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Short Communication

Ocular lesions in leptin receptor-deficient medaka  
(Oryzias latipes)
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Abstract: Ocular lesions in leptin receptor-deficient medaka were examined histopathologically at 10, 28, and 37 weeks post hatching. 
Leptin receptor-deficient medaka at 28 and 37 weeks old showed hyperglycemia and hypoinsulinemia. Histopathologically, vacuola-
tion, swelling, fragmentation, and liquefaction of the lens fibers and dilatation of the retinal central veins, retinal capillaries, iridal 
veins and capillaries, and choroidal veins were observed in leptin receptor-deficient medaka at 28 and 37 weeks old. Thinning of the 
total retina, pigment epithelial layer, layer of rods and cones, outer granular layer, outer plexiform layer, inner granular layer, and 
inner plexiform layer was observed in leptin receptor-deficient medaka at 28 and 37 weeks compared with in control medaka. These 
histopathological characteristics in leptin receptor-deficient medaka are similar to characteristics in ocular lesions of rodent models for 
type II diabetes mellitus, making leptin receptor-deficient medaka a useful model of diabetic cataract and retinopathy. (DOI: 10.1293/
tox.2017-0042; J Toxicol Pathol 2018; 31: 65–72)
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The numbers and significance of diabetes mellitus cases 
have increased as economic development and urbanization 
have led to changes in lifestyles characterized by reduced 
physical activity and increased obesity1. In 2011 there were 
366 million people with diabetes mellitus, and this number 
is expected to rise to 552 million by 20301. Diabetes mel-
litus can cause ocular complications such as cataracts and 
retinopathy that frequently result in blindness2. An elevated 
prevalence of diabetes was observed among people with cat-
aracts who were less than 70 years old, and for people with 
cataracts below the age of 40 years, diabetes prevalence was 
15 to 25 times the prevalence in a general population3. Sev-
eral different pathogenetic mechanisms leading to the for-
mation of diabetic cataracts have been proposed2: increased 
osmotic stress caused by activation of the polyol pathway, 
nonenzymatic glycation of lens proteins, and increased oxi-
dative stress. Diabetic retinopathy is a microangiopathy af-
fecting all of the small retinal vessels, such as capillaries, 
venules, and arterioles2. Early clinical features of diabetic 

retinopathy include microaneurysms, dot and blot hemor-
rhages, and intraretinal microvascular anomalies4. As the 
severity of diabetic retinopathy worsens, capillary nonper-
fusion leads to retinal ischemia, which causes upregulation 
of pro-angiogenic cytokines that induce intraretinal and 
intravitreal neovascularization4. In rodents, detailed histo-
morphological characteristics of cataracts and retinopathy 
of chemical-induced diabetes mellitus and spontaneous dia-
betes mellitus have been described5-10. In fish, a previous 
study demonstrated histomorphological characteristics of 
chemical-induced diabetic retinopathy11, but detailed histo-
morphological characteristics of spontaneous diabetic cata-
ract and retinopathy have not been reported.

Leptin is a peptide hormone secreted by adipose tissues 
in mammals and by the liver in fish12–16. It has been shown 
to play a key role in the maintenance of energy homeosta-
sis through the regulation of food intake, glucose metabo-
lism, and a range of physiological functions17, 18. Leptin- and 
leptin receptor-deficient rats and mice spontaneously de-
velop severe hyperphagia, which leads to obesity, and they 
display several type II diabetes mellitus-like characteris-
tics19. Previously, we succeeded in producing medaka that 
were homozygous for leptin receptor gene mutation (leptin 
receptor-deficient (LRD) medaka) by targeting induced lo-
cal lesions in a genome method (TILLING method)20. In the 
present study, analysis of glucose and insulin levels in the 
blood and histopathology of eyeballs in LRD medaka reared 
with ad libitum feeding at 10, 28, and 37 weeks post hatch-
ing showed retinopathy and cataracts with hyperglycemia 
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and hypoinsulinemia at 28 and 37 weeks old. Disorders of 
the retina and lens were examined histopathologically in 
order to match histopathologic characteristics of cataracts 
and retinopathy in LRD medaka to those in diabetic cataract 
and retinopathy in rodents, and the usefulness of the LRD 
medaka as a model of diabetic cataract and retinopathy was 
evaluated.

