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Purpose:

 

To study retinal changes in the Otsuka Long-Evans Tokushima Fatty (OLETF)
rat, a spontaneously diabetic rat, and evaluate it as a possible new diabetic retinopathy
model.

 

Methods:

 

We examined the retinas of OLETF rats and Long-Evans Tokushima Otsuka
(LETO) rats as controls under both a transmission electron microscope (TEM) and a scan-
ning electron microscope (SEM). 

 

Results:

 

We detected higher blood sugar level in the OLETF rats than in the LETO rats be-
ginning at 5 months of age. The inner nuclear layers of the retina decreased from 3–4 rows to
2 rows, whereas the photoreceptor cell nuclei decreased from 8 rows to 3–6 rows. Retinal pig-
ment epithelial cells decreased in height, and basal infoldings were poorly developed. Retinal
capillary basement membranes were significantly thicker in the OLETF rats than in the
LETO rats, and endothelial cell damage was observed. The SEM of vascular corrosion casts
of OLETF rats showed tortuosity, microaneurysms, and loop formations.

 

Conclusions:

 

The development of spontaneous hyperglycemia in OLETF rats was associ-
ated with alterations in retina ultrastructure. Changes were similar to those seen in diabetic
retinopathy, but did not include either hemorrhages or exudates. The OLETF rat may be a
useful animal model for the study of ocular complications in humans. 
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Introduction

 

Diabetic retinopathy is one of the most common
causes of vision loss. Despite this, to date, no effec-
tive therapy has been developed and the prevention
of diabetic retinopathy is not yet possible. One of the
reasons for this delay is the absence of a suitable ani-
mal model of diabetes mellitus (DM). Diabetes mel-
litus has been produced experimentally in several

animals,

 

1–5

 

 but these animals rarely develop typical
diabetic retinopathy, especially proliferative retinop-
athy. The diabetic retinopathy seen in animal models
consists primarily of vascular changes, which are
usually only the initial features of this disease.

 

6–8

 

 Al-
though these animal models help us to understand
the initial vascular pathology of diabetic retinopathy,
they are not complete in terms of their ability to re-
flect the pathology of diabetic retinopathy, nor do
they aid in the development of drugs for cure and/or
prevention. A model of proliferative diabetic retin-
opathy is not yet available. Such a model is espe-
cially needed for the development of drug therapy,
but the first step in attaining this goal is to develop
a diabetic retinopathy model. If this first step is
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achieved, it will undoubtedly prove useful in the ulti-
mate development of drug therapy for this particular
form of retinopathy. The purpose of the present study
is to examine the value of the Otsuka Long-Evans
Tokushima Fatty (OLETF) rats with spontaneous DM
as a new useful model of diabetic retinopathy.

 

Materials and Methods

 

Experimental Animals

 

Four-week-old male OLETF rats (n 

 

�

 

 15) were
supplied by the Tokushima Research Institute, Ot-
suka Pharmaceutical Co. Ltd. (Tokushima). The treat-
ment of all animals conformed to the ARVO resolu-
tion on the use of animals in research. The rats were
housed at the Laboratory Animal Center for Biomedi-
cal Research, Nagasaki University School of Medi-
cine. They were given ad libitum access to water and
a conventional diet, F-2 (Funabashi Farms Co., Fun-
abashi).

The rats were weighed and their blood sugar levels
were measured monthly using Advantage (Yamanou-
chi Pharmaceutical Co. Ltd., Tokyo). The urine sugar
level was measured monthly using URORABU sticks
(Bayer Co Ltd., Tokyo). The Long-Evans Tokush-
ima Otsuka (LETO) (n 

 

�

 

 20) rats served as controls.
The eyes of 5 rats of both strains were enucleated

each at 14, 17, and 19 months of age under Nembutal
anesthesia and the animals were sacrificed.

 

Transmission Electron Microscope (TEM) 
Studies of Retina

 

The enucleated eyes were cut in half at the equator
and fixed in 4% glutaraldehyde in 0.05 M cacodylate
buffer, and the retina was then cut into six pieces at
posterior pole. The specimens were fixed in 4% glutar-
aldehyde for 1 h, washed in 0.05 M cacodylate buffer
overnight, placed in Caulfield osmium fixative for 1 h,
dehydrated in a graded series of ethanol baths and em-
bedded in Luveak 812. Ultrathin sections were cut and
stained with uranyl acetate and lead citrate and ex-
amined under a Hitachi H-300 electron microscope.

