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One of the limitations of research into diabetic retinop-
athy is the lack of suitable animal models. To study how
the two important factors—hyperglycemia and vascu-
lar endothelial growth factor—interact in diabetic reti-
nopathy, the Akimba mouse (Ins2***“VEGF''™) was
generated by crossing the Akita mouse (Ins2*%**) with
the Kimba mouse (VEGF*/*). C57Bl/6 and the parental
and Akimba mouse lines were characterized by biomet-
ric measurements, histology, immunohistochemistry,
and Spectralis Heidelberg retinal angiography and op-
tical coherence tomography. The Akimba line not only
retained the characteristics of the parental strains, such
as developing hyperglycemia and retinal neovascular-
ization, but developed higher blood glucose levels at a
younger age and had worse kidney-body weight ratios
than the Akita line. With aging, the Akimba line dem-
onstrated enhanced photoreceptor cell loss, thinning of
the retina, and more severe retinal vascular pathology,
including more severe capillary nonperfusion, vessel
constriction, beading, neovascularization, fibroses,
and edema, compared with the Kimba line. The vascu-
lar changes were associated with major histocompati-
bility complex class " cellular staining throughout the
retina. Together, these observations suggest that hyper-
glycemia resulted in higher prevalences of edema and
exacerbated the vascular endothelial growth factor-
driven neovascular and retinal changes in the Akimba
line. Thus, the Akimba line could become a useful model
for studying the interplay between hyperglycemia and
vascular endothelial growth factor and for testing treat-
ment strategies for potentially blinding complications,
such as edema. (4m J Pathol 2010, 177:2659-2670; DOI:
10.2353/ajpath.2010.090883)

Diabetes is widely recognized as one of the leading
causes of death and disability and is the fifth-leading
cause of death by disease in the United States." Diabetes
is associated with long-term complications that affect al-
most every part of the body, often leading to blindness,
cardiovascular disease, kidney failure, and nerve damage.

The Ins2*@ (Akita) mouse® # is a naturally occurring
diabetes model that carries a dominant mutation in the
Mody4 locus on chromosome 7 in the insulin 2 gene. The
heterozygous male mice develop hyperglycemia and hy-
poinsulinemia at 4 weeks postnatal and progress to de-
velop the well-known signs of diabetes. They exhibit
signs similar to early pathophysiological changes of dia-
betic complications,®>'" but fail to develop any of the
advanced stages of these complications. Analysis of ret-
inae of INs2”™@ mice® showed early neuronal changes,
increased vascular permeability, a modest increase in
acellular capillaries, increased leukostasis, a thinner inner
plexiform layer, and amacrine and ganglion cell loss.'?
Although these changes are associated with the early
stages of diabetic retinopathy (DR), they fall short of the
proposed target for a DR animal model, which should have
capillary and neuronal loss, capillary obliteration and drop-
out, retinal edema, and preretinal neovascularization (pre-
RNV; Animal Models of Diabetic Complications Consortium,
http://www.amdcc.org/shared/retinopathyvalidation.aspx;
last accessed on August 23, 2010).

The trVEGF029 (Kimba) mouse model, in which pho-
toreceptors transiently overexpress human vascular en-
dothelial growth factor (hWWVEGF),"®*'* has a slower and
less destructive form of neovascularization' than previ-
ously described models.’® The Kimba model features
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hVEGF production, which peaks at around 10 days post-
natal and gradually decreases to an only slightly elevated
level by 6 weeks postnatal.’~'® Despite transient \VEGF
up-regulation, the short-term presence of elevated hVEGF
induces vascular permeability, capillary nonperfusion/
dropout, microaneurysms, RNV, and occasional hemor-
rhages.'®"” The Kimba model has several vascular
changes associated with DR but, crucially, this model is
not on a hyperglycemic background.

To date, other rodent diabetes models, whether trans-
genic, naturally occurring or induced, have failed to de-
velop advanced stages of retinal complications regard-
less of the age of onset or the duration of hyperglycemia.
Thus, generation of a model that develops retinal vascu-
lar changes similar to those presented in DR would rep-
resent a significant advance for DR research. This article
describes the generation of a mouse model that presents
with RNV on a hyperglycemic background. We crossbred
the Akita with our Kimba mice''® resulting in a model
that allows investigation into the interplay between high
blood glucose levels (BGLs) and VEGF-induced retinal
pathology.

Materials and Methods

Animal Husbandry and Anesthesia

All procedures were performed in accordance with the
Association for Research in Vision and Ophthalmology
statement for use of animals in ophthalmic and vision
research and with approval from the Animal Ethics Com-
mittee of The University of Western Australia. Mice were
housed, fed,'® and anesthetized'® as previously de-
scribed. All studies were performed on young (8 weeks
postnatal) and old (25 + 1 week postnatal) male mice.

Generation of Double Mutant Akimba Mouse
Model

Heterozygous Kimba (VEGF/*) mice were generated as
described previously.'®'” Homozygous Kimba (VEGF*'*)
mice were mated with mice heterozygous for the Akita
spontaneous mutation (Ins24%), purchased from the Jack-
son Laboratory (Bar Harbor, ME), to generate Kimba or
Akimba (Ins2*@VEGF*'~) mice. Both Kimba and Akita
mice are on a C57BL/6 background. Only males were used
for the studies because disease progression in females is
slower and less uniform.

Genotyping

DNA was isolated from tail clips by using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI).
Genotyping of Kimba mice was carried out as previously
described.'® ' Akita mice were genotyped for the Ins2
gene as described (Jackson Laboratory). Akimba mice
were genotyped by using protocols for both Kimba and
Akita mice.

