
The most characteristic findings of diabetic back-
ground retinopathy in humans are increased capil-
lary permeability and progressive vascular occlu-
sions. According to studies correlating angiographic
in vivo findings with post-mortem retinal digests
microaneurysms cluster around areas of capillary

non-perfusion [1, 2], possibly in an early abortive
attempt at retinal new vessel formation. From earlier
work it is known that pericytes may disappear
leaving behind empty pockets in the capillary base-
ment membrane [3]. Since endothelial cells do not
leave behind such traces when they disappear, their
fate during the initial course of retinal damage is un-
certain, despite indication for both focal loss, leading
to acellular capillaries, and focal proliferations lead-
ing to hypercellular vessels and microaneurysms [4,
5]. Pericyte loss and acellular, occluded capillaries
have been found in diabetic animals, in which the
natural course of diabetic retinopathy has been stud-
ied [6, 7].
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Summary To assess the relationship between glucose
and advanced glycation end products (AGE) and
the relationship between AGE and retinal changes
in vivo, we studied the time course of retinopathy
over 12 months in trypsin digest preparations and
measured glycaemia and retinal AGE in spontaneous
diabetic hamsters of mild (MD) and severe (SD) phe-
notypes. Blood glucose levels were elevated in MD
(9.44 ± 0.76 mmol/l) and in SD (3 months: 24.3 ±
1.4 mmol/l; 12 months: 31.7 ± 0.8 mmol/l) over non-
diabetic controls (NC: 7.15 ± 0.25 mmol/l; p < 0.05 or
less vs MD; p < 0.001 vs SD). Similar relations were
found for HbA1. Retinal AGE in mild diabetes was
405 ± 11.3 arbitrary units (AU) (NC 245 ± 7.7;
p < 0.01) after 3 months and remained unchanged. A
non-linear increase of AGE over time was found in
severe hyperglycaemic hamsters (466 ± 21 AU after
3 months and 758 ± 21 AU after 12 months; p < 0.001
vs MD). Pericyte loss in mild diabetes progressed
from ±26 % after 3 months to ±41% after 12 months
(p < 0.001 vs NC). Whereas the initial pericyte loss in

severely diabetic hamsters was identical to the mildly
diabetic group, a higher degree of pericyte loss oc-
curred after 12 months (±57%; p < 0.05 vs MD). En-
dothelial cell numbers remained unaffected by mild
hyperglycaemia, but significantly increased over
time in severe diabetes reaching 31.7% above con-
trols after 12 months (p < 0.001 vs NC and MD). Mic-
roaneurysms were absent in all retinae examined.
Acellular capillary segments were increased in mild
diabetes (3.83 ± 0.31 per mm2 of retinal area) and se-
vere diabetes (7.83 ± 0.73) over controls (1.0 ± 0.23).
These data suggest that a threshold of glycaemia
might exist above which AGE removal systems be-
come saturated. Pericyte loss and acellular capillary
formation are associated with mild increases in blood
glucose and AGE levels while endothelial cell prolif-
eration requires higher glucose and AGE levels.
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Results of the Diabetes Control and Complica-
tions Trial (DCCT) established the causal role of
chronic hyperglycaemia in the pathogenesis of dia-
betic microvascular complications [8]. With higher
levels of glycaemia the percentage of onset and pro-
gression of diabetic retinopathy increased. However,
the exact sequence of retinal changes and the bio-
chemical mechanisms underlying hyperglycaemia-as-
sociated retinal changes are still unclear.

One mechanism involved is the formation and ac-
cumulation of advanced glycation end products
(AGE) [9]. We have previously shown that the ad-
ministration of aminoguanidine, an inhibitor of
AGE formation, results both in a significant attenua-
tion of extracellular AGE accumulation in retinal
vascular basement membranes and in an almost
80% reduction of acellular capillaries of diabetic
rats [10]. Despite this indication of a major role of
AGE in the pathogenesis of diabetic retinopathy, the
relationship between glucose level and AGE level in
vivo and the relationship between AGE level and ret-
inal changes in diabetes are unknown.