In the present study, CAB/KYOTO-inbred substrain 
medaka (Oryzias latipes) were used as the wild type strain 
(control medaka). Medaka with a homozygous leptin re-
ceptor gene mutation (LRD medaka) were produced by the 
TILLING method as described previously20, 21. Fish were 
maintained at 25 to 26°C with a 14:10 h (light:dark) cycle 
in a recirculating aquaculture system equipped with carbon 
filtration and biofiltration. Fish were fed a standard feed for 
freshwater fish (Marubeni Nisshin Feed Co., Ltd., Tokyo, 
Japan). The present experiments were performed following 
the guidelines of the Animal Research Committee of Kyorin 
University.

At 10, 28, and 37 weeks post hatching, 18 fish (wild 
type, n=9; LRD, n=9) were weighed, and 36 eyeballs were 
examined macroscopically. After that, the fish were eutha-
nized using 0.003% eugenol (FA100, DS Pharma Animal 
Health Co., Ltd., Osaka, Japan), and the blood was collected 
from the main artery and vein. The fasting plasma glucose 
levels were measured using a portable glucose meter (Ni-
pro Care Fast Meter; Nipro, Tokyo, Japan) at 10, 28, and 37 
weeks post hatching. The postprandial plasma insulin levels 
were measured by a method described previously22. Then, 
the fish were fixed in toto in Bouin’s fluid overnight before 
postfixation with 10% neutral buffered formalin, embedded 
in paraffin, cut into coronal sections, and routinely stained 
with hematoxylin-eosin. A total of 36 eyeballs of 18 fish 
were examined histopathologically. The thicknesses of the 
total retina and retinal component layers were measured in 
a region 50 µm away from the optic disk with histomor-
phometric analysis software (Olympus Corporation, Tokyo, 
Japan). The number of retinal ganglion cells was counted in 

a high-power field at ×400 magnification with histomorpho-
metric analysis software (Olympus Corporation).

All values are expressed as the mean ± standard error 
(SE). Comparisons of differences between the control me-
daka and the LRD medaka were analyzed using the Ekuse-
ru-Toukei 2015 statistical software (SSRI Co., Ltd., Tokyo, 
Japan). The data from two groups were analyzed using the 
F-test. When variances were homogenous, the Student’s t-
test was performed. P values of <0.05 or <0.01 were consid-
ered indicative of statistical significance.

The body weights of the LRD medaka at 10 and 28 
weeks old tended to be higher than those of the control me-
daka (Table 1). Fasting plasma glucose levels at 10 weeks 
old were the same in LRD medaka and control medaka, 
while fasting plasma glucose levels in the LRD medaka at 
28 and 37 weeks old were significantly higher than those 
in the control medaka (Fig. 1). Postprandial plasma insulin 
levels in LRD medaka at 28 and 37 weeks old were signifi-
cantly lower than those in control medaka (Table 2). There 
were few macro- and microscopic changes in the lens and 
retina of control medaka at 10, 28, and 37 weeks old and 
LRD medaka at 10 weeks old. Lens opacity was macro-
scopically observed in LRD medaka at 28 and 37 weeks old. 
Histopathologically, vacuolation, edema, fragmentation, 
and liquefaction of the lens fibers were observed in the lens 
cortex of LRD medaka at 28 and 37 weeks old (Fig. 2 and 3). 
These histopathological changes of the lens were observed 
in two of the six eyeballs in three LRD medaka at 28 weeks 
old and in all six eyeballs of three LRD medaka at 37 weeks 
old. The severity of these histopathological changes of the 
lens in LRD medaka at 28 weeks old was similar to that 
at 37 weeks old. In LRD medaka at 28 and 37 weeks old, 
dilatation was observed in the retinal central veins, retinal 
capillaries, iridal veins and capillaries, and choroidal veins 
(Fig. 4). The dilated vessels compressed the retinal paren-
chyma (Fig. 5). The total retina, pigment epithelial layer 

Table 1. Body Weight

Age  
(weeks)

Control medaka 
(mg)

Leptin receptor-deficient 
medaka (mg)

10 190.25 ± 32.11 240.25 ± 34.34
28 355.86 ± 36.91 417.00 ± 44.90
37 372.00 ± 33.25 393.88 ± 32.87

Values are expressed as the mean ± SE.

Fig. 1. Fasting plasma glucose levels. Values are expressed as the 
mean ± SE. **Significantly different from the control group at 
P<0.01 (Student’s t-test).