Blood Glucose Measurements

Mice were fasted from 7:00 AM to 1:00 PM as per Animal
Models of Diabetic Complications Consortium guidelines.
BGL was determined by using Accu-Check Performa
blood glucose meter (Roche Diagnostic, Mannheim, Ger-
many) with a range of 0.6 to 33.3 mmol/L. Readings
above 33.3 mmol/L were treated as 33.3 mmol/L during
data analysis. The meter was calibrated for each batch of
test strips. Total kidney-body weight (KBW) ratios were
calculated according to Animal Models of Diabetic Com-
plications Consortium protocols.

Glycated Hemoglobin Level

Glycated hemoglobin (HbA1c) in Akita and Akimba
mice was determined by using Siemens’ DCA 2000+
Analyzer (Siemens Medical Solutions Diagnostics, Vic.,
Australia), a diabetes point-of-care system validated
for use in mice as an alternative to high-performance
liquid chromatography.®®

Clinical Ophthalmic Photography

Imaging of the eye was performed by using the combined
confocal scanning laser ophthalmoscope and spectral do-
main optical coherence tomography (OCT) imaging device
(Spectralis Heidelberg retinal angiography and OCT; Hei-
delberg Engineering, Heidelberg, Germany) with a 25-di-
opter lens fitted on a 30-degree angle lens. The pupils of
anesthetized mice were dilated with tropicamide eye drops
(Mydriacyl; Alcon) Laboratories, NSW, Australia before im-
age acquisition. Mice were injected intraperitoneally with 50
wl of 10% sodium fluorescein. A custom-made contact lens
(refractive index, 1.51; radius of curvature, 1.70 mm; diam-
eter, 3.2 mm; Cantor-Nissel, Northamptonshire, UK) was
placed on the mouse eye to collect spherical optical aber-
ration and to prevent dehydration of the cornea during
imaging. For fluorescein angiography (FA), the Spectralis
HRA+OCT was operated in the fluorescence mode with the
excitation light provided by the 488-nm Argon laser. All
images were acquired by using the automatic real-time
mode to track eye movements in real time and stabilize the
OCT scan on the retina. Sequences of B-scans obtained at
a 30-degree field of view centered on the optic disk were
acquired to generate a volume scan. Retinal thickness was
calculated as an average of the volume scan values. Im-
ages were analyzed on the Heidelberg Eye Explorer Soft-
ware 1.5.12 with the Spectralis viewing module 3.1.0.

Histology

After euthanasia with pentobarbital (Lethabarb, Virbac,
NSW, Australia), eyes were enucleated and fixed for 4
hours in 4% neutral buffered formalin before paraffin
embedding. The eyes were sectioned sagitally and sec-
tions passing through the optic nerve and center of the
cornea were stained with H&E or PAS for light micros-
copy. Comparative retinal morphology of the different
mouse strains was based on thickness of the neural
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Figure 1. Mean fasted blood glucose levels (A), kidney-body weight ratios (B), and total body weight (C) in young and old male mice of all four genotypes. Black
bars = young animals; white bars = old animals. *P < 0.05; **P < 0.01; **P < 0.005; ****P < 0.001; ****P < 0.0001.

retina, photoreceptor layer thickness, and number of
ganglion cells present over a 170-um linear distance on
both sides of the optic nerve. One eye per mouse (n = 6
to 8) from each experimental group was used, and a total
of 5 to 10 measurements per eye was taken for analysis.

Immunohistochemistry

For visualization of retinal vasculature, deparaffinized
sections of the eye were processed and labeled with
biotinylated isolectin-IB4 as described previously.'* For
detection of immune cells, enucleated eyes were post-
fixed in 2% paraformaldehyde for 2 hours at room tem-
perature. The retinae were dissected out and washed in
PBS. After incubation in 20 mmol/L EDTA tetrasodium at
37°C for 30 minutes, the specimens were saturated with
PBS containing 0.3% Triton-X and 2% bovine serum al-
bumin at room temperature for 1 hour and then incubated
overnight at 4°C with anti-major histocompatibility com-
plex (MHC) class Il antibody (M5/114; 1:200; BD Pharm-
ingen, San Diego, CA). Secondary and tertiary antibody
incubations were at room temperature: biotinylated goat
anti-rat IgG (1:100; GE Health care, Piscataway, NJ) for 2
hours, then streptavidin Alexa Fluor 568 (1:100; Molecu-
lar Probes, Eugene, OR) for 30 minutes. For tissues in
which vasculature was also labeled with rhodamine con-
canavalin A 2" the same staining protocol was followed,
but the tertiary antibody used was streptavidin Alexa
Fluor 488 (1:100; Molecular Probes). Labeled whole
mounts and sections were evaluated with epiflurores-
cence microscopy (Olympus, BX60, Tokyo, Japan).

VEGF Protein Quantitation

Mouse VEGF (MVEGF) and hVEGF protein levels in eyes
were determined by enzyme-linked immunosorbent as-
say as previously described.®

Data Analyses

Data were analyzed by one-way or two-way analysis of
variance followed by Tukey’s Multiple Comparison Test at
a 5% significance level by using GraphPad Prism version
4.01 for Windows (GraphPad Software, San Diego, CA)
for comparisons across all four genotypes. Student’s -
test was used to assess changes in a single parameter

over time within a genotype (e« = 0.05). Data are pre-
sented as mean = SD.

Results

Physical Comparison of Mouse Lines

At birth all mice were normal in appearance and behav-
ior. The average number of pups per litter was as follows:
Akita: 6.1 £ 2.4; Akimba: 6.5 = 2.1; and Kimba: 6.2 =
2.5, which was similar to C57BI/6 mice (6.8 + 0.1).%2
Kimba mice have a mean lifespan similar to C57BI/6 mice
(690 days), whereas the Akimba mice have a mean
lifespan similar to the Akita mice (305 days; Jackson
Laboratory).

