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Purpose. Diabetic retinopathy (DR) is the leading cause of
blindness among working age adults and does not have any
curative treatments. Although chemical- and injury-induced
models of retinal neovascularization exist, the need for a
genetic model that closely simulates the DR pathologic process
is great.

MerHops. Here we characterize the development of the retinal
disease phenotype in a genetic model of type 1 diabetes, the
Ins22Ki mouse, using structural, biochemical, molecular
biological, and functional techniques.

Resurts. This model exhibits hyperglycemia by 2 months of age
and by 6 months we detect retinal complications in Ins2Akit
males, including early signs of vascular damage consistent with
DR, specifically the appearance of pericyte ghosts, vascular
leakage, and microaneurysm formation. By 9 months of age,
these changes are accompanied by later vascular signs of DR,
specifically retinal neovascularization, formation of new
capillary beds, and the presence of new blood vessels
abnormally localized in the outer plexiform layer. Consistent
with the debilitating effects of such vasculopathy, we also
observe increased retinal apoptosis and decreased retinal
function measured by electroretinogram.

Concrusions. These data indicate that the Ins24%® mouse is a
good model for later-onset DR, modeling both early and some
late disease signs. Furthermore, this work suggests that this
model may be suitable for testing and development of targeted
DR therapies. (Invest Opbthalmol Vis Sci. 2013;54:574-584)
DOI:10.1167/i0vs.12-10959

iabetic retinopathy (DR) is a severe complication of
diabetes and is the leading cause of blindness in people
of working age.! DR is primarily a vascular disease and
hyperglycemia is a critical mediator leading to vascular
damage.? DR has two distinct phases, an early nonproliferative
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phase characterized by increased vascular permeability and
intraretinal hemorrhages and a late proliferative phase charac-
terized by retinal neovascularization.?> These proliferative
changes are usually accompanied by unavoidable vision loss.
The mechanisms underlying DR-associated retinal damage are
poorly understood, although hypoxia and accompanying
upregulation of vascular endothelial growth factor (VEGF)
are thought to play a part.® There is great need for a good
model of the disease process both to further our understanding
of the underlying pathophysiology and to facilitate develop-
ment of effective therapeutics.

According to the US Department of Health and Human
Services, 7.8% of Americans have diabetes, among whom
approximately 25% possess no knowledge of having this disease
or have only symptoms that are associated with complications
of diabetes such as DR. Controlling blood glucose levels can
prevent development of vascular complications,®> although if
diabetes is diagnosed after complications have developed the
optimal time for preventive treatment has usually passed.
Therefore, along with control of blood sugar, there is
considerable need to explore therapeutic strategies concen-
trating on these vascular complications. Many clinical trials
testing novel DR therapies are either ongoing or completed
(e.g., NCT00604383, NCT00131144, NCT00445003,
NCT00600262). As just one positive example, recently, Phase
III clinical trials have been completed using ruboxistaurin
(NCT00604383), a protein kinase C inhibitor, to target non-
proliferative DR. Patients treated with ruboxistaurin were found
to have delayed progression of DR.®® Laser photocoagulation
surgery, which destroys areas of the retina, has also been found
to reduce/delay progression of the disease, but the procedure
also destroys neural tissues. Although exciting results from
these trials improve the prognosis for DR, there are still no
curative therapies available, and significant room for develop-
ment of additional therapies exists.

Although chemically and surgically induced models of DR/
neovascularization exist, they often do not fully model the
systemic diabetes/DR disease process. As a result, effort has
been placed on development and study of the Ins2K@ genetic
model.>~1> This autosomal dominant type 1 diabetic model
carries a single base-pair substitution in the insulin 2 gene,’
resulting in mutant insulin 2 that causes primary pancreatic
beta-cell toxicity and dysfunction.® Heterozygous male Ins22ki@
mice exhibit hyperglycemia and hypoinsulinemia by 4 to 6
weeks of age without insulitis or obesity.!> Importantly, these
mice develop complications of diabetes, including neuropa-
thy'® and nephropathy.'4

