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Purrosk. Blood-retinal barrier [BRB] breakdown, characteristic
of diabetic retinopathy (DR), is believed to depend on inflam-
mation and apoptosis. Retinal inflammation is almost com-
pletely suppressed in the absence of TNF«, which is also
associated with apoptosis. This study was conducted to deter-
mine the role of TNF« in these diabetic complications.

MEerHODS. Diabetes was induced with streptozotocin in Tnfa
knockout (KO) mice, to provide a chemical model of diabetes,
and Tnfa (KO) mice were crossed with Ins2*"“ mice to
generate a genetic model, with both models being devoid of
TNF«a. The BRB was assessed at 1, 1.5, 3, and 6 months.
Leukostasis was assessed using FITC-conjugated ConA to label
leukocytes. Apoptosis was assessed with TUNEL and activated
caspase-3 staining. PECAM1 identified endothelial cells, and
SMA identified pericytes.

Resurts. At 1 month of diabetes, the absence of TNFa had no
effect on DR-associated BRB breakdown, even though it pre-
vented retinal leukostasis, demonstrating that neither TNF«
nor inflammation is essential for early BRB breakdown in DR in
either model of diabetes. At 3 months of diabetes, BRB break-
down was significantly suppressed and at 6 months, it was
completely prevented in the absence of TNFa in both models,
showing that TNF«a is essential for progressive BRB break-
down. DR-mediated apoptosis in the retina, which appears to
involve endothelial cells, pericytes, and neurons, was inhibited
in the absence of TNF« in both models.

Concrusions. Although neither TNFa nor inflammation is nec-
essary for early BRB breakdown in DR, TNFa is critical for later
complications and would be a good therapeutic target for the
prevention of the progressive BRB breakdown, retinal leukos-
tasis, and apoptosis associated with DR. (Invest Opbthalmol
Vis Sci. 2011;52:1336-1344) DOI:10.1167/i0vs.10-5768

he blood-retinal barrier [BRB], the analog of the blood-
brain barrier, consists of an outer component, the retinal
pigment epithelium, and an inner component, the retinal vas-

From the Wilmer Eye Institute, The Johns Hopkins University
School of Medicine, Baltimore, Maryland.

Supported by National Institutes of Health Grants EY017164 (SAV)
and EY18138 (EJD) from the National Eye Institute and an unrestricted
grant from Research to Prevent Blindness. EJD is a recipient of an RPB
Career Development Award.

Submitted for publication April 24, 2010; revised August 25 and
October 27, 2010; accepted October 28, 2010.

Disclosure: H. Huang, None; J.K. Gandhi, None; X. Zhong,
None; Y. Wei, None; J. Gong, None; E.J. Duh, None; S.A. Vinores,
None

Corresponding author: Stanley A. Vinores, M023 Smith Building,
Wilmer Eye Institute, Johns Hopkins University School of Medicine,
400 N. Broadway, Baltimore, MD 21287; svinores@jhmi.edu.

1336

cular endothelium."? Tight junctional protein complexes, a
paucity of transport vesicles, and the maintenance of ionic and
metabolic gradients through the interactions of endothelial
cells with their regulatory pericytes and glial cells are essential
for maintaining BRB integrity and normal function.®>~> By con-
trolling the access of fluids and solutes from the blood to the
retina, the BRB plays a central role in maintaining the homeo-
stasis of the retinal microenvironment, and its breakdown
occurs in diabetic retinopathy (DR) and other ischemic reti-
nopathies. BRB breakdown due to increased vascular permea-
bility leads to macular edema, which is a major complication of
DR and is the most common cause of visual loss, but current
treatments to prevent or decrease macular edema have only
limited efficacy. Understanding the mechanisms underlying
BRB breakdown in diabetes is fundamental in designing better
therapeutic approaches to prevent BRB breakdown leading to
macular edema in DR.

Several cellular mechanisms and molecular pathways acti-
vated by hyperglycemia and/or hypoxia have been demon-
strated to be involved in promoting BRB breakdown in diabe-
tes. First, upregulation of vascular endothelial growth factor
(VEGF) is a major contributor to BRB breakdown in diabetes,
and the antagonists against VEGF or its receptors are potential
therapeutic agents for suppressing the diabetic macular edema
(DME) caused by BRB breakdown.®~® Second, evidence has
increasingly suggested that leukocyte adhesion to the retinal
vasculature or retinal leukostasis results in BRB breakdown
in early DR,”™'" and this effect may be critical in the devel-
opment of DME.'?"'* Increased retinal leukostasis in DR is
mediated, at least in part, by VEGF,'>'® and VEGF-mediated
vascular permeability is largely dependent on tumor necro-
sis factor (TNF)-a.'”"'® Third, the inhibitors of receptor ty-
rosine kinase, particularly protein kinase C (PKC), can effec-
tively inhibit VEGF-induced BRB breakdown, revealing the
roles of activation of PKC in promoting BRB breakdown.® One
recent study demonstrated that TNFa mediates the death/
apoptosis of endothelial cells in diabetes and is implicated in
the progression of DR.'® Finally, other vasoactive and/or vas-
cular permeability factors, such as inducible nitric oxide syn-
thase,?° intercellular adhesion molecule-1, nuclear factor-«B,
and angiotensin-converting enzyme>' may contribute to BRB
dysfunction directly or by interacting with VEGF.*?