Blood Glucose Level

There was no statistically significant difference in mean
BGL between young C57BI/6 and Kimba mice (11.5 =
1.3 and 11.3 = 1.0 mmol/L, respectively; P > 0.05; Figure
1A). Mean BGL in young Akita mice (19.4 = 5.7 mmol/L)
was significantly higher than in age-matched C57BI/6
(P < 0.01) and Kimba mice (P < 0.001; Figure 1A). The
surprising result was the significantly higher mean BGL in
young Akimba mice (29.3 * 3.9 mmol/L) compared with
young Akita mice (P < 0.001). Mean BGL remained
normal and unchanged in old C57BI/6 and Kimba mice
(P > 0.05). In Akimba mice, there was a slight, but not
statistically significant, increase in mean BGL to 32.2 =
2.0 mmol/L (P > 0.05). In the Akita mice, there was a
statistically significant increase in mean BGL to 30.9 =
4.6 mmol/L in old mice (P < 0.0001). The mean BGL in
old Akita mice was similar to those of young and old
Akimba mice.

The mean HbA1c level was 4.4% in young C57BI/6 and
Kimba mice and 4.3% in old C57BI/6 and Kimba mice.
Thus, as expected, there was no age-dependent in-
crease in mean HbA1c level in the normoglycemic
C57BI/6 and Kimba mice. In contrast, mean HbA1c level
in young Akita (6.7% = 0.6) and young Akimba (7.05% =+
1.3) mice increased to 11.5% + 0.3 and 11.2% = 1.4,
respectively, in the old hyperglycemic mice.
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Total Kidney-Body Weight Ratios

There was no difference in mean KBW ratios (Figure 1B)
between the young C57BI/6 and Kimba mice (0.013 *
0.001 and 0.013 = 0.001, respectively; P > 0.05), and

between young Akita and Akimba mice (0.018 + 0.003
and 0.017 = 0.003, respectively; P > 0.05). However, in
young mice, mean KBW ratios were significantly different
between Kimba and Akita (P < 0.01) and between Kimba
and Akimba (P < 0.01). In old mice, the difference in
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mean KBW ratios between normoglycemic C57BI/6/
Kimba and hyperglycemic Akita/Akimba was significant
(P < 0.001), but there was no statistically significant
difference between Akita and Akimba mice (P > 0.05).
There was, however, a significant age-dependent in-
crease in mean KBW ratio in the Akimba mice (P < 0.005;
Figure 1B).

Body Weight

Mean body weights were similar in normoglycemic young
C57BI/6 (20.9 = 2.0 g) and Kimba (23.7 = 1.6 g) mice
(P < 0.05). The mean body weights of the hyperglycemic
young Akita (17.3 = 2.0 g) and Akimba (17.7 = 1.1 g)
mice were significantly lower (P < 0.01) than those of
young C57BI/6 mice, but they were similar to each other
(Figure 1C). There was an age-dependent increase in
mean body weights of C57BI/6 (P < 0.0001) and Kimba
(P < 0.0001), but not in Akita (P > 0.05) and Akimba (P >
0.05) mice. In both young and old mice, there was a
significant difference in mean body weight between
C57BI/6 and Akita or Akimba (P < 0.01) and between
Kimba and Akita or Akimba mice (P < 0.001), with
body weights of the hyperglycemic mice always signif-
icantly lower than in the normoglycemic C57BI/6 and
Kimba mice.

Clinical and Morphometric Analyses of Mouse
Eyes

Images from FA and OCT (volume and section scans) of
a representative mouse from each genotype are pre-
sented in Figure 2. Comparison between Kimba and
Akimba mice was performed by using littermates to en-
sure uniformity in terms of age and parental influence.
Analysis of retinal vessels by FA of young and old
C57BI/6 mouse eyes showed even calibre retinal vessels
radiating from well-defined optic nerve heads (Figure 2, A
and M). A dense capillary network was present and flu-

Figure 2. Fluorescein angiograms showing the differences in retinal vascu-
lature between young C57Bl/6 (A), Akita (B), Kimba (C), and Akimba mice.
C57Bl/6 (A) and Akita (B) mice have sharply defined retinal vessels and
retinal capillary network with retinal vessels radiating from the optic nerve.
Kimba (C, arrowheads, inset) and Akimba (D, inset) mice have foci of
fluorescein leakage and microvascular changes such as capillary dropout/
nonperfusion (C, asterisks) and microaneurysm (D, arrows). OCT volume
scans show the thickness of the retina around the optic nerve of C57Bl/6 (E),
Akita (F), Kimba (G), and Akimba (H). The homogenous green coloration
denotes that thickness of the retina of young C57Bl/6 and Akita mice (230 to
280 mm) is even. The retina of young Kimba (G: 180 to 250 wm) and Akimba
(H: 50 to 250 wm) are of uneven thickness. OCT section scans (OCT-SCs; I-L)
of the four different mouse strains show the thickness of the retina across the
optic nerve. Fluorescein angiograms of the same mouse from each strain at
24 weeks postnatal show no change in retinal vasculature of C57Bl/6 (M) and
Akita (N) mice. There were less foci of fluorescein leakage in Kimba (O,
inset) and Akimba (P, inset) mice. Microvascular changes such as capillary
dropout/nonperfusion (O and P: asterisks) and venous beading (P: ar-
rows). OCT volume scans showed no change in retinal thickness of C57Bl/6
(Q) and Akita (R) mice but further thinning of the retina of Kimba (S) and
Akimba (T) mice were observed. OCT section scans of C57Bl/6 (U), Akita
(V), Kimba (W), and Akimba (X) mice confirmed the absence of change in
retinal thickness of C57BI/6 and Akita mice and further thinning of the retina
of Kimba and Akimba mice. Dense spots are new vessels seen in the old Kimba
(W, arrow) and Akimba (X, arrows) mice. The thickness of the retina is
indicated by the different colors in the scale provided.
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Figure 3. FA and corresponding OCT scan of a young Akimba mouse,
showing the retinal vasculature (A) and the cross section (B, i) of the retina.
Figure B (i) is magnified to show edema (i) and blood vessels (ii and iii) in
the outer nuclear layer. Numbered arrows in (A) denote location of blood
vessels observed in the outer nuclear layer from OCT scan (B, i). Arrow-
heads in A point to where the edema is located from OCT scan (B, i and ii).
Paraffin-embedded sections of an Akimba mouse eye stained with PAS (C)
and labeled with IB-4 (D). Arrows denote vessels transgressing the inner
nuclear layer. Scale bar for C and D = 165 wm. MHC Class II labeling of Akita
(E), Kimba (F), and Akimba (G and H) retinal flat mounts show rise in MHC
Class 11" cells in Kimba and Akimba retinal flat mounts. MHC Class 11"
dendriform cells (arrows) are found around rhodamine concanavalin A-la-
beled vessels (H).