Although advanced, proliferative DR has not previously
been studied in Ins2Ak mice; various retinal pathologies
characteristic of early, nonproliferative DR have been observed
in this line. Ins2A%*% mice exhibit increased frequency of
apoptotic retinal neurons, increased vascular permeability/
leakage,'? and decreased retinal blood flow.!” These vascular
changes are accompanied by vision loss as measured by change
in optomotor behavior.'® In spite of this work, the utility of the
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Ins24kKi% line as a model for testing DR therapies is limited
without characterization of late-stage disease phenotype. Here,
we plot the time course of development of retinal pathology in
this model and show that Ins24% mice develop both early
signs of DR (microaneurysms, vascular damage, and increased
vascular leakage) and some signs of proliferative DR including
neovascularization (NV) and new capillary bed formation.

MATERIALS AND METHODS

Animal Husbandry

The Ins*Ki® heterozygous male and female breeder pairs on a C57BL/6
background were kindly provided by Dr. Jason Kim at the University of
Massachusetts Medical School. All mice (the Ins24%% mouse and wild-
type [WT)) studied here were maintained in the breeding colony under
cyclic light (12 L:12 D) conditions and received standard feed. Cages
were changed twice weekly after onset of diabetes (when cages
become very wet) due to diabetes-associated polyuria. All experiments
and animal maintenance were approved by the University of Oklahoma
Health Science Center Institutional Animal Care and Use Committee,
and conformed to the National Institute of Health Guide for the Care
and Use of Laboratory Animals and the Association for Research in
Vision and Opbthalmology Resolution on the Use of Animals in
Research. Only heterozygous male Ins2K® mice were used in
experiments. Nonfasting blood glucose measurements were conducted
using a glucose meter (Contour TS Blood Glucose Meter; Bayer AG,
Leverkusen, Germany).

Fundus Imaging

Fundus imaging was conducted using a commercial imaging system
(Micron III with mouse objective; Phoenix Research Laboratories,
Pleasanton, CA). Animals were anesthetized by intramuscular injection
of 85 mg/kg ketamine and 14 mg/kg xylazine (Butler Schein Animal
Health, Dublin, OH). Mice were then injected intraperitoneally with
100 pL of 1% fluorescein sodium (Sigma-Aldrich, St. Louis, MO). Eyes
were dilated with 1% Cyclogyl (cyclopentolate hydrochloride solution),
and a drop of 2.5% methylcellulose (both from Pharmaceutical
Systems, Inc., Tulsa, OK) was placed on the corneal surface. Mice
were placed on an adjustable stage and the Micron III objective was
stereoscopically adjusted until it came into contact with the cornea.
Images were captured using a filter with excitation (486 nm) and
emission (536 nm) using commercial software (StreamPix Software;
Phoenix Research Laboratories).

ERG Analysis

Full-field scotopic and photopic ERG was performed on anesthetized,
dilated mice after overnight dark-adaption using a visual testing system
(UTAS Visual Diagnostic System; LKC Technologies, Inc., Gaithersburg,
MD) as described previously.!”2° At least 5 to 10 animals were
examined per group.

Quantitative RT-PCR Analysis

qRT-PCR was performed as previously described.?! Briefly, total RNA
was extracted from the tissue of a single eye using a commercial
reagent (TRIzol; Life Technologies, Inc., Carlsbad, CA) and treated with
RNAse-free-DNAse I (Promega, Inc., San Luis Obispo, CA). Reverse
transcription (RT) was performed using an oligo-dT primer and a
reverse transcriptase (Superscript III; Life Technologies, Inc.). A no-RT
(contains everything except the reverse transcriptase) sample was used
as a control for residual genomic DNA. qRT-PCR was performed in
triplicate on each cDNA sample using a thermal cycler (Bio-Rad C1000
Thermal Cycler; Bio-Rad, Hercules, CA) and AcT values for test genes
were normalized to the B-actin housekeeping gene. Relative gene
expression values were calculated as relative expression = 22T, where
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AcT = (Gene CT — Pactin CT). Three independent gRT-PCR
experiments for each set of samples were performed. We did not see
any signals in the no-RT control. Agarose gel electrophoresis and
disassociation curve analysis were also performed on all PCR products
to confirm proper amplification. (See the Supplementary Material and
Supplementary Table S1, which shows the primers used in this study,
http://www.iovs.org/lookup/suppl/doi:10.1167/iovs.12-10959/-/
DCSupplemental.)