The proinflammatory cytokine TNF« is a potent mediator of
the leukostasis induced by VEGF, interleukin (IL)-1[3, and plate-
let-activating factor (PAF) in the retinal vasculature,'® and it
also mediates the cell death/apoptosis of retinal neurons and
vascular endothelial cells in DR.'? Furthermore, the expression
of TNFa is elevated in diabetic animals®*** and patients,>~3°
and its inhibition prevents the pathologic events of early DR
including BRB breakdown.?® These studies suggest that the
retinal leukostasis and apoptosis mediated by TNF« contribute
to BRB breakdown in DR; however, definitive evidence for
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these conclusions is lacking. The present study was conducted
to see whether TNF« is essential for mediating BRB breakdown
in DR, in which case it would be a potential therapeutic target.
We also determined whether TNFa plays an important role
throughout the entire progression of DR or at which stage it is
critical. In the present study, we tested the influence of TNFa
on BRB breakdown and factors that influence it, such as retinal
leukostasis and apoptosis, through the use of Tnfa knockout
(KO) mice in the presence of diabetes, which was induced
chemically by streptozotocin (STZ) or genetically by crossing
Tnfa (KO) mice with Ins2¥ djabetic mice, developed to
serve as a genetic model of diabetes,®' to generate a line of
diabetic mice devoid of TNFa. The hypothesis was that the
retinal leukostasis and apoptosis mediated by TNF« are direct
contributors to BRB breakdown in murine models of diabetes.

MATERIALS AND METHODS

Mice

Animal use was in accordance with the approved protocols by the
Institutional Animal Care and Use Committee of The Johns Hopkins
University School of Medicine and the guidelines of the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research. The
Ins2**"* mice obtained from The Jackson Laboratory (Bar Harbor, ME)
are heterozygous for the insulin2 gene with a transition from cystine to
tyrosine at the seventh amino acid of the gene, leading to the disrup-
tion of the disulfide bond between chains A and B of insulin, the
accumulation of misfolded insulin protein inside the cells, and conse-
quently the death of pancreatic B-cells. These spontaneously mutant
mice serve as an excellent animal model of diabetes with the pheno-
types of hypoinsulinemia and hyperglycemia, with symptoms similar to
those observed in diabetic patients. Retinal complications have been
well characterized in these diabetic mice.*' Only male [ns2**"** mice
were used for experimentation. [7s2**'* mice were crossed with
TNFa /" mice in a C57BL/6]J background for two generations to give
birth to the mice with the genotype of Tnfa ~/~ /Ins2****. Additional
mating of Tnfa '~ /Ins2**** and Tnfa /'~ /Ins2*’" was performed to
fix the Tnfa mutation to homozygosity while maintaining the Irzs2*%*
mutation in the heterozygous state. The diabetic phenotype was con-
firmed at 4 to 5 weeks after birth with a blood glucose monitor
(Accu-Check Active GlucoMeter; Roche Diagnostics, Indianapolis, IN)
testing a drop of blood from a tail puncture. The genotype was
confirmed by PCR.

PCR Genotyping

The tail genomic DNA was prepared with the lysis reagent (DirectPCR;
Wiagen Biotech, Los Angeles, CA). The PCR protocol for the genotyp-
ing of the insulin2 gene was performed according to the instructions
provided by The Jackson Laboratory (http://jaxmice jax.org/strain/
003548.html). In brief, PCR amplification was performed with the pair
of primers TGCTGATGCCCTGGCCTGCT and TGGTCCCACATATGCA-
CATG, followed by restriction enzyme digestion with Frnur4H1. The
digested PCR products were dissolved in a 2% agarose gel containing
0.5 pug/mL ethidium bromide. To confirm the genotype of the Tnfa '~/
Ins2*5* mice, we performed the protocol for PCR genotyping of Tnfa
homozygous KO mice, as described by the Jackson Laboratories
(http://jaxmice jax.org/strain/003008.html) and in a prior study.'®
Briefly, PCR amplification was performed with three primers: TAGC-
CAGGAGGGAGAACAGA (common), AGT GCCTCTTCTGCCAGTTC
(wild-type reverse), and CGTTGGCTACCCGTGATATT (mutant re-
verse). The PCR products were separated by gel electrophoresis on a
1.5% agarose gel. The mice with only 318-bp amplicons were the
homozygous Tnfa KO mice. The diabetic phenotype of the Tnfa '~/
Ins2*%** mice was confirmed by blood glucose monitoring with the
glucometer.