Table 2. Postprandial Plasma Insulin Level

Age  
(weeks)

Control medaka 
(ng/mL)

Leptin receptor-deficient  
medaka (ng/mL)

28 172.75 ± 1.25 63.05 ± 7.05**

37 153.97 ± 5.52 31.17 ± 6.57**

Values are expressed as the mean ± SE. **Significantly different 
from the control group at P<0.01 (Student’s t-test).
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(PEL), layer of rods and cones (RCL), outer granular layer 
(OGL), outer plexiform layer (OPL), inner granular layer 
(IGL), and inner plexiform layer (IPL) in LRD medaka at 28 
and 37 weeks old were significantly thinner compared with 
those in control medaka (Fig. 6 and 7). No significant statis-
tical differences in thickness of the nerve fiber layer (NFL) 
and the ganglion cell layer (GCL) and number of ganglion 
cells were observed between the control and LRD medaka 
at 10, 28 and 37 weeks old (Fig. 7 and 8). These histopatho-
logical changes of the retina were observed in all eyeballs 
of LRD medaka at 28 and 37 weeks old. Their severity at 
28 weeks old was similar to that at 37 weeks old. No his-
topathological changes were observed in the cornea of the 
LRD medaka at 10, 28, and 37 weeks old.

In the present study, opacity of the lens, vacuolation, 
edema, fragmentation, and liquefaction of lens fibers were 
observed in the lens of LRD medaka at 28 and 37 weeks old, 
but these macro- and microscopic changes were not induced 
in control medaka throughout the study period and were not 
observed in LRD medaka at 10 weeks old. By comparison, 
these manifestations took longer to appear in rat models 
of type II diabetes mellitus7, 23–25: WBN/Kob rats, Otsuka 
Long-Evans Tokushima Fatty (OLETF) rats, and Spontane-

Fig. 2. Histopathological findings of the lens at 28 weeks post hatching. A: Control medaka. B: Leptin receptor-deficient medaka. Fig. 2A and 
2B show magnified views of Fig. 1A and 1B. The bars in Fig. 1A and 1B are 100 μm. The bars in Fig. 2A and 2B are 50 μm.

Fig. 3. High magnification view of the lens of leptin receptor-defi-
cient medaka at 28 weeks post hatching. Arrows demonstrate 
fragmentation of the lens fibers. The bar is 30 μm.
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ous Diabetic Torii (SDT) rats. Opacity of the lens began to 
appear at 15 months of age in WBN/Kob rats26. In OLETF 
rats, cataracts were detected at 19 months old by slit-lamp 
microscopy, whereas no cataracts were observed in control 
rats7. In OLETF rats, swelling and vacuolation of the cor-
tical and supranuclear fibers were observed in the equato-
rial region of the lens, and the liquefaction of the cortical 
fiber was observed in the anterior and posterior subcapsu-
lar regions of the lens at 60 weeks old; on the other hand, 
there were no histopathological changes at 20 weeks old, 
and slight swelling of lens fibers was observed in the ante-
rior and posterior subcapsular regions at 40 weeks old6. In 

the SDT rats, swelling, vacuolation, and disintegration of 
lens fibers were observed at 40 weeks of age or older5. The 
results of the present study demonstrated that in the LRD 
medaka, marked macro- and microscopic changes were 
induced within a shorter rearing period compared with rat 
models for type II diabetes mellitus such as WBN/Kob rats, 
SDT rats, and OLETF rats5–7, 26. Based on these character-
istics, the LRD medaka is a useful model of type II diabetic 
cataracts.

In the present study, dilatation of the retinal central 
veins, retinal capillaries, iridal veins and capillaries, and 
choroidal veins were observed in LRD medaka at 28 and 
37 weeks. Blood circulation is impaired in diabetes melli-
tus27, and congestion and venous dilatation are observed in 
the retinas of people with diabetes mellitus27–31. Extensive 
venous dilatation was observed in the retinas of 62-week-
old SDT rats8. The results of the present study demonstrated 
that in LRD medaka, extensive dilatation of retinal vessels 
was induced within a shorter rearing period compared with 
in SDT rats.

Diabetic retinopathy is classified into nonproliferative 
diabetic retinopathy and proliferative diabetic retinopathy32. 
Nonproliferative diabetic retinopathy is characterized by 
the presence of microaneurysms, intraretinal microvascular 
abnormalities, venous beading, loop formation, and hem-
orrhages32. Nonproliferative diabetic retinopathy develops 
into proliferative diabetic retinopathy, where hallmarks of 
neovascularization of the retina and vitreous hemorrhages 
are found32. It is considered that up to 37 weeks old, the 
retinopathy in LRD medaka is equivalent to the nonprolif-

Fig. 4. Histopathological findings of the retina at 28 weeks post hatching. A: Control medaka. B: Leptin receptor-deficient medaka. Fig. 2A 
and 2B show magnified views of Fig. 1A and 1B. Arrows indicate retinal central veins. Arrowheads indicate retinal capillaries. White 
arrowheads indicate choroidal veins. The bar is 50 μm.