Immunoblotting

Retinas were homogenized in lysis buffer (50 mM Tris [pH 7.8], 100
mM NacCl, 5 mM EDTA, 0.05% SDS, 1% TX-100, 2.5% glycerol, and 1 mM
PMSF). Protein concentration was determined using the Bradford assay
kit (Bio-Rad). Equal amounts of total protein were separated using 10%
SDS-PAGE, and electrotransferred to PVDF membrane. Membranes
were blocked with 5% nonfat milk in TBST, and incubated in anti-VEGF-
A (s¢-57496; Santa Cruz Biotechnology, Santa Cruz, CA), anti-VEGFR2
(sc-6251; Santa Cruz Biotechnology), or antipigment epithelium-
derived growth factor (PEDE ab14993; Abcam, Cambridge, MA) for 1
hour at room temperature. After washing, membranes were incubated
with horseradish peroxidase-conjugated secondary antibodies, and
visualized in accordance with the manufacturer’s guidelines (Super-
Signal West Dura Extended Duration Substrate; Thermo Fisher
Scientific, Waltham, MA). Imaging and densitometric analysis were
conducted using a commercial imaging system (Kodak Image Station
4000R; Carestream Health, Inc., Rochester, NY) and the pixel densities
in each band were normalized to the amount of f-actin in each lane.

TUNEL Staining and Immunohistochemistry

Tissue fixation and sectioning were performed as previously de-
scribed.??23 Briefly, eyes from mice at different time points were
enucleated fixed and dissected with phosphate-buffered saline
containing 4% paraformaldehyde at 4°C for 1 hour. Eyecups were
sequentially immersed in 10%, 20%, and 30% (w/v) sucrose solutions,
embedded in M1 embedding medium (Thermo Fisher Scientific), and
frozen sections (10-um thickness) were cut along the vertical meridian.
The entire eye was sectioned, and every tenth section was collected.
TUNEL labeling was carried out according to the manufacturer’s
instructions (GenScript USA, Inc., Piscataway, NJ). Briefly, tissue
sections were permeabilized then incubated with terminal deoxyribo-
nucleotidyl transferase (TdT) and biotinylated dUTP, at 37°C for 1 hour
and further incubated with FITC-conjugated streptavidin for visualiza-
tion. Negative controls (every procedure except TdT incubation), and
positive controls (pretreatment with DNase I) were also included. The
total number of TUNEL-positive cells was counted in six separate
sections of each retina along the superior-inferior plane. The number
of apoptotic cells/section for each eye was an average of the values for
each section, n = 3 to 4 eyes/group. Immunohistochemistry (IHC) was
performed as previously described using rat monoclonal anti-CD105
(cat. no. MAB1320) antibody (R&D Systems, Inc., Minneapolis MN).
After incubation with appropriate fluorescent secondary antibody and
mounting, slides were imaged using a spinning disk confocal
microscope (BX62; Olympus, Tokyo, Japan) and commercial software
(SlideBook version 4; Silicon Graphics, Inc., Fremont, CA). Images were
taken at 435 pum (the width of a X40 image) from the optic nerve head,
and three to five animals per group/age were examined.

Hematoxylin and Eosin (H&E) Staining, Electron
Microscopy, and Morphometric Analysis

Fixed eyes were dehydrated, embedded in paraffin, sectioned (10 pm),
and stained with H&E using standard procedures; three to six eyes/
group and age were examined. Electron microscopy (EM) on ultrathin
plastic sections along the nasal/temporal plane was performed using an
electron microscope (100CX; JEOL, Tokyo, Japan) as described
previously.20-2%25 Ultrastructural measurements of vascular basement
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Ins2Aki% mice exhibit hyperglycemia without obesity. Nonfasting blood glucose levels and body weight of WT and Ins22K% mice were

measured monthly from 1 to 9 months of age. All mice were fed a regular diet. (A) No significant differences in body weight were detected between
WT and Ins22K% mice during the 9-month study period. (B) There was a significant increase in glucose levels in Ins2A%i® animals compared with W'T,
first apparent at 2 months of age. Values are mean * SE. **P < 0.01 and **P < 0.001 by two-way ANOVA (age and genotype) with Bonferroni’s post

hoc comparisons (z = 10 mice/group).