TNFa Is Required for the Progress of Diabetic Retinopathy

1337

Induction of Experimental Diabetes in Mice

Diabetes was chemically induced in 4-week-old mice, according to the
method of Phelan et al.>* The mice received an intraperitoneal (IP)
injection of 75 mg/kg STZ dissolved in sodium citrate buffer (0.01 M;
pH 4.5) for three successive days. They were screened for diabetes
beginning 3 days after the initial dose of STZ by testing for glucose in
the urine with a urine strip test. If the test was positive, the precise
blood glucose level was measured with a glucometer. Mice that did not
develop diabetes after this dose of STZ receive a second treatment with
STZ. At the time of the experiments, the diabetic state of the animal
was confirmed by measuring blood glucose levels with the glucometer.
Fasting blood glucose levels higher than 250 mg/dL are considered to
be diabetic. Insulin was not administered to the animals. Age-matched,
nondiabetic mice with the same genetic background were used for
controls.

BRB Assay

The quantitative BRB assay was performed according to a previously
described technique.*® The mice were sedated and given an IP injec-
tion of 1 uCi/g body weight of [?’H]mannitol. One hour after injection,
the mice were sedated, and the retinas from the experimental and
control eyes were rapidly removed. The posterior portion of the globe
was firmly grasped with forceps, and a razor blade was used to cut
across the cornea and extrude the lens, vitreous, and retina. The retinas
were dissected from the lens, vitreous, and any RPE that was extruded,
and were placed within preweighed scintillation vials within 30 sec-
onds of death. The thoracic cavity was opened and the left superior
lobe of the lung was removed, blotted free of excess blood, and placed
in another preweighed scintillation vial. A left dorsal incision was
made, and the retroperitoneal space was entered without entering the
peritoneal cavity. The renal vessels were clamped with a forceps and
the left kidney was removed, cleaned of fat, blotted, and placed into a
preweighed scintillation vial. Superficial liquid was allowed to evapo-
rate over 20 minutes in the open vials. The vials containing the tissue
were weighed, and the tissue weights were calculated and recorded.
One milliliter of solubilizing solution (NCSII; GE Healthcare, Piscat-
away, NJ) was added to each vial, and the vials were incubated
overnight in a 50°C water bath. Solubilized tissue was brought to room
temperature (RT) and decolorized with 20% benzoyl peroxide in tol-
uene in a 50°C water bath. The vials were brought to RT, and 5 mL of
scintillation fluid (Cytoscint ES; MP Biomedicals, Solon, OH) and 30 uL
of glacial acetic acid were added. The vials were stored for several
hours in darkness at 4°C to eliminate chemiluminescence. Radioactiv-
ity was counted with a scintillation counter (LS 6500; Beckman, Brea,
CA). The counts per minute per milligram tissue were measured for
lung, kidney, and experimental and control retina. Retina/lung, retina/
kidney, and lung/kidney ratios were calculated and compared.

Retinal Leukostasis

Mice were anesthetized with ether, the descending aorta was clamped,
and the right atrium was cut. The mice were perfused with 50 mL PBS
to remove erythrocytes and nonadherent leukocytes, followed by per-
fusion with fluorescein-conjugated concanavalin A to label adherent
leukocytes.'>'® Another PBS perfusion was used to flush out unbound
fluorescein. Retinal flat mounts were prepared as previously described,
to assess leukostasis.>* The eyes were removed and fixed for more than
1 hour with phosphate-buffered formalin. The cornea and lens were
removed and, under a stereomicroscope (Stemi 2000C; Carl Zeiss
Meditec, Inc., Thornwood, NY), the entire retina was carefully dis-
sected from the eye cup, rapidly cut from the edge to the equator in all
four quadrants, and flat-mounted with the photoreceptors facing up-
ward. Leukocytes adherent to the vessel walls were labeled with
fluorescein, and the total number of leukocytes within the vessels of
each retina was counted under an epifluorescence microscope (Axio-
pan2; Carl Zeiss Meditec, Inc.) by an investigator masked to the nature
of the specimen. The counting began at the optic disc. The vessel
nearest the 12 o’clock position and its branches were followed all the
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way to the periphery, with the focus changed as necessary to include
all arteries, veins, and capillaries in the field. This process was repeated
in a clockwise direction for each vessel radiating from the optic disc,
so the total number of adherent leukocytes in all the vessels of the
retina was counted.

TUNEL Assay for Detection of Apoptotic Nuclei

The terminal dUTP nick-end labeling (TUNEL) assay was performed
with a cell viability kit (ApopTAG Red In Situ Apoptosis Detection Kit;
Millipore, Temecula, CA), by procedures performed according to the
manufacturer’s manual. In brief, eye sections were fixed in 1% para-
formaldehyde for 10 minutes at RT and in ethanol:acetic acid (2:1) for
5 minutes at —20°C and then washed twice for 5 minutes in PBS
(pH7.4). After the tailing of digoxigenin-dNTP catalyzed by the TdT
enzyme, the sections were incubated with the anti-digoxigenin-rhoda-
mine antibody for 30 minutes at RT. For negative controls, deionized
water was substituted for the TdT enzyme. Processed sections were
mounted with antifade mounting medium for fluorescence-containing
DAPI (Vectashield; Vector, Burlingame, CA) and viewed with a fluo-
rescence microscope (Axiopan2; Carl Zeiss Meditec, Inc.). The num-
ber and locations of TUNEL-positive cells were recorded.