Fig. 5. High magnification view of the retina of leptin receptor-defi-
cient medaka at 28 weeks post hatching. The dilated vessels 
compressed the retinal parenchyma. The bar is 50 μm.
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Fig. 6. Thinning of the retina of leptin receptor-deficient medaka. A: Control medaka at 28 weeks post hatching. B: Leptin receptor-
deficient medaka at 28 weeks post hatching. The bar is 30 μm.

Fig. 7. Thicknesses of the total retina (A), nerve fiber layer (B), ganglion cell layer (C), inner plexiform layer (D), inner granular layer (E), outer 
plexiform layer (F), outer granular layer (G), layer of rods and cones (H), and pigment epithelial layer (I). **Significantly different from 
the control group at P<0.01 (Student’s t-test).
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erative diabetic retinopathy, as no neovascularization was 
observed in the retinal lesions of LRD medaka in the present 
study.

The total retina in LRD medaka in the present study at 
28 and 37 weeks old was thinner compared with that in the 
control medaka. In OLETF rats at 28 weeks old, the total 
retinal thickness was significantly less than that in control 
rats9. In the present study, the thicknesses of the PEL, RCL, 
OGL, and OPL in the LRD medaka at 28 and 37 weeks were 
significantly less than those in the control medaka. Hyper-
glycemia induces apoptosis of the retinal pigment epithelial 
cells33, 34. Because retinal pigment epithelial cells are cru-
cial components of the outer blood-retinal barrier, dysfunc-
tion of retinal pigment epithelial cells, including apoptosis, 
is closely related to breakdown of the blood-retinal barrier, 
leading to the progression of diabetic retinopathy34–37. Ad-
ditionally, retinal pigment epithelial cells interact closely 
with the photoreceptor outer segments38. Previously, apop-
tosis of retinal pigment epithelial cells was demonstrated to 
result in the progressive loss of photoreceptor neurons38. In 
the present study, hyperglycemia was suggested to primar-
ily induce thinning of the pigment epithelial layer, which 
caused secondary loss of photoreceptor neurons, leading to 
the thinning of the RCL, OGL, and OPL. In OLETF rats at 
19 months old, a decrease in the height of retinal pigment 
epithelial cells accompanied a decrease in photoreceptor 
cell nuclei7.

The IGL consists of bipolar cells, horizontal cells, and 
amacrine cells39. Because component cells of the IGL form 
synapses between photoreceptor cells and interact with 
them, these component cells can be affected by degenera-
tion and a decrease in the number of photoreceptor cells39. 
In the present study, thinning of the IGL and IPL may be 
secondarily caused by thinning of the RCL, OGL, and OPL.

In the present study, there were no significant differ-
ences in the number of retinal ganglion cells and thickness 

of the NFL between the LRD medaka and control medaka. 
However, a previous study demonstrated that the num-
ber of retinal ganglion cells and thickness of the NFL of 
OLETF rats decreased compared with those of the control 
rats9. These retinal histopathological changes in OLETF 
rats resulted from apoptosis of the retinal ganglion cells9. 
The apoptosis of retinal ganglion cells occurred via oxida-
tive stress in streptozocin-induced diabetic rats and db/db 
mice40, 41. The reason for these histopathological differences 
in the retina between the LRD medaka and diabetic rodents 
is unclear.

In conclusion, the following changes were observed in 
LRD medaka at 28 and 37 weeks old: vacuolation, edema, 
fragmentation, and liquefaction of the lens fibers; dilatation 
of the retinal central veins, retinal capillaries, iridal veins 
and capillaries, and choroidal veins; and thinning of the 
total retina, PEL, RCL, OGL, OPL, IGL, and IPL. These 
histopathological characteristics in the lens and retina of 
LRD medaka were similar to those in rodent models for 
type II diabetes mellitus5–9. In the LRD medaka, the above-
mentioned histopathological changes were induced within a 
shorter rearing period compared with in rodent models for 
type II diabetes mellitus5–9, 26. These findings demonstrate 
the usefulness of the LRD medaka as a model of diabetic 
cataract and retinopathy.

Disclosure of Potential Conflicts of Interest: We have no 
conflicts of interest to declare.