Therefore, the aim of the present study was to in-
vestigate in a time course the retinal changes of dia-
betic animals with different glycaemic levels and to
assess in vivo the relation between these changes
with the degree of hyperglycaemia and the level of
retinal extracellular autofluorescent AGE. We chose
a spontaneous diabetic hamster model, in which two
sublines of different glycaemic levels have been cre-
ated through breeding, one with mild and one with
severe hyperglycaemia [11]. Previous studies estab-
lished that the spontaneous diabetic hamster eventu-
ally develops some early features of diabetic retinop-
athy such as acellular capillaries and an increase in
the capillary endothelial cell to pericyte ratio [12].
Using retinal digest preparations of animals with var-
ious durations of diabetes (3±12 months) we com-
pared animals with mild and severe hyperglycaemia,
measured retinal autofluorescent AGE and parame-
ters of diabetic retinopathy such as pericyte loss and
acellular capillaries.

Materials and methods

Animals. The use of animals in this study conformed to the As-
sociation for Research in Vision and Ophthalmology Resolu-
tion on the Use of Animals in Research.

Sublines of the Chinese hamster (Crisetulus griseus) were
used in this study. Depending on the parental phenotype, ani-
mals were severely diabetic (SD group) with plasma glucose
values exceeding 15 mmol/l at manifestation with a continuous
increase up to 30 mmol/l over time, and were glucosuric. Mild-
ly diabetic hamsters (MD) were defined as having fluctuating
plasma glucose values between 5 and 16 mmol/l without signif-
icant glucosuria. The non-diabetic Han-CHIA subline served
as controls (NC). A detailed description of the animals has
been given elsewhere [11].

Animals were kept under standardized conventional hold-
ing conditions regarding temperature and light cycles and had
free access to water and standard laboratory chow.

Blood glucose was measured at regular intervals using a
standard glucose oxidase method. The glycated haemoglobin
of each animal was measured at the end of the study using an
affinity chromatography method (Glyc Affin; Isolab, Akron,
Ohio, USA).

At the end of each study period (3, 6, 9, and 12 months), an-
imals were killed under deep ether anaesthesia and eyes were
removed and fixed in 4 % buffered formalin. In the control
group, 7, 3, 3, and 6 retinae were available for analysis after 3,
6, 9, and 12 months. In the mildly diabetic group, the numbers
were 5, 2, 6, and 6, and in the severely diabetic group, the num-
bers were 8, 9, 7, and 4 animals per group.

Retinal digest preparations. After retinal isolation, the samples
were washed in distilled water for 75 min. A combined diges-
tion ±5 % pepsin in 0.2 % hydrochloric acid for 1 h, then 3 %
trypsin in 0.2 mol/l Tris for 3.5 h ± was used to isolate the reti-
nal vessel system. The preparations were placed on glass slides,
washed with distilled water, air-dried and stained with periodic
acid/Schiff reagent (PAS)/haematoxylin. One retina per ani-
mal was used for morphometric evaluation.

AGEs and the numbers of acellular capillary segments
were measured as described previously [13]. Retinae were
completely scored for the presence of acellular vessels (inte-
gration ocular Olympus, 400 ´ magnification). Only complete-
ly acellular capillaries were recorded as positive, and values
are given as numbers of acellular capillary segments per mm2

of retinal area. Moreover, the complete retinae were scored
for the presence of microaneurysms.

The numbers of endothelial cells and pericytes were count-
ed in 10 randomly selected fields of each retina by using the
image analysing system with a morphometric software pro-
gram (CUE 2; Olympus Opticals Europe, Hamburg, Germa-
ny) and the total for each retina was expressed as mol mm2 of
the capillary area.

All morphometric evaluations were performed by two ob-
servers unaware of the identity of the samples being examined.

Statistical analysis. All parameters are given as mean ± SEM.
For statistical analysis, ANOVA and the Bonferroni multiple
comparison test (Instat; GraphPad, San Diego, Calif., USA)
were used.

Results

Blood glucose values of the three groups examined
are given in Figure 1 a. The mean random glucose lev-
el of the non-diabetic subline (NC; CHIA) was
7.15 ± 0.25 mmol/l throughout the study. Concomit-
tantly, in this group body weight increased from
36.4 ± 2.2 g after 3 months to 47.0 ± 4 g at 12 months.
Random blood glucose values of the mildly diabetic
subline (MD; CHIG) significantly differed from the
control group at all time points examined at an aver-
age of 9.44 ± 0.76 mmol/l (p < 0.001 vs NC). In paral-
lel with the rise in glycaemia, body weight in mildly
diabetic hamsters remained unchanged (36.0 ± 3.8 g
after 3 months; 38.7 ± 6.1 g after 12 months). Severely
diabetic hamsters (SD; CHIG) were characterized by
a 3.7-fold increase in mean blood glucose, compared
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with the control group, accompanied by a small loss
of average weight (3 months: 35.8 ± 3.6 g; 12 months
33.2 ± 3.2 g).