Immunofluorescent Staining of Activated
Caspase-3, PECAM1, and SMA

Cryosections of eyes were fixed in ice-cold methanol:acetone (1:1) for
10 minutes at —20°C, washed with 0.01 M PBS (pH 7.4), and blocked
with 4% normal goat serum for 90 minutes. They were incubated
overnight at 4°C with polyclonal antibodies against activated caspase-3
(1:200; Cell Signaling Technology, Boston, MA) and/or FITC-conju-
gated rat anti-mouse CD31 or PECAMI1 antibody (1:100; BD Biosci-
ences, San Diego, CA) to label vascular endothelial cells or smooth
muscle actin (SMA; 1:50; Biogenix, San Ramon, CA) to label pericytes.
Negative control sections were similarly treated, but the primary anti-
bodies were omitted. Sections were rinsed and incubated for 1 hour
with Alexa Fluor 594-conjugated goat anti-rabbit IgG (1:1000; Invitro-
gen, Carlsbad, CA). Fluorescence microphotography was performed
on the epifluorescence microscope (Axiopan2; Carl Zeiss Meditec,
Inc.). Each section was scanned systematically from the temporal to
the nasal side for fluorescent cells indicative of cells undergoing apo-
ptosis, by an investigator masked to the nature of the specimens. The
number and locations of positive cells were counted and photo-
graphed.

Real-time PCR Analysis

Total RNA from retinas was isolated (RNeasy kit; Qiagen, Valencia, CA),
then treated with DNase (Qiagen). Single-strand cDNA was synthesized
from 0.5 ug total RNA using oligo (dT),, s primer (Invitrogen) and
MMLYV reverse transcriptase (Invitrogen) in a final reaction volume of
25 wL. Real-time PCR was performed using SYBR master mix (Premix
Ex Tagq; Takara, Dalian, China) with a quantitative (qQ)PCR system
(Mx3005P; Agilent Technologies, Palo Alto, CA). mTNF-a primer se-
quences were sense (5'-GACAAGGCTGCCCCGACTA-3") and antisense
(5"-AGGGCTCTTGATGGCAGAGA-3"). mGAPDH (sense: 5'-AACGAC-
CCCTTCATTGAC-3'; antisense: 5'-TCCACGACATACTCAGCAC-3") was
used as the reference for normalization. Each cDNA sample was run in
duplicate.

Enzyme-Linked Immunosorbent Assay for TNF«

Each retina was homogenized in 0.1% Triton X-100 in PBS supple-
mented with a cocktail of protease inhibitors (Invitrogen, Carlsbad,
CA). The samples were cleared by centrifugation and then assessed
for protein concentration with a protein assay (DC Protein Assay;
Bio-Rad, Hercules, CA). TNF« levels were measured using an en-
zyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Min-
neapolis, MN) according to the manufacturer’s instructions. The
reaction was stopped and the absorption measured by a microplate

TOVS, March 2011, Vol. 52, No. 3

reader at 450 nm, with subtracted reading at 540 nm. All measure-
ments were performed in duplicate. The retina sample TNFa con-
centration was calculated from a standard curve and corrected for
total protein concentration. Four retinas were used for each condi-
tion.

Statistical Analysis

Statistical comparisons were made using analysis of variance (ANOVA)
or a linear mixed model.>> P-values for comparison of treatments were
adjusted for multiple comparisons by the Dunnett method. For data
sets with two groups, statistical analyses were performed with the
unpaired #-test (Excel 2003; Microsoft, Redmond, WA).

RESULTS

Chemically Induced and Genetically Mutant
Mouse Models of Diabetes

Diabetes was induced in Tnfa (KO) and C57BL/6J control mice
by STZ, and they served as the chemically induced mouse
model of diabetes. Tnfa (KO) mice were crossed with [rns2**%
mice to generate the genetic model of diabetes. The deletions
of the Tnfa gene and the insulin2 gene alleles in the genetic
model were characterized as described earlier. To see whether
the genetic deletion of the Tnfa gene affects the development
of hyperglycemia due to the mutation of the insulin2 gene, we
compared the level of glucose in the progeny from I[ns2**%
diabetic mouse lines, with and without Tnfa: Tnfa™’"/
Ins2™** and Tnfa '~ /Ins2**"*. The concentration and distri-
bution of blood glucose levels in the presence or absence of
TNFa were not significantly different (Fig. 1A). Because 250
mg/dL of glucose was used as the baseline of diabetes in the
chemically induced diabetic models,”'*** we compared the
frequency of mice with glucose greater or less than 250 mg/dL
in the two genetic diabetic mouse lines, with or without TNFa,
and found that the percentage of mice with glucose greater
than 250 mg/dL was not significantly different in the two
groups at 4 to 5 weeks: 58% versus 42% (P = 0.33) for
Tnfa '~ /Ins2*** versus Tnfa (KO) and 55% versus 45% (P =
0.55) for C57/Ins2**"* versus wild-type (Fig. 1B).