membrane thickness were conducted using a photoediting device
(Adobe Photoshop CS5; Adobe Systems, San Jose, CA). The basement
membrane was measured at six different points around the perimeter
of each vessel. These values were averaged to give a per vessel value. In
all, 13 WT retinal vessels (from two mice) and 37 Ins22ki% retinal
vessels (from five mice) at 9 months of age were measured.

Fluorescein—Dextran Perfused Retinal Flat Mounts

One milliliter of PBS containing 50 mg/mL FITC-dextran (fluorescein
isothio-cyanate-dextran; MW, 2 X 10° Daltons; Sigma-Aldrich) was
injected into the left ventricle of anesthetized mice. Eyes were
enucleated immediately after perfusion of FITC-dextran and fixed in
4% paraformaldehyde for 1 hour. Retinas were flat-mounted and imaged
using a spinning disk confocal microscope. For quantification, ImageJ
software (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsbweb.nih.gov/ij/index.html) was
used to outline areas of vascular tuft. The total vascular area (in pixels)
was expressed as a percentage of the area of the whole retina (in
pixels, n = 3-4 eyes/group).

Statistical Analysis

Results are presented as mean * SEM. Two-way ANOVA (genotype and
age) was used to analyze differences between groups and was followed
by post hoc Bonferroni’s pairwise comparisons. P < 0.05 was regarded
as statistically significant. Two-tailed Student’s #test was used to test
the hypothesis that the basement membrane is thicker in Ins24¥i mice
than that in WT mice.

RESULTS

Onset of Hyperglycemia in the Ins24kita Model

Ins24kK mice were genotyped using PCR primers specific for
the mutant sequences (see the Supplementary Material and
Supplementary Fig. S1, http://www.iovs.org/lookup/suppl/
doi:10.1167/i0vs.12-10959/-/DCSupplemental). Mice homozy-
gous for the Ins2K® mutant allele exhibit postnatal lethality
(rarely surviving beyond 12 weeks of age), and heterozygous
female mice exhibit a less severe diabetic phenotype than that
of males. Therefore, only heterozygous male mice were
included in this study. WT littermates were used as controls.
Previously, the Ins2AKi® mice have been shown to be viable and
fertile without obesity or insulitis.'?!3 Consistent with

previous results, we observed no significant difference in
weight between Ins22K% mice and WT littermates (Fig. 1A).
Also consistent with previous studies, we observed pro-
nounced, persistent hyperglycemia first becoming significant
at 2 months of age (Fig. 1B). To confirm that our breeder pairs
were producing animals similar to those used in other studies,
we also assessed glucose levels in female mice and found, in
common with other groups, that the hyperglycemia in females
was significantly less pronounced (not shown).

Ultrastructural Signs of Vascular Damage in the
Ins24kita Model

Retinal neovascularization is a severe problem in DR, and this
phenotype can occur in response to damage to existing
vasculature. Vascular damage, including pericyte loss, base-
ment membrane thickening, and microaneurysm formation, is
a pathologic hallmark of DR. As a result, we assessed
ultrastructural changes in retinal vasculature of Ins24X% mice.
To determine whether the vascular basement membrane is
thicker in Ins22kKi% mijce than that in WT mice, basement
membrane thickness was measured (Fig. 2A, white arrows) at 9
months of age. To control for variations in thickness around the
vessel, measurements were taken at six different places around
the circumference of each vessel and averaged. Compared with
the age-matched WT, the capillary basement membrane
thickness was increased by approximately 17% in Ins2Akita
mice (Fig. 2B, *P < 0.05). Our results indicate that the Ins22kit2
mouse exhibits basement membrane defects characteristic of
diabetic retinopathy observable by 9 months of age.

