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Impact statement

Vision loss in most retinal diseases affects
the quality of life of working age adults.
Using a novel animal model that displays
constant endothelial activation by tmTNF-
o, our results demonstrate exacerbated
age-induced visual deficits via premature
senescence-mediated ER stress. We have
compared mice of 5 and 10 months of age,
with highly relevant human equivalencies
of approximately 35- and 50-year-old
patients, representing mature adult and
middle-aged subjects, respectively. Our
studies suggest a possible role for a self-
enhanced loop of ER stress pathways and
senescence in the propagation of retinal
neurovascular defects, under conditions of
constant endothelial activation induced by
tmTNF-o signaling.

Abstract

Stress-associated premature senescence plays a major role in retinal diseases. In this
study, we investigated the relationship between endothelial dysfunction, endoplasmic retic-
ulum (ER) stress, and cellular senescence in the development of retinal dysfunction. We
tested the hypothesis that constant endothelial activation by transmembrane tumor necro-
sis factor-o (tmTNF-«) exacerbates age-induced visual deficits via senescence-mediated
ER stress in this model. To address this, we employed a mouse model of chronic vascular
activation using endothelial-specific TNF-a-expressing (tie2-TNF) mice at 5 and 10 months
of age. Visual deficits were exhibited by tie2-TNF mice at both 5 months and 10 months of
age, with the older mice showing statistically significant loss of visual acuity compared with
tie2-TNF mice at age 5 months. The neural defects, as measured by electroretinogram
(ERG), also followed a similar trend in an age-dependent fashion, with 10-month-old tie2-
TNF mice showing the greatest decrease in “b” wave amplitude at 25 cd.s.m? compared
with age-matched wildtype (WT) mice and five-month-old tie2-TNF mice. While gene and

protein expression from the whole retinal extracts demonstrated increased inflammatory (Icam1, Ccl2), stress-associated pre-
mature senescence (p16, p21, p53), and ER stress (Grp78, p-lre1a, Chop) markers in five-month-old tie2-TNF mice compared
with five-month-old WT mice, a further increase was seen in 10-month-old tie2-TNF mice. Our data demonstrate that tie2-TNF
mice exhibit age-associated increases in visual deficits, and these data suggest that inflammatory endothelial activation is at least
partly at play. Given the correlation of increased premature senescence and ER stress in an age-dependent fashion, with the loss
of visual functions and increased endothelial activation, our data suggest a possible self-enhanced loop of unfolded protein
response pathways and senescence in propagating neurovascular defects in this model.
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Introduction

Tumor necrosis factor-alpha (TNF-a), a pro-inflammatory
cytokine, has been implicated as a contributing factor in the
development of retinal diseases that are often associated
with chronic retinal inflammation and endothelial activa-
tion."? Interestingly, low-grade inflammation and endothe-
lial dysfunction are related to cognitive decline and
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dementia in humans, in a complex interplay with vascular
factors and aging.’> Moreover, previous studies have sug-
gested that circulating levels of TNF-o are elevated in an
age-associated fashion.* In animal models, age-related
upregulation of TNF-o in rat coronary arteries has been
shown to induce endothelial apoptotic cell death and
impaired endothelial function.” While the effects of TNF-o.
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are well known to affect growth rate and life span of endo-
thelial cells in vitro,® much less is known about the bystand-
er effects of endothelial dysfunction on neuronal function,
specifically the visual response.

We and others have also shown the direct role of TNF-o
in mediating stress-associated premature senescence in
endothelial cells in vitro.”® Studies on endothelial cell
senescence reported changes such as decreased endothelial
nitric oxide synthase (eNOS) activity and consequent
decreased NO procluc’cion,10 reduction in mitochondrial
membrane potential,"' and increase in pro-inflammatory
proteins including Icaml, IL-6, and IL-8 levels.”'® This
directly correlates senescence with endothelial dysfunction.
Although TNF-u is known to affect these pathways in vitro,
the question of whether TNF-a can directly induce senes-
cence has not been answered conclusively in vivo.
Moreover, the causes and consequences of these senescent
endothelial cells in retinal pathologies have not been
clearly defined.