References

 1. Whiting DR, Guariguata L, Weil C, and Shaw J. IDF diabe-
tes atlas: global estimates of the prevalence of diabetes for 
2011 and 2030. Diabetes Res Clin Pract. 94: 311–321. 2011. 
[Medline]  [CrossRef]

 2. Sayin N, Kara N, and Pekel G. Ocular complications of dia-
betes mellitus. World J Diabetes. 6: 92–108. 2015. [Med-
line]  [CrossRef]

 3. Bernth-Petersen P, and Bach E. Epidemiologic aspects of 
cataract surgery. III: Frequencies of diabetes and glaucoma 
in a cataract population. Acta Ophthalmol (Copenh). 61: 
406–416. 1983. [Medline]  [CrossRef]

 4. Lechner J, O’Leary OE, and Stitt AW. The pathology asso-
ciated with diabetic retinopathy. Vision Res. 2017. In print.

 5. Shinohara M, Masuyama T, Shoda T, Takahashi T, Katsuda 
Y, Komeda K, Kuroki M, Kakehashi A, and Kanazawa Y. 
A new spontaneously diabetic non-obese Torii rat strain 
with severe ocular complications. Int J Exp Diabetes Res. 
1: 89–100. 2000. [Medline]  [CrossRef]

 6. Kubo E, Maekawa K, Tanimoto T, Fujisawa S, and Akagi 
Y. Biochemical and morphological changes during develop-
ment of sugar cataract in Otsuka Long-Evans Tokushima 
fatty (OLETF) rat. Exp Eye Res. 73: 375–381. 2001. [Med-
line]  [CrossRef]

 7. Lu ZY, Bhutto IA, and Amemiya T. Retinal changes in 
Otsuka long-evans Tokushima Fatty rats (spontaneously 
diabetic rat)--possibility of a new experimental model for 
diabetic retinopathy. Jpn J Ophthalmol. 47: 28–35. 2003. 

Fig. 8. Number of retinal ganglion cells in leptin receptor-deficient 
medaka counted in a high-power field at ×400 magnification. 
Values are expressed as the mean ± SE.

http://www.ncbi.nlm.nih.gov/pubmed/22079683?dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2011.10.029
http://www.ncbi.nlm.nih.gov/pubmed/25685281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25685281?dopt=Abstract
http://dx.doi.org/10.4239/wjd.v6.i1.92
http://www.ncbi.nlm.nih.gov/pubmed/6624407?dopt=Abstract
http://dx.doi.org/10.1111/j.1755-3768.1983.tb01439.x
http://www.ncbi.nlm.nih.gov/pubmed/11469401?dopt=Abstract
http://dx.doi.org/10.1155/EDR.2000.89
http://www.ncbi.nlm.nih.gov/pubmed/11520112?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11520112?dopt=Abstract
http://dx.doi.org/10.1006/exer.2001.1046


Chisada, Hirako, Sugiyama 71

[Medline]  [CrossRef]
 8. Kakehashi A, Saito Y, Mori K, Sugi N, Ono R, Yamagami 

H, Shinohara M, Tamemoto H, Ishikawa SE, Kawakami M, 
and Kanazawa Y. Characteristics of diabetic retinopathy 
in SDT rats. Diabetes Metab Res Rev. 22: 455–461. 2006. 
[Medline]  [CrossRef]

 9. Yang JH, Kwak HW, Kim TG, Han J, Moon SW, and Yu SY. 
Retinal neurodegeneration in type II diabetic Otsuka Long-
Evans Tokushima Fatty rats. Invest Ophthalmol Vis Sci. 54: 
3844–3851. 2013. [Medline]  [CrossRef]

 10. Thiraphatthanavong P, Wattanathorn J, Muchimapura S, 
Thukham-mee W, Lertrat K, and Suriharn B. The com-
bined extract of purple waxy corn and ginger prevents 
cataractogenesis and retinopathy in streptozotocin-diabetic 
rats. Oxid Med Cell Longev. 2014: 789406. 2014;  [Cross-
Ref]. [Medline]

 11. Olsen AS, Sarras MP Jr, and Intine RV. Limb regeneration 
is impaired in an adult zebrafish model of diabetes melli-
tus. Wound Repair Regen. 18: 532–542. 2010. [Medline]  
[CrossRef]

 12. MacDougald OA, Hwang CS, Fan H, and Lane MD. Regu-
lated expression of the obese gene product (leptin) in white 
adipose tissue and 3T3-L1 adipocytes. Proc Natl Acad Sci 
USA. 92: 9034–9037. 1995. [Medline]  [CrossRef]

 13. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, and 
Friedman JM. Positional cloning of the mouse obese gene 
and its human homologue. Nature. 372: 425–432. 1994. 
[Medline]  [CrossRef]