Suppression of BRB Breakdown in Tnfa (KO)
Mice with Diabetes

BRB breakdown occurs in the early stages of DR and pro-
gresses into the later stages. The mechanisms of early hyper-
glycemia-induced changes in DR, which takes years to develop
in humans, are not clear. We hypothesized that TNFa may be
a molecule that mediates the progression of the disease. To test
the hypothesis, we measured retinal vascular leakage at differ-
ent stages (1 month, 6 weeks, 3 months, and 6 months) in
diabetic mice, with or without TNFe«, and in their nondiabetic
counterparts. At 1 month and 6 weeks of diabetes, the retina-
to-lung leakage ratio (RLLR) significantly increased, but the
increase was not prevented by the absence of TNFa (RLLR at
1 month is 1.02 = 0.3 vs. 0.96 = 0.2, P = 0.19 in STZ-induced
diabetic TNFa [KO] mice compared to diabetic C57BL/6] mice;
Fig. 2A). The retina-to-renal leakage ratio (RRLR), however, was
not increased at 6 weeks, and TNFa had no effect. Realizing
that the kidney is adversely affected in diabetes, we found the
vascular permeability in the kidneys of 6-week diabetic mice
had increased comparable to that in the retina, leaving no
difference in the ratio. Based on this finding, further BRB
assessments in diabetic mice compared vascular leakage in the
retina to that in the lung. After 3 months of diabetes, vascular
leakage was significantly suppressed in the absence of TNF«a
(RLLR was 2.82 * 0.7 vs. 1.47 = 0.32, P = 0.04), and at 6
months of STZ-induced diabetes, retinal vascular permeability
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FIGURE 1. Genetic animal model of diabetes. (A) Distribution of glu-

cose in the offspring of a breeding pair TNFa /" /Ins2**** and TNFa/
—/Ins2** mice. The glucose was determined in the 4- to 5-week-old
mice with a glucose monitor. The HI reading, which shows that the
level of glucose is beyond the range of the meter, was designated 600
mg/dL. (B) The percentage of mice with blood glucose =250 mg/dL
versus >250 mg/dL in the two lines is shown.

increased more than twofold, compared with that in nondia-
betic controls, and this increase was prevented by the absence
of TNFa (Fig. 2B). The data showed this finding regardless of
whether retinal vascular leakage was compared to that of lung
(RLLR) or kidney (RRLR). In the [ns2**** genetic model of
diabetes, which may be more relevant to human DR, similar
results were obtained. The absence of TNFa did not result in a
significant reduction of vascular leakage at 1 month or 6 weeks
of diabetes (RLLR, 1.75 * 0.4 vs. 1.4 = 0.7, P = 0.49 for 1
month), whereas the vascular leakage was significantly sup-
pressed at 3 months (RLLR, 2.65 * 0.2 vs. 1.61 * 0.05, P =
0.005) and totally prevented at 6 months (RLLR, 2.1 = 0.65 vs.
1.1 = 0.3, P = 0.04) in the absence of TNFa. These results
show that in both the chemical and genetic models of DR,
TNFa was critical for BRB breakdown at 3 and 6 months, but
not at 1 month and 6 weeks.
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Suppression of Retinal Leukostasis in Tnfa (KO)
Mice with Diabetes