Accumulating data suggest that the endoplasmic reticu-
lum (ER) and senescence are cross regulated.'” During
aging, increased oxidative stress associated with cellular
senescence may be a consequence of accumulation of dam-
aged biomolecules in the ER."*'* ER stress is characteristi-
cally induced by the accumulation of misfolded proteins in
the ER arising from several factors that affect folding within
the ER."® Inflammation and the accompanying cytokines
have been shown to induce the unfolded protein response
(UPR), through the damaging effects of oxidative stress on
protein folding in the ER'® and may be propagated through
signaling molecules, such as c-Jun N-terminal kinase
(JNK)" and nuclear factor-kappaB (NF-kB).'® Although
many lines of evidence support a strong connection
between senescence and the UPR, the effects of persis-
tent/unresolved ER stress compounded by endothelial
activation on age-associated senescence are not known.

TNF-o exists in two forms. The soluble TNF-ua is gener-
ated by cleavage from its precursor transmembrane TNF-o
(tmTNF-0)) by TNF-o converting enzyme (TACE). While the
soluble TNF-a binds preferentially to TNFR1 and induces
apoptosis and inflammation, tmTNF-a is known to act
predominantly through TNFR2 and plays a role in cell sur-
vival, although it also binds to TNFR1 to induce chronic
inflammation, as observed in an arthritis model.”
Previously, using an endothelial-specific tmTNF-o
(tie2-TNF) transgenic model, we have demonstrated spon-
taneous development of nephropathy features in mice and
correlated those with increased pro-inflammatory markers
and changes in gene expression involved in endothelial
dysfunction.20 In addition, we developed diabetes in
these mice and reported retinal inflammation and ER
stress accompanied by visual deficits.”' In tie2-TNF trans-
genic animals, the endothelial promoter tie2-driven over-
expression of transmembrane TNF, through a mutation of
its TACE cleavage site, remains bound to endothelium,??
leading to constant endothelial activation and chronic
inflammation.”?* In this study, we investigated the rela-
tionship between endothelial dysfunction, ER stress, and
cellular senescence in the development of retinal dysfunc-
tion. We tested the hypothesis that constant endothelial
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activation by tmTNF-o exacerbates age-induced neural
(visual) deficits via ER stress in this model.

Materials and methods

tie2-TNF transgenic animals

Animal studies were approved by the Institutional Animal
Care and Use Committee at UTHSC, Memphis, following
guidelines per the Association for Research in Vision and
Ophthalmology Statement on the Use of Animals in
Ophthalmic and Vision Research and the Association for
Assessment and Accreditation of Laboratory Animal Care
guidelines. Transgenic animals used in this study were a
gracious gift from Matthias Clauss, PhD (Indiana
University School of Medicine, Indianapolis, IN). The gen-
eration of tie2-TNF transgenic animals was made possible
by introducing the transgene uncleavable murine tmTNF-o
mutant {mTNF-a 1-9, K(11)E}] between the endothelial-
specific tie2 promoter and the tie2 first intron to confine
TNF-o specific to the endothelium.” The expression of
tmTNF-u is considered to be global and not specific to ret-
inal vascular endothelium. Since tie2 may also be expressed
during embryogenesis in all cells of the yolk sac,” includ-
ing endothelial and immune cell precursors,*® it is possible
that the expression of tmTNF-o in this model may also be
expressed in other cell types. Mice used for this study had
been backcrossed for more than eight generations in
C57BL/6 animals and generated from founder line Tg
5382. The inflammatory phenotype in the transgenic
line was shown to be dose dependent, suggesting that the
effects are not due to random transgene integration
effects.”” Animals were housed under an alternating 12-h
light and dark cycle with free access to food and water.
Mice of 5 and 10 months old tie2-TNF were used in the
studies with age-matched littermate (C57BL/6) animals
serving as controls.