orescein leakage was absent in any of the C57BI/6
mouse eyes analyzed by FA (Figure 2, A and M). The
retinae of young (250.5 = 7.6 um, n = 30) and old
(242.7 = 8.4 um, n = 30) C57BI/6 mouse eyes were of
comparable thickness as indicated by the even green
coloration throughout the areas of OCT volume scans
(Figure 2, E and Q) and section scans (Figure 2, L and U).
The Akita mice presented similar vascular features to
C57BI/6 (Figure 2, B and N) and the retinal thickness was
also comparable (young: 254.4 = 5.4 um; old: 242.2 =+
11.2 wm mouse eyes, n = 30; Figure 2, F and R). Section
scans passing through the optic nerve also showed that
there was no difference in retinal thickness between
young and old C57BI/6 (Figure 2, L and U) and young
and old Akita (Figure 2, J and V) mice. Volume scan
values ranged from 230 to 280 wm in young and old
C57BI/6 and Akita mice. In contrast, changes were ob-
served in eyes of young and old Kimba (Figure 2, C, G, K,
O, S, and W) and Akimba (Figure 2, D, H, L, P, T, and X;
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Figure 3A) mice. FA consistently showed the presence of
sparse capillary beds and fluorescein leakages in Kimba
(n = 32; Figure 2, C and O insets) and Akimba (n = 40;
Figure 2, D and P, insets) mice. There appeared to be
more foci of and more extensive fluorescein leakage in
the eyes of young mice of both genotypes (Figure 2, C
and D, insets; grading of 2 to 4 in Figure 4). Furthermore,
Kimba and Akimba mice demonstrated tortuous vessels
(data not shown), microaneurysms (Figure 2, C and D,
arrowheads), venous beading (Figure 2P, arrowheads),
capillary dropout and nonperfusion (Figure 2, C, O, and
P, asterisks), vessel dilatation (data not shown), and ves-
sel attenuation (Figure 2P, arrow). The mean retinal thick-
ness profiles varied as a function of age and glycemic
status, ie, between eyes of young (183.7 = 23.6 um) and
old (1561.1 = 251 um; P < 0.001) Kimba and young
(2038.4 = 38.0 wm) and old (155.2 = 10.6 um; P < 0.01)
Akimba mice. Retinal thickness based on volume scans
ranged from 150 to 200 wm in young Kimba mice (Figure
2G) and from 80 to 150 um in old Kimba (Figure 2S) mice.
Well-defined areas of regional thickening in these models
are demonstrated by green patches on volume scans. In
young (Figure 2H) and old Akimba (Figure 2T) mice,
retinal thickness on volume scans ranged between 80
and 280 um and 80 and 150 um, respectively. In section
scans, dense spots were observed in the outer nuclear
layer of Kimba (Figure 2W, arrow) and Akimba (Figure 2X,
arrows) mice. As vessels are not present in the outer
nuclear layer of normal eyes, these dense spots repre-
sent new blood vessels. Edema (between arrowheads,
Figure 3, Bi and Bii) was observed in the peripheral part
of the retinae of 27 of 40 (67%) young Akimba and 14 of
40 (36%) old Akimba mice. New vessels usually localized
in the outer nuclear layer and in association with retinal

Figure 4. A: Fluorescein angiograms show fluorescein leakage and grading.
Graded leakages were graded as normal, 0, 1, 2, 3, and 4. Normal shows the
normal vascular pattern with vessels filled with fluorescein and no vascular
leakage present; 0, absence of fluorescein leakage was not like normal eyes but
due to capillary dropout/artherosclerotic vessels; 1, less than five isolated leaky
lesions; 2, more than five isolated and evenly distributed leaky lesions; 3,
confluent leaky lesions; and 4, massive vascular leaky lesions. B: Graph com-
paring fluorescein leakage grading in Kimba and Akimba mice from 8 to 24
weeks postnatal. **P < 0.001.

edema (Figure 3, Bi-iii). The vasculature detected by
OCT (Figure 3B) was correlated to vessels in the fluores-
cein angiogram (Figure 3A) by using numbered arrows.

Fluorescein leakage in the Kimba and Akimba mice
was graded by two masked observers based on the
scale shown in Figure 4A and presented in Figure 4B.
From the grading, younger Kimba and Akimba mice (8 to
16 weeks postnatal) did not show any significant differ-
ence in fluorescein leakage (P > 0.05). However, the
grading in older Kimba and Akimba mice (20 to 24 weeks
postnatal) showed significantly decreased fluorescein
leakage as a function of ageing (P < 0.05), which was
accompanied by extensive capillary dropout as well as
artherosclerotic vessels.