 14. Kurokawa T, and Murashita K. Genomic characterization 
of multiple leptin genes and a leptin receptor gene in the 
Japanese medaka, Oryzias latipes. Gen Comp Endocrinol. 
161: 229–237. 2009. [Medline]  [CrossRef]

 15. Kurokawa T, Murashita K, Suzuki T, and Uji S. Genomic 
characterization and tissue distribution of leptin recep-
tor and leptin receptor overlapping transcript genes in the 
pufferfish, Takifugu rubripes. Gen Comp Endocrinol. 158: 
108–114. 2008. [Medline]  [CrossRef]

 16. Rønnestad I, Nilsen TO, Murashita K, Angotzi AR, Gamst 
Moen AG, Stefansson SO, Kling P, Thrandur Björnsson B, 
and Kurokawa T. Leptin and leptin receptor genes in Atlan-
tic salmon: cloning, phylogeny, tissue distribution and ex-
pression correlated to long-term feeding status. Gen Comp 
Endocrinol. 168: 55–70. 2010. [Medline]  [CrossRef]

 17. Banks WA, Coon AB, Robinson SM, Moinuddin A, Shultz 
JM, Nakaoke R, and Morley JE. Triglycerides induce leptin 
resistance at the blood-brain barrier. Diabetes. 53: 1253–
1260. 2004. [Medline]  [CrossRef]

 18. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Win-
ters D, Boone T, and Collins F. Effects of the obese gene 
product on body weight regulation in ob/ob mice. Science. 
269: 540–543. 1995. [Medline]  [CrossRef]

 19. Wang B, Chandrasekera PC, and Pippin JJ. Leptin- and 
leptin receptor-deficient rodent models: relevance for hu-
man type 2 diabetes. Curr Diabetes Rev. 10: 131–145. 2014. 
[Medline]  [CrossRef]

 20. Chisada S, Kurokawa T, Murashita K, Rønnestad I, Tani-
guchi Y, Toyoda A, Sakaki Y, Takeda S, and Yoshiura Y. 
Leptin receptor-deficient (knockout) medaka, Oryzias 
latipes, show chronical up-regulated levels of orexigenic 
neuropeptides, elevated food intake and stage specific ef-
fects on growth and fat allocation. Gen Comp Endocrinol. 
195: 9–20. 2014. [Medline]  [CrossRef]

 21. Taniguchi Y, Takeda S, Furutani-Seiki M, Kamei Y, Todo 
T, Sasado T, Deguchi T, Kondoh H, Mudde J, Yamazoe M, 
Hidaka M, Mitani H, Toyoda A, Sakaki Y, Plasterk RH, and 
Cuppen E. Generation of medaka gene knockout models by 
target-selected mutagenesis. Genome Biol. 7: R116. 2006. 
[Medline]  [CrossRef]

 22. Andoh T, and Nagasawa H. Development of a time-resolved 
fluoroimmunoassay for insulins and its application to moni-
toring of insulin secretion induced by feeding in the bar-
fin flounder, Verasper moseri. Gen Comp Endocrinol. 125: 
365–374. 2002. [Medline]  [CrossRef]

 23. Tojo C, Takao T, Nishioka T, Numata Y, Suemaru S, and 
Hashimoto K. Hypothalamic-pituitary-adrenal axis in 
WBN/Kob rats with non-insulin dependent diabetes mel-
litus. Endocr J. 43: 233–239. 1996. [Medline]  [CrossRef]

 24. Kim J, Shon E, Kim CS, and Kim JS. Renal podocyte injury 
in a rat model of type 2 diabetes is prevented by metformin. 
Exp Diabetes Res. 2012: 210821. 2012. [Medline]  [Cross-
Ref] 

 25. Kono K, Fujii H, Nakai K, Goto S, Kitazawa R, Kitazawa 
S, Shinohara M, Hirata M, Fukagawa M, and Nishi S. Anti-
oxidative effect of vitamin D analog on incipient vascular 
lesion in non-obese type 2 diabetic rats. Am J Nephrol. 37: 
167–174. 2013. [Medline]  [CrossRef]

 26. Mori Y, Yokoyama J, Nishimura M, Oka H, Mochio S, and 
Ikeda Y. Development of diabetic complications in a new 
diabetic strain of rat (WBN/Kob). Pancreas. 7: 569–577. 
1992. [Medline]  [CrossRef]