Optokinetic reflex measurement

Awake mice were placed on a platform inside the
OptoMotry virtual reality optokinetic reflex nystagmus
(OKN) system to quantify the visual acuity and contrast
sensitivity thresholds (OptoMotry, CerebralMechanics,
Lethbride, Alberta, Canada) as described previously.27
According to published methodologies,® a stepwise
paradigm defined by OptoMotry software was used with
the screens of contrasting bars of light, not visible to the
investigator, and the investigator was blinded to the
groups. Acuity testing was performed at 100% contrast
with varying spatial frequency threshold (i.e. white
versus black stripes), while contrast sensitivity testing
was performed at fixed spatial frequency threshold (0.042
c/d) in the study groups.

Electroretinogram measurement

Scotopic threshold ERG recordings were obtained using the
Espion E2 ERG system (Diagnosys LLC, Lowell, MA).
Animals, dark adapted overnight, were anesthetized with
ketamine/dexmedetomidine hydrochloride (0.5 mg/kg
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and 0.025 mg/kg respectively). Body temperatures of the
mice were regulated with a heating pad at 37°C during
recordings. Tropicamide (0.3%) was used to dilate eyes
and 2.5% sterile hypromellose ophthalmic demulcent solu-
tion (AKORN Inc, Lake Forest, IL) was applied. Electrodes
were placed on the cornea of both eyes; the reference elec-
trode was positioned in between the eyes and a ground
electrode in the tail. Mice were presented with different
flashes of increasing intensity (0.0025, 0.025, 0.25, 2.5, 25
cd.s.m?), each repeated five times, with an inter-stimulus
interval ranging from 20 s for dim flashes to 1 min for the
brightest flashes. Three to five ERG traces at each flash
luminance were averaged to measure b-wave amplitude.

Gene expression analysis

Whole mouse retinal tissue was used to isolate RNA using
NucleoSpin® RNA Plus kit (Macherey-Nagel GmbH,
Takara Bio, USA) followed by cDNA using SuperScript III
first-strand synthesis supermix (Thermo Fisher Scientific,
Waltham, MA). Real-time qPCR was performed with
Quantstudio3 (Applied Biosystems, Foster City, CA)
using cDNA as a template with TagMan probes (Table 1).
The expression levels of gene transcripts were determined
using 2 °P" and normalized to 18s ribosomal RNA.

Protein expression analysis

Whole mouse retinal tissues were lysed using RIPA buffer,
sonicated and incubated for 1 h on ice and centrifuged at
16,0004 for 5 min at 4°C. The clear supernatant was collect-
ed and quantified for total protein by the Bradford method.

Targeted proteins were probed in separate blots. Mean den-
sitometry values from independent experiments were cal-
culated using Image-] (NIH, Bethesda, MD) software and
represented as the ratio of target protein to B-tubulin or
total protein of interest, where applicable.

Statistical analysis

Results are expressed as mean + SEM. For all quantitative
experiments, statistical analyses were performed with a
two-way ANOVA with Newmann-Keuls post hoc test for
multiple group comparisons (Prism 6 software; GraphPad
Software, La Jolla, CA, USA) and a p-value < 0.05 was
considered statistically significant.

Results

Accelerated visual deficits in tie2-TNF transgenic mice

Visual deficits were assessed in live mice of 5 and
10 months of age with optokinetic measurements. As
shown in Figure 1, visual acuity in five-month tie2-TNF
mice was significantly decreased when compared with
age-matched WT mice (five-month TNF, 0.39 £ 0.008 c/d;
five-month WT, 0.42 + 0.006 c¢/d, p < 0.05). As expected,
10-month tie2-TNF mice demonstrated a further decrease
when compared with both the 10-month WT (10-month
TNF, 0.37 £+ 0.007 ¢/d; 10-month WT, 0.42 + 0.009 c/d,

Table 2. Antibodies used in the study.