Several lines of evidence suggest that retinal leukostasis is
increased in diabetes, which results in vascular injury that
contributes to BRB breakdown in DR.'%® In agreement with
previous reports, our results demonstrated that adherent leu-
kocytes in the retinal vasculatures were significantly elevated
in Ins2*% djabetic mice (22 = 5 leukocytes per retina, P <
0.0001, compared with 2 *£ 3 in nondiabetic controls of the
same genetic background at 1 to 2 weeks of diabetes; Figs. 3A,
3E) and the STZ-induced diabetic C57BL/6] mice (26 * 4
leukocytes per retina, P = 0.0001 compared to 3 = 2 in
nondiabetic controls (Figs. 3C, 3F). Surprisingly, the number of
leukocytes in both diabetic mouse models without TNFa was
equivalent to that observed in nondiabetic control mice (2 £ 3
leukocytes per retina for both STZ- and Ins2**"“-diabetic Tnfa
[KO] mice at 1 to 2 weeks of diabetes; Figs. 3B, 3D, 3E, 3F),
implying that TNF« is a potent mediator of retinal leukostasis
in the context of chemically induced and genetically mutant
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TNFa/~ mice (B), and STZ-induced diabetic TNFa™" (C) and
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tion of retinal leukostasis for Ins2** (E) and STZ-induced (F) diabetic
mice. The results are expressed as the mean * SE of five independent
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DR, as it is in the case of intravitreal administration of VEGF,
IL-18, and PAF'® and in oxygen-induced ischemic retinopathy
(Supplementary Fig. S1, http://www.iovs.org/lookup/suppl/
d0i:10.1167/i0vs.10-5768/-/DCSupplemental). The number of
adherent leukocytes in diabetic mouse retina, although signif-
icantly greater than in control retina, may seem too low to
cause vascular complications, but DR is associated with a
chronic low-grade, subclinical inflammation that is responsible
for the vascular lesions characteristic of DR'? and the number
of adherent leukocytes that we observed in diabetic retina was
somewhat greater, but similar to that reported in another
study.>® Although adherent leukocytes were illustrated in
larger vessels in Figures 3A to 3D, to show comparable fields,
all adherent leukocytes within the retinal vasculature, includ-
ing capillaries, were counted and the results included in Fig-
ures 3E and 3F. Diabetes-induced retinal leukostasis was also
completely eliminated at 5 weeks in Ins2**"“-diabetic Tnfa
(KO) mice (2.83 *= 1.01 leukocytes/retina for nondiabetics,
22.17 *+ 1.90 for diabetic Ins2**"** mice and 1.67 * 1.28 for
Ins2*"*“_diabetic Tnfa [KO] mice).

Reduction of Apoptotic Cells in Tnfa (KO) Mice
with Diabetes

In addition to its proinflammatory activity, TNFa-mediated cell
death and apoptosis have been suggested to contribute to the
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pathogenesis of DR.'® To investigate the association of cell
apoptosis and BRB malfunction contributed by TNF«, apopto-
tic cells were identified by TUNEL and activated caspase-3
staining in diabetic Tnfa™’" and Tnfa '~ mice to confirm
apoptosis using two distinct markers. In the STZ-induced dia-
betics, both TUNEL-positive (171 * 50 cells/mm? for Tnfa*’"
vs. 64 * 35 cellsymm? for Tnfa’~, P = 0.008) and activated
caspase-3-positive cells (60 = 32 cellsymm? for Tnfa*’* vs.
15 = 5 cellsymm?® for Tnfa ', P = 0.01) were significantly
reduced at 3 months of diabetes in the Tnfa™’~ mice com-
pared with the Tnfa™’" mice (Figs. 4C, 5C). These apoptotic
cells were largely localized in the inner and outer plexiform
layers and a few cells were situated on the ventral surface of
the retina close to the ganglion cell layer and in the outer
nuclear layer (Figs. 4A, 4B, 5A, 5B).

In the Ins2**"** diabetic mice, there were significantly fewer
activated caspase-3-positive cells in the Tnfa /" than in the
Tnfa™’" mice (304 = 94 cellsymm? for Tnfa™’" vs. 49 * 37
cells/ymm?® for Tnfa’~; P = 0.02) at 3 months of diabetes
(Fig. 6C). Activated caspase-3-positive cells appeared to be
largely localized in the outer and inner plexiform layers, and a few
positive cells were found in the outer nuclear layer and choroid
(Figs. 6A, 6B). Furthermore, double-labeling of activated caspase-3
and platelet/endothelial cell adhesion molecule (PECAM)-1, a
marker of vascular endothelial cells, and SMA, a marker of
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FIGURE 4. Reduction of TUNEL-positive cells in STZ-induced diabetic
TNFa (KO) mice[b]. Mice with diabetes of 3 month’s duration were
used. The apoptotic cells were identified by TUNEL staining in STZ-
induced diabetic TNFa™* (A) or TNFa ™/~ mice (B). (C) The quanti-
fication of TUNEL-positive cells. The data are expressed as the mean =
SE of results in five independent experiments. Arrows: apoptotic cells.
gcl, ganglion cell layer; ipl, inner plexiform layer; inl, inner nuclear
layer; opl, outer plexiform layer; onl, outer nuclear layer.
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FIGURE 5. Reduction of activated caspase-3-positive cells in STZ-in-
duced diabetic TNFa (KO) mice. Mice with diabetes of 3 month’s
duration were used. The apoptotic cells were indicated by activated
caspase-3 staining in STZ-induced diabetic TNFa*’" (A) or TNFa /"~
(B) mice. (C) The quantification of activated caspase-3-positive cells.
The results are expressed as the mean * SE of five independent
experiments. Arrows: apoptotic cells. gcl, ganglion cell layer; ipl, inner
plexiform layer; inl, inner nuclear layer; opl, outer plexiform layer; onl,
outer nuclear layer.

pericytes, demonstrated that the activated caspase-3-positve
cells include both PECAM1-positive and SMA-positive cells
(Supplementary Fig. S2, http://www.iovs.org/lookup/suppl/
d0i:10.1167/i0vs.10-5768/-/DCSupplemental).