 27. Dağ A, Fırat ET, Uysal E, Ketani MA, and Şeker U. Mor-
phological changes caused by streptozotocin-induced dia-
betes in the healthy gingiva of rats. Exp Clin Endocrinol 
Diabetes. 124: 167–172. 2016. [Medline]

 28. Garner A. Histopathology of diabetic retinopathy in man. 
Eye (Lond). 7: 250–253. 1993. [Medline]  [CrossRef]

 29. Kristinsson JK, Gottfredsdóttir MS, and Stefánsson E. 
Retinal vessel dilatation and elongation precedes diabetic 
macular oedema. Br J Ophthalmol. 81: 274–278. 1997. 
[Medline]  [CrossRef]

 30. Christoffersen N, and Larsen M. Unilateral diabetic macu-
lar oedema secondary to central retinal vein congestion. 
Acta Ophthalmol Scand. 82: 591–595. 2004. [Medline]  
[CrossRef]

 31. Bronson-Castain KW, Bearse MA Jr, Neuville J, Jonasdot-
tir S, King-Hooper B, Barez S, Schneck ME, and Adams 
AJ. Adolescents with Type 2 diabetes: early indications of 
focal retinal neuropathy, retinal thinning, and venular dila-
tion. Retina. 29: 618–626. 2009. [Medline]  [CrossRef]

 32. Lai AK, and Lo AC. Animal models of diabetic retinopathy: 
summary and comparison. J Diabetes Res. 2013: 106594. 
2013.  [CrossRef]. [Medline]

 33. Kusari J, Zhou SX, Padillo E, Clarke KG, and Gil DW. In-
hibition of vitreoretinal VEGF elevation and blood-retinal 
barrier breakdown in streptozotocin-induced diabetic rats 
by brimonidine. Invest Ophthalmol Vis Sci. 51: 1044–1051. 
2010. [Medline]  [CrossRef]

 34. Kim DI, Park MJ, Choi JH, Lim SK, Choi HJ, and Park SH. 
Hyperglycemia-induced GLP-1R downregulation causes 
RPE cell apoptosis. Int J Biochem Cell Biol. 59: 41–51. 
2015. [Medline]  [CrossRef]

 35. Strauss O. The retinal pigment epithelium in visual func-
tion. Physiol Rev. 85: 845–881. 2005. [Medline]  [CrossRef]

 36. Du M, Wu M, Fu D, Yang S, Chen J, Wilson K, and Lyons 

http://www.ncbi.nlm.nih.gov/pubmed/12586175?dopt=Abstract
http://dx.doi.org/10.1016/S0021-5155(02)00631-7
http://www.ncbi.nlm.nih.gov/pubmed/16572493?dopt=Abstract
http://dx.doi.org/10.1002/dmrr.638
http://www.ncbi.nlm.nih.gov/pubmed/23640038?dopt=Abstract
http://dx.doi.org/10.1167/iovs.12-11309
http://dx.doi.org/10.1155/2014/789406
http://dx.doi.org/10.1155/2014/789406
http://www.ncbi.nlm.nih.gov/pubmed/25614778?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20840523?dopt=Abstract
http://dx.doi.org/10.1111/j.1524-475X.2010.00613.x
http://www.ncbi.nlm.nih.gov/pubmed/7568067?dopt=Abstract
http://dx.doi.org/10.1073/pnas.92.20.9034
http://www.ncbi.nlm.nih.gov/pubmed/7984236?dopt=Abstract
http://dx.doi.org/10.1038/372425a0
http://www.ncbi.nlm.nih.gov/pubmed/19523397?dopt=Abstract
http://dx.doi.org/10.1016/j.ygcen.2009.01.008
http://www.ncbi.nlm.nih.gov/pubmed/18582469?dopt=Abstract
http://dx.doi.org/10.1016/j.ygcen.2008.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20403358?dopt=Abstract
http://dx.doi.org/10.1016/j.ygcen.2010.04.010
http://www.ncbi.nlm.nih.gov/pubmed/15111494?dopt=Abstract
http://dx.doi.org/10.2337/diabetes.53.5.1253
http://www.ncbi.nlm.nih.gov/pubmed/7624776?dopt=Abstract
http://dx.doi.org/10.1126/science.7624776
http://www.ncbi.nlm.nih.gov/pubmed/24809394?dopt=Abstract
http://dx.doi.org/10.2174/1573399810666140508121012
http://www.ncbi.nlm.nih.gov/pubmed/24505600?dopt=Abstract
http://dx.doi.org/10.1016/j.ygcen.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17156454?dopt=Abstract
http://dx.doi.org/10.1186/gb-2006-7-12-r116
http://www.ncbi.nlm.nih.gov/pubmed/11884081?dopt=Abstract
http://dx.doi.org/10.1006/gcen.2001.7760
http://www.ncbi.nlm.nih.gov/pubmed/9026270?dopt=Abstract
http://dx.doi.org/10.1507/endocrj.43.233
http://www.ncbi.nlm.nih.gov/pubmed/23056035?dopt=Abstract
http://dx.doi.org/10.1155/2012/210821
http://dx.doi.org/10.1155/2012/210821
http://www.ncbi.nlm.nih.gov/pubmed/23406697?dopt=Abstract
http://dx.doi.org/10.1159/000346808
http://www.ncbi.nlm.nih.gov/pubmed/1513804?dopt=Abstract
http://dx.doi.org/10.1097/00006676-199209000-00010
http://www.ncbi.nlm.nih.gov/pubmed/26372845?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7607344?dopt=Abstract
http://dx.doi.org/10.1038/eye.1993.58
http://www.ncbi.nlm.nih.gov/pubmed/9215053?dopt=Abstract
http://dx.doi.org/10.1136/bjo.81.4.274
http://www.ncbi.nlm.nih.gov/pubmed/15453859?dopt=Abstract
http://dx.doi.org/10.1111/j.1600-0420.2004.00326.x
http://www.ncbi.nlm.nih.gov/pubmed/19262432?dopt=Abstract
http://dx.doi.org/10.1097/IAE.0b013e31819a988b
http://dx.doi.org/10.1155/2013/106594
http://www.ncbi.nlm.nih.gov/pubmed/24286086?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19710406?dopt=Abstract
http://dx.doi.org/10.1167/iovs.08-3293
http://www.ncbi.nlm.nih.gov/pubmed/25483438?dopt=Abstract
http://dx.doi.org/10.1016/j.biocel.2014.11.018
http://www.ncbi.nlm.nih.gov/pubmed/15987797?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00021.2004