About 50 pg of protein sample was resolved using Protein ID Manufacturer Catalog#
NuPAGE Bis-Tris pre-cast gels (Thermo Fisher Scientific) Grp78 Thermo Fisher Scientific PA1-014A
and transferred to a nitrocellulose membrane. After block- Irel Thermo Fisher Scientific PA5-20189
ing the membrane for 1 h in blocking buffer, membranes p-lreta Thermo Fisher Scientific PA1-16927
were probed with primary antibodies (Table 2). This was Chop Thermo Fisher Scientific MA1-250
followed by incubation with HRP-conjugated secondary /-tubulin Thermo Fisher Scientific MAS-16308
antibodies. Detection was performed using an enhanced pf; ganiacruz ﬁnggojy (253) sc_?:ggso
chemiluminescence kit (GE Healthcare, Chicago, IL). = antacruz Antibody (C-3) ¢
Table 1. TagMan Gene Expression Assay Primers and Probes.
Reference Amplicon
Genes Assay ID sequence length
18S ribosomal RNA (18s rRNA) MmO04277571 NR_003278 115
Glucose regulated protein78 (Grp78) MmO00517691 NM_001163434 75
eukaryotic translation initiation factor 2 Mm00438700 NM_010121 62
alpha kinase 3 (Perk)
ER to nucleus signaling 1 (Ire1x) Mm00470233 NM_023913 95
Activating transcription factor 6 (Atf6) MmO01295319 NM_001081304 74
Spliced X-box binding protein 1 (sXbp1) MmO00457357 NM_001271730 56
DNA-damage inducible transcript 3 (Chop) MmO01135937 NM_001290183 92
Intercellular adhesion molecule 1 (Icam1) MmO01175876 NM_010493.2 94
Vascular cell adhesion molecule 1 (Vcam1) MmO01320973 NM_011693.3 126
Chemokine (C-C moitif) ligand 2 (Ccl2) MmO00441242 NM_011333.3 74
Endothelin 2 (Edn2) Mm00432983 NM_007902.2 74
Tissue inhibitor of metalloproteinase 1 (Timp1) MmO01341361 NM_001044384.1 100
Cholesterol 25-hydroxylase (Ch25h) Mm00515486 NM_009890.1 126
Cyclin-dependent kinase inhibitor 2A (p16/Cdkn2a) Mm00494449 NM_009877.2 55
cyclin-dependent kinase inhibitor 1A (p21/Cdkn1a) MmO04205640 NM_007669.4 80
tumor protein 53 (p53) MmO01731290 NM_011640.3 119
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Figure 1. Deterioration in visual acuity and contrast sensitivity in tie2-TNF mice. (a) Visual acuity expressed in c/d was measured by presenting black and white bars of
varying spatial frequencies at 100% contrast, and the contrast sensitivity was measured by changing the gradient that generates tracking at a fixed spatial frequency of
0.042 c/d (b). Contrast sensitivity in mice expressed as percentage. Data represent Mean + SEM from n=5 animals. *p < 0.05 as indicated. (A color version of this

figure is available in the online journal.)
TNF: tumor necrosis factor.
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Figure 2. Decrease in ERG amplitudes in tie2-TNF mice (a). b-wave amplitude measurement in mice expressed as uV. (b) a-wave amplitude measurement in mice
expressed as uV. Data represent Mean + SEM from n =5 animals. *p < 0.05 compared with five-month WT mice; T p < 0.05 compared with five-month tie2-TNF mice.