To compare pathological vascular changes, such as
capillary nonperfusion, neovascularization, edema, hem-
orrhage, and retinal detachment, in Kimba and Akimba
mice, each eye was arbitrarily divided into four quadrants
with the dividing lines cutting at the optic nerve as shown
in Figure 2A. The frequency of pathological features in
the four quadrants of each eye was semiquantified. The
results are summarized in Table 1. The frequency of
microvascular abnormalities in young Akimba mice was
very similar to aged Kimba mice. Capillary nonperfusion
and neovascularization were most extensive in old
Akimba mice. Retinal edema was detected in both young
Kimba (20%) and Akimba groups (67%). The Akimba line
not only had the majority of the young animals presenting
with edema but the occurrence of edema was maintained
in 36% of the old animals. Hemorrhages were only de-
tected in some Akimba mouse eyes (data not shown),
whereas retinal detachment was only seen in old Kimba
and in young and old Akimba mice. In general, the patho-
logical changes appeared earlier in Akimba mice and



Table 1. Comparison of Retinal Vascular Changes in Kimba
and Akimba Mice

Characteristic Kimba Akimba
Young Old Young Old

Nonproliferative DR

Microaneurysms* + - ++ -
Capillary nonperfusiont  ++ +++ ++  ++++
Hemorrhage* - - + +
Microvascular
abnormalities
Vascular leakages® + + + 1
Venous dilatation® +++ ++ ++ 4T
Venous loops’ ++  ++ ++  +7
Tortuosity in retinal ++ ++ ++ 47
vessels’
Vessel constrictions/  + + ++  +++
beading®
Proliferative DR
Neovascularization! + ++ + +++
Retinal edema** 20% 5% 67% 36%
Advanced proliferative DR
Retinal detachment* - + + +

*—, not present; +, less than five microaneurysms present;, ++,
more than five microaneurysms present.

T—, not present; +, one quadrant; ++, two quadrants; +++, three
quadrants; ++++, four quadrants.

*— not present; +, present.

SRefer to fluorescein leakage grading (Figure 2).

TExtensive retinopathy/capillary dropout resulted in lower incidence
of vascular features in the old Akimba mice.

I+, <30% scanned area with neovascularization; ++, 30% to 60%
scanned areas with neovascularization; +++, >60% scanned areas
with neovascularization.

**Number of animals with edema per number of samples X 100.

they were more severe in Akimba than in age-matched
Kimba mouse eyes (Table 1).

Retinal Morphology

The histology of young and old mouse eyes is presented
in Figure 5, A-H. The different retinal layers were well
organized with no differences observed in young and old
C57BI/6 mouse eyes (Figure 5, A and B). The monolayer
of retinal pigment epithelial (RPE) cells (Figure 5, A and
B, arrowheads) separating the photoreceptor cell layer
from the choroid was intact. Except for the slight thinning
of the retina in old Akita mice, the histology of young Akita
mouse eyes (Figure 5C) was very similar to young and
old C57BI/6 mouse eyes (Figure 5, A and B). In contrast,
visible differences were seen in age-matched Kimba and
Akimba mice (Figure 5, E-H). The obvious pathology in
young Kimba and Akimba mice was the wavy photore-
ceptor cell layer (Figure 5, E and G), which often formed
rosette structures (data not shown), and the transgres-
sion of retinal blood vessels from the inner retina into the
normally blood vessel-free photoreceptor cell layers (Fig-
ure 5, E-G; arrows). Disturbance was also seen in the
RPE cell layer and in some parts more than one layer
of RPE cells was observed (data not shown). Breaks in
the RPE cell layer were present in old Kimba and Akimba
mice (Figure 5, F and H; arrowheads; Figure 5F inset) at
points where the new retinal vessels transgressed the
RPE cell layer (Figure 5G inset, arrows; Figure 3, C and D
arrows). The presence of new vessels in Figure 3C was
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Figure 5. Light micrographs of paraffin-embedded eyes of young (A, C, E,
and G) and old (B, D, F, and H) C57Bl/6 (A and B), Akita (C and D), Kimba
(E and F), and Akimba mouse eyes (G and H). The sections were stained
with H&E (A-F and H) and PAS (G). Scale bar = 165 um. Arrowheads in
A-D point to the intact monolayer of retinal pigment epithelial cells. Arrow-
heads in E, F, and H point to breaks in the retinal pigment epithelium of
Kimba and Akimba mouse eyes. Arrows in E-G point to blood vessels
transgressing the normally blood vessel-free photoreceptor cell layers, and
arrows in H (inset) point to fibrotic layer. GCL, ganglion cell layer; INL,
inner nuclear layer; IPL, inner plexiform layer; OPL, outer plexiform layer;
and ONL, outer nuclear layer.

confirmed by staining a section 50-um apart with the
vascular stain biotinylated isolectin-IB4 (Figure 3D, ar-
rows and arrowhead).

The severity of changes varied between eyes of mice
of the same age and same genotype and even within the
same eye. In some young Kimba and Akimba mice, there
was severe loss of photoreceptors and thinning of the
neural retina (data not shown) similar to changes com-
mon in the old mice (Figure 5, F and H). In contrast, the
neural retina appeared thicker and more swollen in some
young Kimba mouse eyes (Figure 5E). The pathological
changes in old Kimba and Akimba mice included reduc-
tion in photoreceptor layer thickness to complete loss of
photoreceptors (Figure 5, F and H), and replacement of
photoreceptors and RPE cell layers by fibrotic tissue
(Figure 5H, inset, arrows). Compared with old Kimba
mice, the old Akimba mice displayed similar but more
severe retinal lesions (Figure 5H) such as patchy loss of
cells in the ganglion cell layer, reduced thickness of inner
plexiform and inner nuclear layers, almost nonexistent
outer plexiform layer, and presence of fibrotic tissue. In
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addition, the outer nuclear layer was almost completely
destroyed, and the integrity of the RPE cell layer was
compromised with blood vessels growing between the
cells. Infiltration of pigmented cells into the neural retina
was observed in some eyes (Figure 5H). In young and old
Akimba mice, there was an increase in blood vessels in
the different layers of the retina and this was most pro-
nounced in the outer nuclear layer (Figure 5G and Figure
3C, arrows) where some of the vessels were also rela-
tively enlarged.