Mean blood glucose levels, as measured by haemo-
globin A1, were consistently higher in the mildly dia-
betic and even much higher in the severely diabetic
group, reflecting and verifying the different glycae-
mic levels in the groups examined (Fig.1b).

Next, we studied the levels of extracellular fluo-
rescent AGE, deposited in precapillary arteriolar

branching sites of the retinal vasculature. Fluores-
cent AGE measurements revealed a significant in-
crease in the mildly diabetic group, indicating that
slightly elevated blood glucose levels can result in a
significant increase in AGE formation. On average,
fluorescent AGE in the control group were 245 ± 7.7
arbitrary units (AU) and 405 ± 11.3 AU in the mildly
diabetic group (p < 0.001). In contrast to the known
properties of AGE in vitro, the relative increase in
AGE in mildly diabetic animals was higher than ex-
pected from their mean glucose levels. The lack of a
further increase despite the cumulative character of
AGE formation is consistent with the turnover of
proteins. In severely diabetic hamsters, there was
not only a significantly increased AGE deposition in
retinal matrix where AGE were measured, com-
pared to mildly diabetic animals, but also a non-lin-
ear increase over the study period, reaching a 3-fold
level after 12 months compared with the age-mat-
ched control group (Fig.1c). The continued increase
in AGE is consistent with changes in protein turn-
over.

Morphometric analysis of retinal digest prepara-
tions was greatly facilitated by the excellent distinc-
tion of endothelial cells from pericytes in this species
(Fig.2). Thus, the numbers of cells which could not
unequivocally be assigned to one of the two cell
types, were virtually negative.

Endothelial cell counts in non-diabetic hamsters
averaged 2160 ± 40.3 cells/mm2 of capillary area and
slightly decreased over time. In mildly diabetic ham-
sters, endothelial cell numbers showed an insignifi-
cant, small increase with a concomitant decrease
over time. In the severely diabetic group, a 15 % in-
crease of endothelial cells was already present at the
3 month examination point and progressively in-
creased over time, reaching a 31.7% increase after
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Fig.1 a±c. Random blood glucose (a), glycated haemoglobin
(b), and retinal AGE (c) in mildly (MD, U) and severely (SD,
X) diabetic hamsters, compared to non-diabetic control ani-
mals (NC, A). Mean ± SEM; *, **, *** p < 0.05, 0.01, 0.001 vs
NC; + + + p < 0.001 vs MD)

Fig.2. Photomicrograph of a retinal digest preparation from a
12 month old non-diabetic hamster. Note the difference be-
tween nuclei of endothelial cells (marked by arrowheads;
pale, elongated) and pericytes (marked by arrows; dark, small,
round). PAS-staining, original magnification 250 ´



12 months compared with the control group
(2843 ± 38 endothelial cells/mm2) (Fig.3 a).

The numbers of pericytes did not show any signifi-
cant change during the study period in non-diabetic
hamsters, although a slight trend towards a decrease
was observed (Fig.3b). In mildly hyperglycaemic ani-
mals, a highly significant pericyte loss was already
present after only 3 months and slightly progressed

over time (MD 3 months 1570 ± 44 pericytes/mm2 vs
MD 12 months 1270 ± 75 pericytes/mm2; p < 0.001).
Interestingly, the degree of pericyte loss in severely
diabetic hamsters was identical to that of the mildly
diabetic group after 3 months. Thereafter, a progres-
sive dropout occurred reaching 57.7% of the num-
bers in the non-diabetic hamsters after 12 months.

Acellular capillaries were not detected in animals
with a study duration of less than 12 months. Only in
the animals which were followed for 12 months were
the numbers of acellular capillary segments in-
creased. Mildly diabetic hamsters had 3.83 ± 0.31
acellular capillary segments/mm2, and severely dia-
betic animals had 7.83 ± 0.73 acellular capillary seg-
ments/mm2 of retinal area (p < 0.001 between groups)
(Fig.3c). Non-diabetic animals had 1.0 ± 0.28 acellu-
lar capillary segments. No microaneurysms were
found in any of the animals studied.