(A color version of this figure is available in the online journal.)
TNF: tumor necrosis factor.

p < 0.05) as well as the five-month tie2-TNF mice group (p
< 0.05). Interestingly, five-month tie2-TNF mice showed
significantly decreased acuity compared with 10-month
WT mice. In corroboration with a decrease in visual
acuity, contrast sensitivity was significantly increased in
five-month tie2-TNF mice compared with five-month WT
mice (five-month TNF, 23.0 &+ 0.018%; five-month WT, 18.9
+0.010%, p < 0.05). Again as expected, 10-month tie2-TNF
mice demonstrated a further increase when compared with
both the 10-month WT (10-month TNEF, 25.8 + 0.02%;
10-month WT, 20.3 & 0.01%, p < 0.05) as well as the five-
month tie2-TNF mice group (p < 0.05). Consistent with
visual acuity defects, contrast sensitivity also increased in
the five-month tie2-TNF mice compared with 10-month WT
mice (p < 0.05). There were no differences in visual acuity
or contrast sensitivities between 5- and 10-month WT mice.

Next, we examined the electrophysiological changes
generated by neuronal and non-neuronal cells in the

mouse retina from all groups. Dark-adapted scotopic ERG
responses were recorded from both eyes of WT and
tie2-TNF transgenic mice (Figure 2(a)). When compared
with age-matched WT mice, five-month tie2-TNF mice
demonstrated a substantial decrease in the b-wave ampli-
tude in the scotopic range with the data being significant at
25 cd.s.m” flash intensity (five-month TNF, 230 + 28 uV;
five-month WT, 262 £ 31 pV, p < 0.05). This decrease was
further exacerbated in 10-month tie2-TNF mice when
compared with 10-month WT group (10-month TNE, 169
+ 174 nV; 10-month WT, 228 £+ 24.7 pV, p < 0.05), also as
compared with the five-month tie2-TNF mice group (p <
0.05). However, five-month tie2-TNF mice did not show a
statistically significant decrease in b-wave response com-
pared with 10-month WT mice, despite the reduction in b-
wave amplitudes. Finally, no significant differences were
observed in b-wave amplitudes between 5- and 10-month
WT mice.
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Outer retinal defects are reflected in a-wave changes in
ERG. When compared with age-matched WT mice,
10-month old tie2-TNF mice demonstrated a substantial
decrease in the a-wave amplitude (10-month WT,
-92.9682 + 15.5 pV; 10-month TNEF, -41.8247 + 21.5 pV, p
< 0.05). However, both five-month WT and five-month tie2-
TNF mice did not show any alterations in a-wave response
(five-month WT, -96 + 20.9 pV; 5-month TNF, -100 £ 13.2
nV, p > 0.05) (Figure 2(b)). Finally, no significant differences
were observed in a-wave amplitudes between 5- and 10-
month WT mice.

tie2-TNF transgenic mice exhibit retinal
premature senescence

Retinal tissues from both 5-month and 10-month tie2-TNF
mice and their age-matched WT mice were harvested
for senescence-associated gene transcripts by quantitative
real-time qPCR. The expressions of p16, p21, and p53 genes
were significantly elevated (>2 fold, p < 0.05) in five-month
tie2-TNF mice when compared with age-matched WT mice
(Figure 3(a)). Subsequently, 10-month tie2-TNF mice group
demonstrated a further increase in all three gene transcripts
when compared with both the age-matched WT group and
five-month tie2-TNF mice. Interestingly, five-month
tie2-TNF mice demonstrated significant elevations of
senescence markers when compared with 10-month WT
mice group (>1.5 fold, p < 0.05). There were no significant
differences in expressions of senescence markers between
5- and 10-month WT mice.

Consistent with the gene transcript data, protein expres-
sion of senescence markers p16 and p21 was also increased
in five-month tie2-TNF mice compared with WT mice
(>2 fold, p < 0.05) (Figure 3(b)). Interestingly, the expres-
sion of these proteins was further increased significantly in
10-month tie2-TNF mice compared with both 10-month WT
mice and five-month tie2-TNF mice (p < 0.05). Finally,
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five-month tie2-TNF mice demonstrated significant eleva-
tion of senescence markers when compared with the
10-month WT mice (>2 fold, p < 0.05).