 

Scanning Electron Microscope (SEM) Studies of 
Retinal Vascular Corrosion Casts

 

The common carotid arteries of rats of both strains
were ligated and plastic cannulas were inserted under
Nembutal anesthesia. The jugular veins were then cut.
The vascular system was perfused with saline contain-
ing heparin sodium (500 IU/100 ml) through the can-
nulated blood vessels. Immediately after perfusion,
Mercox was injected into the cannulated carotid arter-

ies. Then, the eyeballs were enucleated and placed in
a warm water bath at 60

 

�

 

C for 4 hours. The ocular tis-
sues were macerated with 20% KOH for 5 days. Mi-
crodissection was done to expose the retinal vascula-
ture. The casts were desiccated by freeze-drying and
impregnated with osmium, then mounted on SEM
stubs and coated with ion spatter gold palladium. The
specimens were examined under a Hitachi S-2360N
scanning electron microscope at an accelerating volt-
age of 8 kV.

 

Measurement of Basement Membrane Thickness 
of Retinal Capillaries

 

Five to six capillary sections in the outer plexiform
layer were examined in 5 rats of both strains for each
animal. Capillaries were photographed at a magnifica-
tion of 

 

�

 

6500. The basement membrane thickness
was measured using a microcaliper. The data were an-
alyzed statistically using the unpaired 

 

t

 

-test, and 

 

P

 

 

 

�

 

.05 was taken to indicate significance.

 

Results

 

Body Weight

 

OLETF rats gained weight faster than LETO rats
at the beginning of the study, and this difference was
significant from 1 to 6 months of age (

 

P

 

 

 

�

 

 .001). How-
ever, OLETF rats lost weight after 9 months (Figure 1)
and a significant difference in body weight was seen
between the two groups after 9 months of age (

 

P

 

 

 

�

 

.001).

Figure 1. Body weight (mean � SD). Otsuka Long-Evans
Tokushima Fatty (OLETF) rats gained weight faster than
Long-Evans Tokushima Otsuka (LETO) rats at the begin-
ning, but lost weight after 9 months. �: LETO rats, �:
OLETF rats.
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Blood Sugar Level

 

The blood sugar level of OLETF rats was higher
than that of LETO rats beginning at 5 months of age,
and this value increased with age (Figure 2).

 

Urine Sugar Levels

 

The urine of OLETF rats showed a positive reac-
tion for sugar starting at 6 months of age.

 

Cataract

 

By slit-lamp microscopy, cataracts were detected in
almost all of the 19-month-old OLETF rats, whereas
no cataracts were found in LETO rats.

 

TEM Findings

 

The retinal capillaries of 14-month-old OLETF rats
had thickened basement membranes, and their endo-
thelial cell cytoplasm contained many micropinocytic
vesicles. The retinal capillaries had pericytes with vacu-
oles, but no microaneurysms. The photoreceptor cells
and retinal pigment epithelium (RPE) appeared to be
intact. In 19-month-old OLETF rats, the inner nuclear
layer was decreased from 3–4 rows to 2 rows (Figure
3). The photoreceptor cell nuclei were decreased from
8 rows to 3–6 rows (Figure 4) (Table 2). The RPE cells
were shortened in height, and the basal infoldings were
poorly developed (Figure 5) (Table 3). In the 19-
month-old OLETF rats, the retinal capillaries had
slightly narrow and irregular lumens. The retinal capil-

Figure 2. Blood sugar level (mean � SD). The blood sugar
level of Otsuka Long-Evans Tokushima Fatty (OLETF)
rats is higher than that of Long-Evans Tokushima Otsuka
(LETO) rats starting at 5 months of age, and it is still
higher at 19 months. �: LETO rats, �: OLETF rats.