TNFa Expression in Diabetic Mice

Although the observed effects on retinal vascular permeability
and apoptosis at 3 months of diabetes and beyond were clearly
TNFo-dependent, the expression of TNFa did not correlate
with these events. Real-time PCR showed a significant decrease
in Tnfa expression in the retina after 3 months of STZ-induced
diabetes and no change in 3-month diabetic Ins2**" mice,
compared with that in their nondiabetic counterparts (data not
shown). ELISA results showed a modest but significant increase
in the level of TNFa protein in the retinas of 1-week STZ
diabetic mice (Fig. 7), but this increase was not observed in 1-
or 6-month STZ diabetic mice or in 2-week diabetic [rns2**"
mice.

The Proposed Mechanisms by Which TNF«
Regulates BRB Breakdown in Diabetes

The evidence reveals that the absence of TNFa suppresses the
pathogenesis of DR including retinal leukostasis, apoptosis,
and BRB breakdown, and previous reports demonstrated that
retinal leukostasis and apoptosis contribute to the breakdown
of the BRB in DR."*?*>37 Therefore, we postulate that TNFa-
mediated retinal leukostasis and apoptosis are mechanisms that
regulate BRB breakdown in the later stages of diabetes. A
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diabetic TNFa ™ (A) and TNFa/~ mice (B). (C) The quantification of
activated caspase-3-positive cells. The results are expressed as the
mean * SE of five independent experiments. Arrows: apoptotic cells.
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pathway whereby TNFa regulates BRB breakdown is proposed
in Figure 8, which is potentially applicable to later time points
of DR (i.e., 3 and 6 months).
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FiGURE 7. Expression of TNFa in the diabetic mice. ELISA results for
TNFa protein levels in the mice with STZ-induced diabetes of 1-week’s
duration were compared with that in the nondiabetic controls.
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FIGURE 8. The proposed mechanisms by which TNFa regulates BRB
breakdown in diabetes. TNFa is activated in diabetic mice and regu-
lates the BRB breakdown in the later stages of DR. The proinflamma-
tory and proapoptotic activities of TNF« are associated with the break-
down of the BRB at the later time points of DR. AGEs, advanced
glycation end products; PKC, protein kinase C; ROS, reactive oxygen
species; NF-kB, nuclear factor-kB; ICAM-1, intercellular adhesion mol-
ecule-1; FOXO1, foxhead box O1.

DISCUSSION

The main findings of this study were that (1) TNFe is critical
for BRB breakdown at the later time points of DR, but not in
the early stage. The observation that TNFa was not necessary
for BRB breakdown in early DR, but was essential for BRB
breakdown at the later time points, as the disease progressed,
illustrates the complexity of the process and that multiple and
distinct factors play a role in mediating BRB breakdown at
different stages of the disease. (2) TNFa plays a role in the
development of diabetes-related leukostasis and apoptosis in
the retina. (3) The observations with respect to retinal leuko-
stasis, apoptosis, and BRB breakdown were confirmed in two
distinct models of diabetes: a chemically induced diabetic (STZ-
induced) model and genetically mutant Ins2™9% diabetic mice.

The apparent contradiction between our findings that nei-
ther TNFa nor inflammation was necessary for early (1-month
and 6-week) BRB breakdown and previous reports showing
that TNFa and VEGF are upregulated as early as 1 to 2 weeks
after the onset of diabetes in rats and that the inhibition of
TNFa attenuated BRB breakdown in rats,?>2* could be due to
species differences between rats and mice. A recent study,
using TNFa receptor KO mice and a TNFa inhibitor, confirmed
the role of TNFa in the pathogenesis of DR, particularly related
to apoptosis.'® If TNFa is also upregulated at that time in mice,
a delay in the induction of TNF« cannot account for the lack of
an effect of TNFa on the BRB in the early stages of DR. The
molecular mechanisms that regulate diabetes-induced BRB
breakdown are varied (see the introduction and the review by
Ehrlich et al.>®). Little is known about the relationships or
interactions of these molecules or signaling pathways in the
pathogenesis of DR. For instance, do TNFa and VEGF, both of
which are upregulated in diabetes and implicated in the patho-
genesis of DR,>~ % interact to promote the diabetes-induced
BRB breakdown? If so, how do they interact with each other?
An initial step in addressing these questions could be to per-
form a study to determine the level of VEGF expression in
diabetic Tnfa /" and wild-type mice at the stage of DR when
TNFa is known to regulate BRB breakdown. If VEGF expres-
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sion is elevated to the same degree in both diabetic mice
strains with and without TNF«, compared with nondiabetic
control mice, it is most likely that TNFa at least partially acts as
a downstream mediator of BRB breakdown in DR, since BRB
breakdown is blocked as a result of the absence of TNFa.
Although the expression of VEGF is elevated by diabetes, if
VEGF is not increased by hyperglycemia in Tnfa /" mice or
the level of elevation is lower in Tnfa /" than in wild-type
mice and the blood glucose levels are not significantly different
in diabetic Ins2*"* mice with or without TNF, it is likely that
TNFa regulates BRB breakdown indirectly through VEGF. Con-
versely, if the expression of VEGF is elevated more in diabetic
Tnfa '~ mice than in control mice, it is possible that there is
a regulatory loop in which the lack of one factor is dependent
on compensation by the other factor or that they are depen-
dent on each other to promote BRB breakdown in DR.