tie2-TNF transgenic mice exhibit markers of retinal
inflammation

We next assessed retinal inflammatory gene transcripts by
quantitative real-time qPCR assay in the five-month and
10-month tie2-TNF mice and their age-matched WT mice.
A significant increase in adhesion molecules including
Icaml and pro-inflammatory cytokines and biomarker
panel genes implicated in diabetic retinopathy research,**
including chemokine (C-C motif) ligand 2 (Ccl2), Timpl,
Ch25h, and Edn2, were significantly upregulated
(>2 fold, p < 0.05) in five-month tie2-TNF mice compared
with age-matched WT mice (Figure 4). Interestingly, vascu-
lar cell adhesion molecule-1 levels (Vcam1), Timp1, Ch25h,
and Edn2 were further increased in 10-month tie2-TNF
mice (>2 fold, p < 0.05) compared with both age-
matched WT group and five-month tie2-TNF mice. Also,
five-month tie2-TNF mice demonstrated significant eleva-
tion of Icaml, Vcaml, and Edn2 gene transcripts when
compared with 10-month WT mice group (>2 fold, p <
0.05). There were no significant differences in inflammatory
markers between 5- and 10-month WT mice.

tie2-TNF transgenic mice exhibit markers of ER stress

We next investigated whether ER stress is involved in
senescent cell-cycle arrest pathways in five-month and
10-month tie2-TNF mice and their age-matched WT
mice. Using a quantitative real-time qPCR assay, we mea-
sured mRNA levels of ER stress markers including
glucose-regulated protein-78 (Grp78), double-stranded
RNA-activated protein kinase-like ER kinase (Perk), inosi-
tol requiring enzyme 1 (Irela), activating transcription
factor 6 (Atf6), spliced X box-binding protein (sXbpl),
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Figure 3. Increased senescence in tie2-TNF mice. (a) Whole retinal tissue extract analyzed for gene expression of senescence markers by Tagman qPCR expressed
as fold change normalized to internal control in the study groups. (b) Representative immunoblots of senescence markers in the whole retinal tissue extract analyzed
for protein senescence markers from the study groups (top). Densitometric analysis of target protein expressed as fold change normalized to internal control in the
study groups (bottom). Data represent Mean 4 SEM from n =5 animals. *p < 0.05 compared with five-month WT mice; T p < 0.05 compared with five-month tie2-TNF
mice; # p < 0.05 compared with 10-month WT mice. (A color version of this figure is available in the online journal.)

TNF: tumor necrosis factor.
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Figure 4. Increased inflammation in tie2-TNF mice. Whole retinal tissue extract analyzed for gene expression of inflammatory markers by Tagman qPCR expressed as
fold change normalized to internal control in the study groups. Data represent Mean + SEM from n=5 animals. *p < 0.05 compared with five-month WT mice; t
p < 0.05 compared with five-month tie2-TNF mice; # p < 0.05 compared with 10-month WT mice. (A color version of this figure is available in the online journal.)

TNF: tumor necrosis factor.
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Figure 5. Activation of ER stress markers in tie2-TNF mice. (a) Whole retinal tissue extract analyzed for gene expression of ER stress markers by Tagman gPCR
expressed as fold change normalized to internal control in the study groups. (b) Representative immunoblots of senescence markers in the whole retinal tissue extract
analyzed for protein ER stress markers from the study groups (top). Densitometric analysis of target protein expressed as fold change normalized to internal control in
the study groups (bottom). Data represent Mean + SEM from n =5 animals. *p < 0.05 compared with five-month WT mice; 1 p < 0.05 compared with five-month tie2-
TNF mice; # p < 0.05 compared with 10-month WT mice. (A color version of this figure is available in the online journal.)