Angiographic Analysis of Retinal
Neovascularization in the Ins22¥it2 Model

To visualize retinal neovascularization, vascular leakage, and
microaneurysms, we performed fluorescein angiography on
Ins2AKita mice and WT controls. Beginning at 6 months of age
and worsening at 9 months of age, microaneurysm formation
(Fig. 3A, red arrows) can be readily visualized and detected in
Ins2Akita eyes compared with age-matched WT mice. In
addition, at 9 months of age, increased fluorescein leakage,
indicative of increased vascular permeability, and retinal
neovascularization/formation of new capillary beds are also
observed. Using ImageJ software, the amount of vasculature (as
a function of retinal area) was calculated and is plotted in
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Ficure 2. Ultrastructural signs of vascular pathology are detected in the Ins2Ki? retina. (A) Representative electron micrographs of retinal
capillary ultrastructure from the inner nuclear layer are shown. Black arrows point to pericyte ghosts detectable at increased frequency in the
Ins2AK% White arrow highlights the basement membrane. 7 = 2-5 mice/group. Scale bar, 2 pm. (B) Vascular basement membrane thickness was
measured in 13 WT retinal vessels (from two mice) and 37 Ins24ki retinal vessels (from five mice) at 9 months of age. Basement membrane
thickness was measured at six locations around the perimeter of the vessel and averaged to give a value for each vessel. *P = 0.0117 in two-sided

Student’s #test.

Figures 3B, 3C. We observed a significant increase in vascular
area in Ins24X mice at both 6 and 9 months of age (compared
with 1 month of age). WT eyes exhibited no increase in
vasculature over this time period.

To assess retinal neovascularization and vascular leakage in
another way, a separate set of animals underwent intracardiac
perfusion with high-molecular-weight FITC-dextran, and
retinal flatmounts were subsequently imaged. FITC-dextran
is retained in intact blood vessels, and this method is an
efficient and valuable way to visualize and quantify retinal
neovascularization and vascular leakage.2>27 Examination of
retinal flatmounts shows pronounced vascular leakage (Fig. 4A,
red arrows) at 6 and 9 months of age in Ins2K® mice. In
addition, we observed substantial new capillary formation in 9-
month-old Ins24K retinas (Fig. 4A, yellow arrows). There are
no signs of altered vasculature in WT control animals. Using
Image] software, the vascular area over the entire flat mount
was quantified. Consistent with the results from fluorescein
angiography, a statistically significant increase in vascular area
was found in Ins22Ki mice at 6 months of age compared with
age-matched WT mice, a finding that was exacerbated in 9-
month-old animals (Figs. 4B, 4C).

Structural and Immunofluorescent Signs of
Vascular Pathology in the Ins22Ki2 Model
Since we observed significant signs of neovascularization by

fluorescein angiography and FITC-dextran perfusion, we
examined retinal sections for signs of neoangiogenesis,

particularly in retinal layers that do not normally exhibit blood
vessels. Capillaries usually extend into the deep vascular
plexus of the inner plexiform and inner nuclear layer (INL)
after birth.?® In contrast, in the mammalian retina the outer
plexiform layer (OPL) and outer nuclear layers (ONLs) tend to
be free of vessels.?®2° No abnormal vasculature was detected
on H&E-stained sections from WT animals at any age (Fig. 5A,
top row), or in Ins24Xi retinal sections at 1 month of age (Fig.
5A, bottom row). However, at 6 months of age Ins22K% mice
began to exhibit blood vessels in the OPL (Fig. 5A, arrows), a
phenotype that became more pronounced at 9 months of age.