Figure 3. (A) Electron micrograph of the inner nuclear layer of a 19-month-old Long-Evans Tokushima Otsuka (LETO)
rat. The inner nuclear layer has 3–4 rows. (B) The inner nuclear layer of a 19-month-old Otsuka Long-Evans Tokushima
Fatty (OLETF) rat. The inner nuclear layer has decreased to two rows. Bar � 2 �m.
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lary basement membranes were significantly thicker
in OLETF rats than in LETO rats (Table 1). The capil-
lary lumen was narrow (Figure 6B). Capillary endothe-
lial cells contained vacuoles and some of the cells were
thin (Figure 6B). The pericytes of capillaries were
swollen and contained vacuoles (Figure 6B). However,
hemorrhages, emboli, and exudate were not found.

 

SEM of Retinal Vascular Corrosion Casts

 

SEM examination of the retinal vascular corrosion
casts of 17- and 19-month-old OLETF rats showed
tortuosity and loop formations of the capillaries. Two
layers were maintained in the capillary network ar-

chitecture (Figure 7). The retinal vessels were tortuous
and narrow, but caliber irregularity was not promi-
nent. Aneurysm and loop formations were found in
the retinal capillaries (Figures 7 and 8).

SEM showed no abnormal retinal findings in the
control LETO rats (Figure 9).

 

Discussion

 

The OLETF rat is a newly developed strain of
spontaneously diabetic rats.

 

9

 

 The characteristic fea-
tures of OLETF rats

 

4

 

 are (1) late onset of hypergly-
cemia; (2) chronic course of the disease; (3) mild
obesity; (4) male inheritance; (5) hyperplastic foci of
pancreatic islets; and (6) nodular lesions in the kid-
neys. These characteristic pathological features closely
resemble those of human non-insulin-dependent dia-
betes mellitus (NIDDM).

 

9

 

A good animal model with typical diabetic retinopa-
thy has been sought. Animals with galactose-induced
diabetes

 

1–3

 

 and streptozotocin-induced diabetes

 

2,4

 

 have
been studied for diabetic retinal complications. How-
ever, the onset of diabetes in these models is rapid and
their life span is generally very short. Even if these
rats survive for longer periods of time, proliferative

Figure 4. (A) Electron micrograph of the photoreceptor cell nuclei of a 19-month-old Long-Evans Tokushima Otsuka rat.
The number of photoreceptor cell nuclei is eight rows. (B) The photoreceptor cell nuclei of a 19-month-old Otsuka Long-
Evans Tokushima Fatty rat. The number of photoreceptor cell nuclei has decreased to 3–6 rows. Bar � 2 �m.

 

Table 1.

 

Retinal Capillary Basement Membrane 
Thickness in the Outer Plexiform Layer

 

Rat Mean 

 

�

 

 SD (nm)

LETO (19 months) 105.3 

 

�

 

 29.9 (n 

 

�

 

 30)
OLETF (19 months) 290.3 

 

�

 

 72.9 (n 

 

�

 

 30)

 

P

 

 

 

�

 

 .001 (Student 

 

t

 

-test, significant difference). LETO: Long-
Evans Tokushima, OLETF: Otsuka Long-Evans Tokushima
Fatty, n: examined number of capillaries.
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retinopathy is rarely induced. Some researchers

 

6–8

 

 have
used animals with hereditary DM to study diabetic
retinal changes, but retinal changes are slight and at-
tention has been focused on the capillaries.

We previously reported retinal capillary changes in
OLETF rats under 14 months of age.

 

10

 

 We were able
to prolong the survival of these rats up to 19 months
of age, and this allowed for an examination of the
details of the retina, and not only the retinal capillar-
ies. Thus it is expected to be a good strain for the study
of chronic diabetic complications. In the present study,
we detected higher blood sugar level in the OLETF
rats than in the LETO rats beginning at 5 months of

age and higher urine sugar level from 6 months of
age. OLETF rats gained weight faster than LETO
rats from 1 to 7 months. However, OLETF rats lost
weight after 9 months of age, and all OLETF rats
also developed cataracts.

Various retinal changes have been consistently
reported in humans with diabetes

 

11,12

 

 and some dia-
betic animal models.

 

1,5,13–15

 

 OLETF rats showed similar
capillary changes. Fourteen-month-old OLETF rats
showed tortuosity and loop formation of capillaries,
but no microaneurysms or changes in photoreceptor
cells or RPE.