Discussion

The main findings of the present study indicate:

1) a threshold of glycaemia exists above which AGE
removal systems become saturated;
2) pericyte loss and acellular capillary formation are
associated with increased hyperglycaemia and AGE
levels; and
3) endothelial cell proliferation requires higher glu-
cose levels than pericyte loss.

Retinal morphometry in the hamster, based on the
excellent differentiability of capillary endothelial
cells from pericytes, shows that pericyte loss is the
first measurable change in retinal capillaries, and
that acellular capillaries as the most significant early
pathological lesion in diabetic retinopathy occur
only after a prolonged period of time. The individual
ability of the two capillary cell types to compensate
for hyperglycaemia-induced cell injury or even death
[14] appears to be different. While pericytes are lost,
endothelial cells proliferate. The degree of prolifera-
tion appears not to be determined by the degree of
pericyte dropout, as suggested earlier [15]. Since our
in vivo data show that despite an identical degree of
pericyte loss in both diabetic groups after 3 months
of diabetes, endothelial cells were only increased in
the severely diabetic group, the degree of hypergly-
caemia might preferentially determine the level of
endothelial cell rather than the degree of pericyte
loss. Hyperglycaemia per se induces increased gene
transcription of basic fibroblast growth factor and
vascular endothelial growth factor (VEGF) in cell
culture [16, 17]. AGE can upregulate VEGF mRNA
in vitro and upon intravitreal injection in vivo induce
microaneurysms and other characteristic lesions of
background retinopathy [18, 19]. Supporting that
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AGE induce endothelial cell proliferation, long-term
treatment of diabetic rats with the AGE-inhibitor
aminoguanidine completely abrogates endothelial
cell proliferation [10]. An increased production of re-
active oxygen intermediates as a result of glucose au-
toxidation, autoxidation of glycated proteins and
AGE-binding to cellular receptors can also upregu-
late VEGF [20±23].

A plateau of autofluorescent AGE, significantly
elevated over non-diabetic control levels, was deter-
mined after 3 months of diabetes as the first in vivo
evidence that small increases of glucose lead to sig-
nificant increases in AGE. The plateau represents a
steady-state in which increased glucose levels induce
higher formation of AGE which equals the rate of
degradation. The significant increase of AGE in
mild diabetes is consistent with in vitro data show-
ing that AGE modify the turnover of affected pro-
teins [24, 25]. Both long-lived matrix molecules
such as basement-membrane constituents, and plas-
ma proteins, extravasated through hyperglycaemia-
mediated increased vascular leakage, are rendered
less susceptible to proteolytic degradation through
AGE-modification. Our observations are also con-
sistent with the upregulation of endogenous en-
zymes which limit the formation and subsequent ac-
cumulation of AGE. As one example, an aldehyde
reductase has been described which reduces reactive
AGE intermediates (for example 3-deoxygluco-
sone) to less reactive compounds (3-deoxyfructose)
[26]. Severe diabetes where AGE formation keeps
increasing, represents a state where glucose-induced
formation is greater than the rate of removal which
is consistent with the saturation of the removal sys-
tems.

In this study, mild hyperglycaemia was associated
with acellular capillaries only in the group of ham-
sters with the longest observation period. The signifi-
cant increase in severely diabetic animals indicates
that the degree of glycaemia determines the extent
of capillary closure. Endothelial cell loss which deter-
mines the occurrence of acellular capillaries in capil-
laries where pericytes are lost, is the likely result of
both the accumulation of extracellular AGE and the
dysregulation in locally available growth-promoting
cytokines [27, 28].

In conclusion, this study examines for the first time
in vivo in a time course the relation between glycae-
mia, AGE and retinal lesions in a spontaneously dia-
betic animal. Although translation of these results
into human diabetes is difficult, the identification of
factors mediating differential response of retinal cap-
illary cells to permanent hyperglycaemic injury may
be useful for therapeutic targeting. Whether unravel-
ling the determinants of AGE formation/elimination
and possible defects may provide an approach to
identify high risk individuals with the prospect of ear-
ly treatment with AGE-inhibitors remains open.
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