To further confirm the identity of these abnormal vessels,
frozen retinal cross-sections were labeled with antibodies
against CD105 (a marker for neoangiogenesis®®). Little or no
CD105 immunoreactivity was detected in WT mice at any age
and in Ins24%% mijce at 1 and 6 months of age; however,
significant vessel labeling was detected in both the INL and
OPL at 9 months of age in Ins22X retinas (Fig. 5B, bottom
row), consistent with pronounced neovascularization at this
age. Collectively, data from Figures 2 to 5 indicate that Ins2Akit
animals exhibit age-related vascular pathology consistent with
DR, specifically retinal neovascularization, microaneurysm
formation, and vascular leakage. Importantly, however, we
did not observe any signs of preretinal neovascularization on
histologic sections from WT or Ins24ki% mice, suggesting that
this common phenotype of proliferative DR is not modeled by
the Ins24ki mouse, although we cannot rule out the possibility
that it will appear at later time points.
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Ficure 3. Fluorescein angiography shows retinal neovascularization in Ins24¥% animals. (A) Fluorescein angiography photographs from WT and
Ins2AkKi% mice were taken at 1, 6, and 9 months of age. Early signs of neovascularization (new vessel arcade) and microaneurysms (red arrows) are
observed in 6-month-old Ins2Ki®" mice. More progressive neovascularization is apparent in Ins24%i® eyes at 9 months of age. (B, C) NIH Image] was
used to evaluate the vascular area (occupied by green fluorescence) in each eye. Values are mean * SE. **P < 0.001 by two-way ANOVA (age and
genotype) with Bonferroni’s post hoc comparisons (1 = 4 mice/group).
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FicuRe 4. Fluorescein-dextran perfused retinal flat mounts from Ins24Ki® mice show vascular leakage and new capillary bed formation. (A)
Animals underwent cardiac perfusion with high molecular weight fluorescein-dextran. Retinal flatmounts were imaged using a confocal
microscope. The retinal vascular network was easily visible in all eyes. Retinal neovascularization and vascular leakage (red arrows) was detected in
Ins22ki2 flatmounts at 6 and 9 months of age. Significant new capillary bed formation is also detected in Ins2Aki retinas (yellow arrows). Scale bar,
500 pm. (B, ©) Whole-mount retinas stained with FITC-dextran were analyzed using Image] software as in Figure 5. Values are mean * SE. *P <
0.01, **P < 0.001 by two-way ANOVA (age and genotype) with Bonferroni’s post hoc comparisons (1 = 4 eyes/group).
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Ficure 5. Histologic evidence of retinal neovascularization is seen in the Ins24%® mice. (A) H&E-stained retinal sections from Ins24%® (bottom
row) and WT control (fop row) mice were examined at 1, 6, and 9 months of age. White arrows indicate new blood vessels formed in the OPL of
Ins22ki® mice. No such vessels are observed in WT controls at any age. Scale bar, 25 um. (B) Frozen retinal sections were labeled with antibodies
against CD105 (red), a marker for neoangiogenesis, and counterstained with DAPI (blue). Red labeling indicates there is substantial
neovascularization in Ins2Ak® retinas at 9 months of age, whereas no labeling is detected in WT retinas. Scale bar, 40 pm. n = 3-4 eyes/group.

Imbalance in Pro- and Antiangiogenic Factors in angiogenic factors and antiangiogenic factors such as
Ins2Akit2 Eyes PEDE?*"3> To determine whether the balance between pro-

and antiangiogenic factors is altered in Ins2AX retinas, VEGF-
Angiogenic growth factors, such as VEGF-A and VEGFR2, are A, VEGFR2, and PEDF mRNA and protein levels were assessed
critical for new blood vessel growth.>!32 Neovascularization (Figs. 6A-C). VEGF-A and VEGFR2 mRNA and protein levels
during DR can be caused by imbalance between these were significantly elevated in Ins24K% eyes at 9 months of age.