 

9

 

 These latter two changes first appeared
at the age of 17 months. TEM revealed significant dif-

Figure 5. (A) Electron micrograph of the retinal pigment epithelium (RPE) of a 19-month-old Long-Evans Tokushima Ot-
suka rat. (B) The RPE of a 19-month-old Otsuka Long-Evans Tokushima Fatty rat. The RPE cells decrease in height and
the basal infoldings (arrows) are poorly developed. Bar � 1 �m.

 

Table 2.

 

Number of Nuclei in Outer and Inner Nuclear Layers (Mean 

 

�

 

 SD)

 

Rat
Inner Nuclear Layer
Nuclei in 30 

 

�

 

 30 

 

�

 

m
Outer Nuclear Layer Nuclei

in 20 

 

�

 

 20 

 

�

 

m

LETO (19 months) 11.3 

 

�

 

 0.34* (n 

 

�

 

 30) 45.1 

 

�

 

 0.31* (n 

 

�

 

 30)
OLETF (19 months) 6.7 

 

�

 

 0.26* (n 

 

�

 

 30) 35.1 

 

�

 

 0.48* (n 

 

�

 

 30)

LETO: Long-Evans Tokushima, OLETF: Otsuka Long-Evans Tokushima Fatty, n: number of speci-
mens examined.

*

 

P

 

 

 

�

 

 .0001 (Student 

 

t

 

-test, significant difference).
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ferences in basement membrane thickness and capil-
lary endothelial cell degeneration between 14-month-
old OLETF rats and age-matched control LETO rats.
These capillary changes occur in the early stage of
human diabetic retinopathy. SEM of vascular corro-
sion casts demonstrated tortuosity, microaneurysms,
and loop formations in retinal capillaries at the age
of 17 months. TEM also detected a decrease in the
inner nuclear layer from 3–4 rows to 2 rows; a de-
crease in the photoreceptor cell nuclei in the outer
nuclear layer from 8 rows to 3–6 rows; a decrease in
the height of the RPE cells and a decrease in the
amount of basal infoldings.

The trypsin digestion method is very useful for
retinal vascular studies in that it allows for demon-
stration of pericyte changes and acellular blood ves-
sels. However, the present authors preferred retinal
vascular casts and the SEM method to demonstrate

the architecture, branching, density, caliber irregu-
larity, crossing phenomena, and caliber with a three-
dimensional view. However, the cast and SEM method
does not show acellularity or endothelial changes. To
overcome this deficit of casts with the SEM method,
TEM was used to demonstrate the capillary structure
and showed the findings corresponding to acellular
blood vessels and pericyte changes.

 

15

 

The corrosion cast technique has some potential
problems, including incomplete corrosion, incomplete
filling, and extravasation of injected resin. Occasion-
ally, there was a leakage of plastic material or incom-
plete filling of retinal capillaries, perhaps due to dif-
ferences in physiological pressure between vessels
and capillaries.

 

16

 

 In the present study, a microaneu-
rysm-like feature was taken. It was uncertain whether
this feature was due to a leakage of resin. However,
the authors believe it to be a microaneurysm because

 

Table 3.

 

Height of Retinal Pigment Epithelium (RPE) Cells and Basal Infoldings
(Mean 

 

�

 

 SD, 

 

�

 

m)

 

Rat RPE Basal Infoldings

LETO (19 months) 5.233 

 

�

 

 0.035* (n 

 

�

 

 30) 1.200 

 

�

 

 0.036* (n 

 

�

 

 30)
OLETF (19 months) 4.274 

 

�

 

 0.025* (n 

 

�

 

 30) 0.583 

 

�

 

 0.050* (n 

 

�

 

 30)

LETO: Long-Evans Tokushima, OLETF: Otsuka Long-Evans Tokushima Fatty, n: number of speci-
mens examined.

*

 

P

 

 

 

�

 

 .001 (Student 

 

t

 

-test, significant difference).

Figure 6. (A) Electron micrograph of the retinal capillary of a 19-month-old Long-Evans Tokushima Otsuka rat. (B) The
retinal capillary of a 19-month-old Otsuka Long-Evans Tokushima Fatty rat. The capillary lumen is narrow. The pericyte
and endothelial cells have vacuolated mitochondria and vacuoles (arrows) in the cytoplasm. Bar � 1 �m.
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we rarely see such figures in casts, whereas casts of
OLETF occasionally showed a few such figures in
the whole view of the retinal vasculature. If many
such figures were seen, this can reasonably be con-
cluded to be an artifact.