Localization of Immune Cells

There was no difference between MHC class II* staining
in young Akita mice (Figure 3E) and their age-matched
C57BI/6 littermates (data not shown). In contrast, retinae
from both age-matched Kimba (Figure 3F) and Akimba
mice (Figure 3G) showed a dramatic rise in MHC class
II" cellular staining throughout the retina. The majority of
dendriform MHC class II* cells were organized into a
network that spanned from the juxtapapillary area, across
retinal venules, toward and including the peripheral retina
(Figure 3H, arrows). Variable quantities of smaller, round
MHC class II™ cells (Figure H, arrowhead) were also
observed. There was no obvious difference in the nature
of MHC class Il cellular spread between young Kimba
and Akimba mice. We did not find any evidence of en-
dothelial or RPE staining for MHC class II™ in any of the
described models.

Quantification of Morphological Changes

The morphological changes in eyes of young and old
mice, quantified based on the number of layers of pho-
toreceptor cell nuclei, number of ganglion cells, and
thickness of the neural retina, are presented in Figure 6,
A-C. The number of layers of photoreceptor cell nuclei in
young Akita mice (13.8 ®£ 0.7) was not significantly dif-
ferent from that of young C57BI/6 mice (14.3 = 0.1; P >
0.05). In young Kimba mice, the mean number of layers
of photoreceptor cell nuclei (6.2 = 2.4) was significantly
lower than those of young Akita (P < 0.01) or young
C57BI/6 (P < 0.01) mice. Similarly, the mean number of
layers of photoreceptor cell nuclei in young Akimba mice
(5.9 £ 1.8) was significantly lower than that of young
Akita (P < 0.01) or young C57BI/6 (P < 0.01) mice but
was similar to that of young Kimba mice (P > 0.05).
Except for Akimba mice, where the number of layers of
photoreceptor cell nuclei continued to decrease with age
from 6.0 = 1.8 to 0.2 = 0.3 (P < 0.01), there were no
significant age-dependent changes in the number of lay-
ers of photoreceptor cell nuclei in C57BI/6, Akita, and
Kimba mice (Figure 6A).

There was no statistically significant ganglion cell loss
in young Akita (73.9 = 2.6) and Akimba (72.0 = 0.2)
mice, but significant loss of ganglion cells was observed
in Kimba (62.1 = 5.5) mice when compared with age-
matched C57BI/6 mice (76.8 = 1.3; P < 0.01). Significant
age-dependent changes in ganglion cell number were
seen in the Akita (P < 0.01), Kimba (P < 0.05), and
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Figure 6. Graph showing mean photoreceptor layer thickness (A), mean
number of ganglion cells over a 170-um linear distance (B), and mean neural
retina thickness (C) of young and old C57Bl/6, Kimba, Akimba, and Akita
mice. Black bars = young animals; white bars = old animals. *P < 0.05; *P <
0.01; **P < 0.001.

Akimba (P < 0.001) mice (Figure 6B). In the old age
group, there were significantly fewer ganglion cells in the
Akita (567.4 = 1.1, P < 0.01), Kimba (50.8 = 7.1, P <
0.001), and Akimba (53.4 + 3.5, P < 0.001) compared
with old C57BI/6 (76.7 = 7.7) mice. The greatest age-
dependent loss in ganglion cell numbers (from 72.0 = 0.2
to 53.4 + 3.5) was observed in the Akimba mice.

The mean neural retinal thickness of young Kimba
(132.8 = 13.7 wm) was significantly lower (P < 0.05) than
those of age-matched C57BI/6 (204.4 = 4.4 um; P <
0.001) and Akita (203.8 = 27.1 um; P < 0.001) mice
(Figure 5C). A statistically significant age-dependent de-
crease in mean neural retinal thickness was seen in the
old Akimba mice (P < 0.001) but not in the C57BI/6,
Akita, or Kimba mice. The old Akimba mice had the
thinnest neural retinal (78.7 = 1.6 wm) of all four geno-
types, representing the most severe age-dependent loss
of photoreceptors and ganglion cells observed in this
study.



Ocular mVEGF and hVEGF Levels

In young Kimba and Akimba mice, there was no detect-
able hVEGF present. mVEGF levels were elevated in
young Kimba (38.9 = 10.3 pg/ml), Akimba (28.7 = 3.3
pg/ml), and Akita (29.3 = 11.2 pg/ml) mice when com-
pared with C57BI/6 (20.5 = 7.0 pg/ml), but the differ-
ences were not statistically significant (P > 0.05). Simi-
larly, there were no statistically significant age-related or
genotype-related differences (P > 0.05) in mean mVEGF
levels between aged mice.