IOVS, January 2013, Vol. 54, No. 1

Ins22ki2 Mouse Model of Diabetic Retinopathy 581

S oo VEGF-A vots VEGFR2 . PEDF
.g ’ DWT *kk ’ Fedkedk )
Akita
g < 15 Bins2 Do 0.08
x é sk ' 0.06
[+}] 0.010
o ‘ 0.04
2 E 0.005
il Wl Ml RN
s ]
o 0.000 0.000 0.00 : .
1m 6m 9m 1m 6m 9m 1m 6m 9m
g VEGF-A * ae VEGFR2 * i PEDF *
W owT ’
8 [ Ins2”kta 0.8
S = 4 1.0
x 2 ’ 0.6
5 8
o 0.4
2 o 2 0.5
et
8 ] il i i
Q
m 0 — | ﬁ ﬁ 0.0 0.0 i
1m 6m 9m 1m 6m 9m 1m 6m 9m
1m 6 m 9m 1m 6m 9m
5 o TNF-¢  **
o ™ ™ N I N g [ Ing 27kita
= £ 5 £ % £ 5 2 % 2 5 2 Lqw
= =
WS e g w e - S — — — tDDE:o.oz
Q
IB: PEDF IB: VEGFR2 2
- 0.01
— m
| — — — ——— e = e . E— -g ) ’l‘ i '
(1’4 0.00 |=|
IB: B-actin IB: VEGF-A 1m 6m 9m
e — — N “—
IB: p-actin
FiGURe 6. Ins22Ki? eyes exhibit an imbalance in pro- and antiangiogenic factors. Key DR-related proangiogenic factors, VEGF-A and VEGFR2, and

the antiangiogenic factor PEDF were evaluated in Ins245% and WT eyes on the message (QRT-PCR, A) and protein (SDS-PAGE/Western blot, B-C)
level. Message and protein levels were normalized to B-actin. (C) Representative Western blots of retinas isolated from WT and Ins2Ki animals.
Band size for VEGFR2 is 150 kDa, for VEGF-A is 43 kDa, and for PEDF is 50 kDa. (D) TNF-o. message levels were assessed by qRT-PCR for all groups
and normalized to P-actin. All values are mean * SE. *P < 0.05, *P < 0.01, and **P < 0.001 by two-way ANOVA (age and genotype) with

Bonferroni’s post hoc comparisons (n = 3 eyes/group).

In contrast, at 9 months of age, the expression of PEDF protein
was significantly decreased (Figs. 6B, 6C). In addition to
examining pro- and antiangiogenic factors, we also tested
cytokine levels because DR-associated retinal neovasculariza-
tion has previously been associated with an inflammatory
response.3®37 Consistent with this, we observed that at 9
months of age TNF-o. message levels were significantly higher
in Ins2AkKi mice than those in WT mice (Fig. 6D). These data
provide biochemical support for our structural observations of
vascular abnormalities in the Ins2K@ eyes.

Retinal Degeneration in the Ins22¥* Model

Although no gross alterations in retinal thickness were
apparent in our histologic assessments (see Fig. 5), we wanted
to examine whether there were any structural or functional

abnormalities occurring concomitantly with the vascular
defects. To look for increased apoptosis, retinal sections were
TUNEL labeled, and consistent with what has been previously
shown,!? we observed a significant increase in TUNEL-positive
apoptotic cells in the Ins22K% retinas at 6 and 9 months of age
compared with WT retinas (see the Supplementary Material
and Supplementary Fig. S2, http://www.iovs.org/lookup/
suppl/doi:10.1167/iovs.12-10959/-/DCSupplemental).

Finally, we conducted full-field ERG on Ins2Ak mice and
age-matched WT controls. Although WT mice exhibited no
significant reduction in either scotopic or photopic ERG
amplitudes over the course of the study, Ins22K mice
exhibited significant reductions in ERG function by 9 months
of age (Fig. 7). The functional deficit is most pronounced in the
scotopic b-wave, in keeping with a primary effect on second-
order neurons rather than photoreceptors. These data indicate
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FiGure 7. Aged Ins2Aki% animals exhibit decreased retinal function. Full-field scotopic and photopic ERG were conducted on Ins2Aki animals and
age-matched WT controls at 1, 6, and 9 months of age. Scotopic a-wave, b-wave, and photopic b-wave amplitudes decreased significantly at 9
months of age in Ins24% mice compared with Ins24%* mice at 1 month of age. A significant reduction in scotopic b-wave between WT and Ins2Akita
mice was also detected at 9 months of age. Values are mean * SE. *P < 0.05 and **P < 0.01 by two-way ANOVA (age and genotype) with

Bonferroni’s post hoc comparisons (z = 10 mice/group).

that visual function is adversely affected in the aged Ins2Aki@
mouse, consistent with the previously described debilitating
effects of retinal neovascularization.?%3° These data further
show that the Ins22%** mouse models both DR-associated
vascular complications and DR-associated vision loss.