The dependence of BRB breakdown and apoptosis at 3
months or more of diabetes on TNFa and the lack of correla-
tion of these events with TNFa expression at these time points
suggests that either the changes in TNFa expression necessary
to mediate physiological activity at these time points are too
subtle to be detected by the assays used or that these activities
are indirect or downstream events initiated by TNFa early in
diabetes. We have demonstrated a significant diabetes-associ-
ated increase in TNFa in the retina at 1 week, but this increase
was transient and did not persist at later time points. Wang et
al.** showed an increase in TNFa in 2-month STZ diabetic
mice, but in that study, the strain was not specified and the
difference could have been strain related. This early effect of
TNF«a could generate a cascade of events that would result in
increased vasopermeability and apoptosis at a much later time
point. An increase in TNFa expression has been reported in
diabetic rats,?>?% but only at 16 or fewer days’ duration of
diabetes and not at later time points, which is consistent with
our findings. It is quite possible that TNFa expression in
diabetic rats is also not increased at 3 and 6 months. It is not
known what indirect or downstream events are responsible for
TNFo-mediated BRB breakdown and apoptosis at later time
points in diabetic mice, but it may be related to factors released
by inflammatory cells recruited by the proinflammatory activity
of TNFa; regulation of TNFa receptors, which could be en-
hancing or inhibitory**; or other unknown events. The fact
that TNFa-dependent events occur later in the course of DR
may be more relevant to the clinic, but the results suggest that
TNFoa may need to be targeted early in the course of the disease
to be effective.

Retinal leukostasis occurs at the early stage and is a caus-
ative pathologic factor for vascular cell apoptosis/death and
BRB breakdown in DR.>'"'? Our study demonstrated that
TNFa-mediated retinal leukostasis and apoptosis are associated
with progressive BRB breakdown in both chemically induced
and genetically mutant animal models of diabetes, but TNFo-
mediated retinal leukostasis is not necessary for BRB break-
down in the early stages of DR. We hypothesized a possible
pathway, in which TNFa-mediated retinal leukostasis and ap-
optosis could promote BRB breakdown in DR (Fig. 8). Occur-
rence of retinal leukostasis is dependent on adhesion molecules
such as ICAM-1, and the integrity of the BRB is maintained by tight
junctional proteins such as occludin and ZO-1,%~* as well as by
an absence of transendothelial vesicular transport.”°~>> Whether
TNFa regulates these executive molecules was not determined
in this study, but it would be interesting to investigate, because
the elucidation of the molecular mechanism by which TNF«a
regulates retinal leukostasis and BRB breakdown is of signifi-
cance in designing therapeutic strategies to treat DME, which
is the leading cause of vision loss in developed countries, but
effective treatments are very limited. It is possible that TNFa
does not act directly on the retinal vascular endothelium or
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indirectly through an induction of VEGF, but through its pro-
inflammatory activity and by factors released by the recruited
inflammatory cells. Other mechanisms must be operative, how-
ever, at the early stages of DR.

Diabetes-induced TNFa upregulation may promote loss of
retinal microvascular cells associated with early pathogenesis
of DR, and a TNF« inhibitor may block retinal vascular cell loss
in diabetes.® A potential mechanism by which TNFa may
induce apoptosis in retinal vascular cells in DR may be through
the recently reported diabetes-associated enhancement of
FOXO1 DNA binding activity and nuclear translocation in dia-
betic retinas through a process that is mediated by TNFa.
Inhibition of FOXO1 activation reduces microvascular cell
apoptosis and microvascular cell loss in diabetic retinas.>”

Finally, TNFa is a multifunctional cytokine that transmits
signaling via two receptors, tumor necrosis factor receptor-1
and -2.5%5° In addition to the pathogenesis of DR, these mol-
ecules are implicated in the pathogenesis of other inflamma-
tory disorders such as rheumatoid arthritis (RA)®° and mediate
cell death or apoptosis in neuronal degenerative disorders such
as Alzheimer’s disease (AD).°* TNFe inhibitors are widely used
to treat RA,62'(’5 and they are being assessed for the treatment
of AD.®*®* The data obtained from the present study and those
of other investigators'®'*?*¢ provide evidence that the TNFa
signaling pathway is a promising target for suppressing retinal
complications of diabetes and its inhibitors have potential for
use as agents to treat diabetic patients.
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