Discussion

Clinically, DR is a progressive disease that shows great
variation between individuals. The earliest minor neuronal
changes®® eventually convert into nonproliferative DR
(NPDR). NPDR might progress to vision-threatening pro-
liferative DR (PDR) over decades of hyperglycemia if left
untreated.?* The most crucial step in the disease process
is the conversion of vascular abnormalities into PDR. PDR
is known to be associated with up-regulated VEGF ex-
pression,?® which drives the proliferation of endothelial
cells. VEGF injected into normal, nondiabetic eyes reca-
pitulated many of the retinal vascular changes triggered
by diabetes, such as intercellular adhesion molecule-1
up-regulation, leukocyte adhesion, vascular permeability
and capillary nonperfusion, or dropout.?®=2° Intercellular
adhesion molecule-1 up-regulation is linked to increased
leukostasis and retinal leukostasis is a very early event in
DR with important functional consequences. Both retinal
vascular leakage and capillary nonperfusion seem to
follow its development.?® Hence, it is not surprising that
VEGF up-regulation could result in retinal vascular
changes and animal models with elevated VEGF levels in
the retina'” 2% have been informative and particularly use-
ful for the development of new treatment strategies.'”2’
However, these models have all been on a normoglyce-
mic background, limiting their value in the study of DR.
Overall, the Akimba mice retained the key character-
istics of the parent Akita (hyperglycemia) and Kimba
(RNV) models. However, some significant differences be-
tween the parent strains and the new Akimba model were
also noted. Surprisingly, BGL was significantly higher in
young Akimba than in young Akita mice, but both geno-
types reached similar BGL at =24 weeks postnatal. Im-
paired or stalled growth, one of the features of severe,
untreated hyperglycemia, was also observed in Akita® 4
and the new Akimba model, in which there was no weight
gain over a period of 4 months. Clinical ophthalmic ex-
amination identified significant differences between the
four different genotypes. Compared with the background
strain, C57BI/6, no changes were detected in the Akita
line by FA and OCT in young and old mice. However,
significant vascular changes such as microaneurysm,
leaky capillaries, venous beading, tortuous vessels, cap-
illary dropout, and attenuation of vessels were observed
in Kimba and Akimba mice (Table 1). The OCT was
extremely useful for tracking the progression of edema
over time (Table 1). The major difference between young
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Kimba and Akimba mice was the much higher preva-
lence of edema in the young Akimba mice (Table 1). In
humans, macular edema occurs when diffuse capillary
and microaneurysm leakage at the macula causes the
macular retina to swell with fluid. This complication of DR
can occur at virtually any stage during DR development.
Diabetic macular edema represents the leading cause of
visual impairment in patients with diabetes®® and the
available treatments are not always satisfactory. Edema
was not only more frequent but persisted with increasing
age in the Akimba mice, suggesting that the Akimba mice
could be a useful model for the development of alterna-
tive treatments for this condition. These results suggest
that hyperglycemia in combination with VEGF caused
more severe or extensive neovascular damage and
hence, the higher incidence of edema, which led to the
more progressive retinal degeneration and fibrosis. As
retinal edema is a major cause of diabetic retinal pathol-
ogy and the major cause of blindness, the fact that the
early transient expression of hVEGF in the presence of
hyperglycemia leads to greater prevalence of retinal
edema suggests a potential role for the casual up-regu-
lation of VEGF in the development of edema in humans.
The difference between Kimba and Akimba was not lim-
ited to the presence of edema and it became more pro-
nounced with increasing age. The Kimba mice had neo-
vascular changes similar to NPDR in humans by 8 weeks
of age, but the vascular leakiness and other retinopathic
changes remained relatively stable over time. In the
Akimba mice, the retinopathic changes were more pro-
gressive (Figure 2). As measured by the presence of new
vessels in OCT section scans, neovascularization in
Akimba mice was more severe than in the Kimba mice
(Table 1). In contrast to the Kimba mice, leaky blood
vessels were not observed in the Akimba mice at 20
weeks postnatal (Figure 2, P and T; Figure 4B) due to
massive capillary drop out/nonperfusion and atheroscle-
rotic vessels. Total loss of the photoreceptor layer (Figure
6A) and a significant amount of fibrotic tissue were ob-
served in the majority of the old Akimba mice (Figure 5H).

Although almost all major features of NDPR and PDR
were present, pre-RNV was not observed. The triggering
mechanism for the development of pre-RNV is not well
understood. A study using experimental rodents with hy-
poxia-induced neovascularization demonstrated newly
formed blood vessels growing from the inner limiting
membrane of the retina into the vitreous in response to
hypoxia resulting in pre-RNV.2® The mouse models that
develop pre-RNV display high density and evenly distrib-
uted retinal ganglion cells. Retinal ganglion cells are
known to mediate vessel growth during an ischemic
event by producing essential angiogenic factors such as
VEGF.?* In our Kimba and Akimba model, our results
demonstrated the loss of cells on the ganglion cell layer.
In addition, fenestrations of new blood vessels in our
mouse models grew toward the outer nuclear layer,
where the source of VEGF production is the photorecep-
tors. These events could account for the absence of
pre-RNV in the Akimba model.

Measurement of retinal thickness was used as an
indicator of progressive retinal pathology in all four
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genotypes. Retinal thickness measurements using in
vivo OCT and histology-based morphometry demon-
strated that Kimba and Akimba mice had consistently
thinner retinae when compared with age-matched
young and old C57BI/6 and Akita mice. Consistent with
a progressive phenotype, the Akimba mice over time
demonstrated a more severe loss of photoreceptors
and thinning of the retina than Kimba mice.

