetic
rats in a pattern reminiscent of GFAP staining which
is indicative of Müller cells (see above). In contrast to
the in-vitro situation, this increase cannot be abolished
in diabetic rats with antioxdative treatment, which
also does not ameliorate diabetic retinopathy [44].

In summary, we show that CML-like immunoreac-
tivity is at a certain level a regular constituent of the
normal retina, but increases in diabetes. Further-
more, we show the early presence of imidazolone-
like activity restricted to the microvasculature which
is primarily affected in early diabetes and an exten-
sion of this immunoreactivity during later stages. We
suggest that the rat retina is a suitable target tissue
for the in-vivo evaluation of drugs for the prevention
of early diabetic retinopathy.
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