The photoreceptor cell findings are not clearly de-
scribed in the current textbooks, probably because
the main causative factors are vascular. However, non-
vascular retinal changes are described in the old liter-
ature. In effect, the diabetic retina shows a thinned

nerve fiber layer and a decrease in the number of
ganglion cells; the light microscopic photographs of
diabetic retinas show a decrease in the outer and in-
ner nuclear layers.

 

17

 

 These findings in human diabetic
retinopathy are similar to those seen in OLETF rat
retinas, which have not been described previously in
animal models of diabetes mellitus. This is probably
because most of the researchers have paid attention
only to the retinal vasculature, and follow-up studies
have been too short to see the changes of diabetic re-
tinopathy that develop slowly. Therefore, OLETF rats
are valuable in the study of diabetic retinopathy. Bar-
ber et al reported an increase of neural cell apoptosis
in the retinas of diabetic patients and of streptozotocin-
induced diabetic rats and indicates that neurodegen-
eration is an important component of diabetic retin-
opathy.

 

18

 

 In the present study, no electrophysiological
studies were carried out, and thus we were unable to
assess function. However, the formation of severe cata-
racts and severe pathological changes in the retina al-
low us to assume impaired vision in this animal. The
electroretinogram (ERG) and dark adaptation in di-
abetic patients demonstrate abnormal reactions.

 

19, 20

 

These abnormalities suggest that the functions of the
photoreceptor cells, bipolar cells, and amacrine cells
are disturbed. Yonemura et al

 

19

 

 reported that abnor-
mal oscillatory potentials appeared prior to morpho-
logical changes in human diabetic retinopathy. Ac-
cording to Shirao et al,

 

21

 

 OLETF rats first showed
delayed oscillatory potentials at 50 weeks of age, but
the present study failed to show any ultrastructural

Figure 7. Scanning electron micrograph of retinal vascular
corrosion cast of a 17-month-old Otsuka Long-Evans
Tokushima Fatty rat. The capillaries show tortuosity and
loop formations (arrow heads). Magnification: �200.

Figure 8. Scanning electron micrograph of retinal vascular
corrosion cast of a 17-month-old Otsuka Long-Evans
Tokushima Fatty rat. A microaneurysm (arrow) is present.
Magnification: �600.

Figure 9. Scanning electron micrograph of the retinal vas-
cular corrosion cast of a 17-month-old Long-Evans
Tokushima Otsuka rat. The capillaries are regularly and
densely arranged in two layers and have remarkably uni-
form caliber. Magnification: �200.
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changes before 14 months of age. The later appear-
ance in the retina of diabetic morphological changes
than the ERG changes is not inconsistent with the
findings in previous reports. Thus, the retinal changes
of OLETF rats demonstrated by both histological and
electrophysiological studies may not be incompatible
with simple diabetic retinopathy, especially in its ini-
tial stage.19,21 Although diabetic retinopathy is an an-
giopathy, neuroretinal changes should receive more
attention in diabetic retinopathy. Differences from
characteristics of human diabetic retinopathy are the
absence of hemorrhages and exudates. In this re-
spect, OLETF rats are not satisfactory for the study
of diabetic retinopathy. It seems to be difficult for
rats to have retinal hemorrhages or exudates. For in-
stance, the spontaneously hypertensive rat never shows
hemorrhages or exudates in the retina, although reti-
nal capillaries are typical for hypertension. Consid-
ering the natural course of the disease in this rat,
however, it is most likely that the diabetic retinopa-
thy in this spontaneously diabetic rat is similar to a
diabetic retinopathy.

The present paper is the first detailed description
of the morphological changes in the retinal capillar-
ies, the RPE, and the inner and outer nuclear layers
of OLETF rats. We hope that the findings in this
study will be helpful in determining the suitability of
the OLETF rat as an animal model for further dia-
betic retinopathy studies that will lead to the devel-
opment of effective therapy for this disease.
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