Morphometric analysis of the Akita retinae confirmed
the neuronal changes described previously® in the ab-
sence of morphological vascular changes. This included
significant ganglion cell loss and associated, though not
significant (P > 0.05) thinning of the neural retina 20
weeks after the onset of hyperglycemia. These observa-
tions are in agreement with those made by using OCT in
human subjects, which detected small changes in retinal
thickness of diabetic patients with no or minimal DR in the
absence of observable vascular changes. This suggests
that neuronal loss may precede and ultimately contribute
to the later development of vascular pathologies associ-
ated with DR, eventually resulting in RNV.?33536 |n con-
trast to ganglion cell loss, but in agreement with the
observations made in humans, the number of layers of
photoreceptor cell nuclei was maintained in the old Akita
mice. On the other hand, there was a surprising delay in
ganglion cell loss in the Akimba line. Compared with
young C57BI/6 mice, there was no statistically significant
ganglion cell loss in young Akimba mice, whereas in old
mice the number of ganglion cells was significantly re-
duced to levels similar to those in old Kimba or old Akita
mice. The dynamics of ganglion cell loss in the Akimba
mice were comparable with those seen in Akita rather
than the Kimba mice. This was an unexpected observa-
tion suggesting that a neuroprotection gene may have
been activated in the Akita line, resulting in delayed
ganglion cell loss. Alternatively, the presence of elevated
levels of hVEGF at a young age may have delayed the
loss of neuronal cells in the Akimba mice.®”-*® The neu-
roprotective effect of VEGF is well known, but we can only
speculate at present whether elevated hVEGF levels,'®
which were still present around the time of hyperglycemia
onset, might have delayed ganglion cell death. The pres-
ence of hVEGF did not seem to delay ganglion cell loss in
the young Kimba mice, suggesting that it is strictly asso-
ciated with the genetics and/or physiological features of
the Akita line.

We observed an increase in the incidence of edema in
the retinal layers as well as the severity of neuroretinal
(Figure 6) and vascular changes (Table 1; Figures 4 and
5) in the Akimba mice compared with the Kimba mice.
This suggests that hyperglycemia may either play a role
in exacerbating VEGF-driven neovascularization or it
might amplify the retinal damage caused by the initial
neovascularization. The Akimba mice presented the most
important features of the Kimba and Akita mice, thus they
could facilitate studies on the dual effects of transient
VEGF up-regulation and hyperglycemia on retinal vascu-
lar changes. In humans, VEGF is known to be up-regu-
lated from very early in DR, it is present at different levels
as DR progresses, and is involved in the inflammatory
response to diabetes #28:2931:39745 |n the vitreous of pa-

tients with PDR, VEGF concentrations can reach ~1316
pg/ml and such high levels are associated with strong
pathological changes.?®“® It has been understood for a
long time that PDR is associated with elevated levels of
VEGF, but more recently it has been proposed that the
conversion of NPDR to PDR may involve additional patho-
logical stimuli such as infections and inflammation.*” The
short transient up-regulation of VEGF expression in the
Kimba and Akimba mice resulted in significant neovas-
cular changes suggesting that even transient VEGF up-
regulation in the human eye might be sufficient to initiate
the progression of NPDR to PDR. The amount of evidence
supporting a role for inflammation in the pathogenesis of
DR is strong, but critical information relating to the relative
importance, the relevant mechanisms, and the required
kinetics remain to be elucidated. Although the pathogen-
esis of DR is not fully understood, DR has been reported
to be a low grade inflammatory disease.®® The induction
of MHC class Il antigen expression is a common feature
of various central nervous system pathologies,*® where
blood-tissue barrier is acutely or chronically compro-
mised. In the retina, the MHC Il antigen appears to rise
with the blood-retina barrier dysfunction secondary to (1)
ageing,*® (2) range of pathologies,**°° and (3) possible
strain-specific variations in the integrity of retinal pigment
epithelium (in mice).®° The findings of our study indeed
conform to these notions: the hVEGF-mediated disruption
of retinal vasculature as well as the RPE layer (Kimba and
Akimba) drives abundant MHC class II™ up-regulation, in
this case demonstrable with dendriform and round MHC
class II" cells surrounding the venules and saturating the
juxtapapillary region and peripheral retina. This is con-
trary to what is seen in C57BI/6 and Akita mice, in which
the morphological evidence of endothelial or RPE dam-
age is absent. Furthermore, our results indicate that in a
young mouse retina, hyperglycemia does not indepen-
dently affect the pattern or the extent of staining for MHC
class Il antigen.

The peri-venular, but not peri-arteriolar, localization of
MHC class II™ cells in a context of experimental autoim-
mune uveitis-induced blood retinal barrier breakdown
was recently pointed out by Xu et al.*° Similar MHC class
II" distribution in VEGF-related pathology suggests that
peri-venular pattern of staining is not specific to the
mechanism of injury, but is yet another marker of the
blood-tissue barrier breakdown in mice. Finally, without
functional studies, the retinal MHC class Il patterning in
Kimba and Akimba does not allow for further deductions
about (1) the actual success of antigen presentation or
(2) involvement of retinal autoimmunity in these models.
In the absence of murine models of spontaneous PDR,
Kimba and Akimba models provide a solid framework for
further immunophenotyping of progressive retinopathy
secondary to manipulations of VEGF or glycemic status.

Despite the presence of hyperglycemia, the neovas-
cular changes seen in the Akimba mouse did not arise
due to long-term hyperglycemia as in human DR. Unlike
human DR, the transient up-regulation of VEGF in Kimba
and Akimba mice is due to the presence of the transgene
hVEGF,gs in the photoreceptors and not induced by vas-
cular damage caused by prolonged hyperglycemia. This



Akimba model is thus not suitable for studying the etiol-
ogy of DR and the issues associated with the develop-
ment of preretinal neovascularization. However, the neo-
vascular processes and the associated damages are
similar. Hence, the analysis of the Akimba mice might
provide an important tool to improve our understanding of
the complex processes that result in the development of
DR. Further studies will be necessary to elucidate the
mechanism of enhanced vascular and neuronal retinal
changes, neuroprotection, and the role of inflammation in
the Akimba mice.

In summary, while the Akimba mice retained hVEGF-
induced retinal neovascularization and hyperglycemia,
they also demonstrated changes that differentiated this
new model from its parental Kimba and Akita genotypes.
The combined presence of hyperglycemia and hVEGF
appeared to hasten the development of abnormalities,
such as higher BGLs in young Akimba mice, worsening
KBW ratio, accelerated photoreceptor loss, more severe
retinal vascular pathology, neovascularization, fibroses,
and associated edema.
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