DIscussIoN

The Ins24%® mice have been previously shown to exhibit
many early signs of DR: specifically, retinal neuronal loss,
development of early stage vascular damage (such as pericyte
loss, an increased number of acellular capillaries, and increased
vascular permeability), and vision loss as measured by
alterations in optomotor behavior (contrast sensitivity and
spatial frequency threshold).!1?-1218 Qur data support these
prior observations. We here report increased vascular leakage,
retinal apoptosis, modest thickening of the vascular basement
membrane, and decreased retinal function as measured by
ERG. However, importantly, we observed retinal neovascular-
ization and the formation of new capillary beds. We observed
this neovascularization in fundus angiograms, in dextran-
perfused retinal flatmounts, in histologic sections, and by
labeling with the neovascular marker CD105. It is not clear
why these phenotypes have not been reported before,
although they are relatively late in onset with significant
neovascularization not detectable until 9 months of age. Most
previous studies have not looked at animals past the age of 6
months, an age at which we see primarily signs of vascular
damage, without transition to a more proliferative angiogenic
disease form. It is logical that this transition from early- to late-
stage disease would occur in the Ins22%® mouse. Studies have
shown that basement membrane thickening and loss of
pericyte coverage make retinal vessels less stable and more
susceptible to Tlymphocyte-mediated apoptosis.?® The loss of
these regulatory cells disrupts the tight junctions of the blood-
retinal barrier and leads to abnormal neovascularization.*4! In
spite of the myriad signs of vascular disease we see in the
Ins2Akit mice, it is important to recognize that we do not
detect signs of preretinal neovascularization (a common
phenotype of proliferative DR), in these mice, and studies
targeting this particular phenotype may need to consider other
models such as the opticin knockout mouse?? or the oxygen-
induced retinopathy model.43-44

The retinal microangiopathy caused by diabetes is a
complex disease that is strictly controlled by a spectrum of
pro- and anti-inflammatory factors, pro- and antiangiogenic
factors, as well as other factors such as proteases, extracellular
matrix proteins, chemokines, vasoactive hormones, immune
cells, and adhesion molecules.*>-47 Changes in other pathways
such as the oxidative stress pathway,*® the nonspecific

inflammation pathway,*® and the endoplasmic reticulum stress
pathway®® have also been reported in DR. Together, these
changes constitute a complex aberrant network in DR. Clearly,
there is no single factor or single pathway involved in or
triggered by DR. The Ins22¥% mouse does exhibit changes in
some of these pathways. For example, it has been shown that
these mice exhibit signs of oxidative stress, including
accumulation of oxidized and glycated lipids and reactive
nitrogen species, a process thought to contribute to pericyte
loss and retinal degneneration.!>>! We show here that the
Ins2AKi® mice exhibit increased levels of the inflammatory
marker TNF-o, and others have also reported increases in
inflammatory mediators in the Ins24% model,>? suggesting
that alterations in this pathway are also modeled by the
Ins2Aki mouse. Similarly, work has shown that ER stress
markers such as GRP78 and phosphor-IRE1a are upregulated in
the Ins2Ki mouse.>® Further elucidation of the complex
underlying DR pathobiology and the role played by these
various pathways will contribute to the optimal therapeutic
development.

There is a significant need for a genetic model for chronic
DR to facilitate development of treatments and further our
understanding of the DR disease process. Although chemical or
injury-induced models of neovascularization can provide useful
information, they often do not accurately model the chronic,
systemic nature of the diabetic/DR disease process, and side
effects of chemicals cannot be overlooked. The data we show
here indicating that the Type 1 diabetic Ins24K% mouse
exhibits signs of both early and late DR suggest that this
mouse model may be suitable for testing and developing
therapies designed to target DR.
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