Ocular Lesions in Leptin Receptor-Deficient Medaka72

TJ. Effects of modified LDL and HDL on retinal pigment 
epithelial cells: a role in diabetic retinopathy? Diabetologia. 
56: 2318–2328. 2013. [Medline]  [CrossRef]

 37. Kim DI, Park MJ, Lim SK, Choi JH, Kim JC, Han HJ, Kun-
du TK, Park JI, Yoon KC, Park SW, Park JS, Heo YR, and 
Park SH. High-glucose-induced CARM1 expression regu-
lates apoptosis of human retinal pigment epithelial cells via 
histone 3 arginine 17 dimethylation: role in diabetic reti-
nopathy. Arch Biochem Biophys. 560: 36–43. 2014. [Med-
line]  [CrossRef]

 38. Ayala-Peña VB, Pilotti F, Volonté Y, Rotstein NP, Politi LE, 
and German OL. Protective effects of retinoid x receptors 
on retina pigment epithelium cells. Biochim Biophys Acta. 

1863: 1134–1145. 2016. [Medline]  [CrossRef]
 39. Mustafi D, Engel AH, and Palczewski K. Structure of cone 

photoreceptors. Prog Retin Eye Res. 28: 289–302. 2009. 
[Medline]  [CrossRef]

 40. Dong LY, Jin J, Lu G, and Kang XL. Astaxanthin attenuates 
the apoptosis of retinal ganglion cells in db/db mice by in-
hibition of oxidative stress. Mar Drugs. 11: 960–974. 2013. 
[Medline]  [CrossRef]

 41. Li X, Zhang M, and Tang W. Effects of melatonin on strep-
tozotocin-induced retina neuronal apoptosis in high blood 
glucose rat. Neurochem Res. 38: 669–676. 2013. [Medline]  
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/23842729?dopt=Abstract
http://dx.doi.org/10.1007/s00125-013-2986-x
http://www.ncbi.nlm.nih.gov/pubmed/25072916?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/25072916?dopt=Abstract
http://dx.doi.org/10.1016/j.abb.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/26883505?dopt=Abstract
http://dx.doi.org/10.1016/j.bbamcr.2016.02.010
http://www.ncbi.nlm.nih.gov/pubmed/19501669?dopt=Abstract
http://dx.doi.org/10.1016/j.preteyeres.2009.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23519150?dopt=Abstract
http://dx.doi.org/10.3390/md11030960
http://www.ncbi.nlm.nih.gov/pubmed/23299510?dopt=Abstract
http://dx.doi.org/10.1007/s11064-012-0966-z