TNF: tumor necrosis factor.

and C/EBP homologous protein (Chop) in retinal tissues
(Figure 5(a)). While the mRNA expression of Grp78, Irelo,
sXbpl, and Chop were significantly elevated in retinal
tissues of five-month tie2-TNF mice compared with age-
matched WT mice (>2 fold, p < 0.05), Perk and Atf6 both
increased but without achieving statistical significance.
Interestingly, the expression of these genes further
increased significantly in 10-month tie2-TNF mice com-
pared with both 10-month WT mice and five-month
tie2-TNF mice (p < 0.05). Finally, five-month tie2-TNF
mice demonstrated significant elevation of ER stress

gene transcripts (Irelo, sXbpl, and Chop) when compared
with 10-month WT mice group (>2 fold, p < 0.05). There
were no significant differences in ER stress markers
between 5- and 10-month WT mice.

Consistent with the gene transcript data, protein expres-
sion of other ER stress markers, Grp78, p-Irela, and Chop,
were also increased in five-month tie2-TNF mice compared
with WT mice (>2 fold, p < 0.05) (Figure 5(b)). The expres-
sion of these proteins was further increased significantly in
10-month tie2-TNF mice compared with both 10-month WT
mice and five-month tie2-TNF mice (p < 0.05). Finally, five-
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month tie2-TNF mice demonstrated significant elevation of
ER stress activation when compared with the 10-month WT
mice (>2 fold, p < 0.05).

Discussion

Using a mouse model of chronic vascular activation
through endothelial-specific TNF-o -expressing mice,
in this study, we demonstrate accelerated age-associated
visual deficits between mice of 5 and 10 months of age.
Interestingly, these defects correlated with premature
senescence (pl6, p21, p53) in the retina accompanied by
ER stress (Grp78, Irelo, Chop). Our data demonstrate that
age intensifies endothelial inflammation leading to visual
deficits. Vision loss in most retinal diseases—like diabetic
retinopathy, diabetic macular edema, and some inherited
retinal disorders —affects the quality of life of working age
adults.*" Our study using mice of 5 and 10 months of age is
highly relevant for this demographic, with human equiva-
lencies of approximately 35 and 50 years of age, represent-
ing mature and middle age adults, respectively.*

The role of tmTNF-o signaling in retinal diseases is
emerging. We recently demonstrated that tie2-TNF-
expressing diabetic mice display retinal inflammation and
ER stress accompanied by visual deficits.”' Although the
exact cellular signaling mechanisms are unclear, our stud-
ies show that constant endothelial activation induced by
tmTNF-0, and further exacerbated by hyperglycemia,
results in the activation of ER stress and chronic pro-
inflammation in a feed forward loop, ultimately resulting
in neurovascular alterations that lead to visual deficits in
the retina.?! Germane to our results, tmTNF-o is known to
participate in both forward and reverse signaling in certain
type cells and causes activation or suppression of NFkB cell
survival pathways, depending upon whether it acts like a
ligand or receptor.” Consequently, a variety of roles for
tmTNF-a signaling have been established including: athe-
roprotection34; spontaneous nephropathyzo; protection
from con-A induced acute hepatitis®*; resistance to apopto-
sis and drug resistance in breast cancer’’; inducement of
chronic inflammatory arthritis'®; proliferation of endotheli-
al colony-forming cells®; angiogenesisZS; liver injury37;
insulin sensitization®; neuroprotectionsg; inducement of
colitis*”; and VEGF-induced vascular permeability.*" Tt
remains to be determined how tmTNF-o signaling in
retina contributes to observed retinal degeneration, and
whether targeting tmTNF-a signaling may be a viable ther-
apeutic strategy in retinal diseases.

Significant increases in senescence markers in the TNF
mice were observed at five months of age, with a further
increase at 10 months, compared with their age-matched
wildtype controls. The connection between inflammation
and cellular senescence is evident from past studies,
which have demonstrated that senescence is associated
with gene expression patterns similar to those observed
in inflammatory responses. Recent evidence in experiments
with endothelial cells,** fibroblasts,'? and epithelial cells*
have demonstrated that cellular senescence is accompanied
by a prominent increase in the secretion of several inflam-
matory factors that participate in intercellular signaling,

possibly playing a variety of roles including the clearance
of senescent cells.***® In accordance with this, our studies
demonstrated retinal inflammation at five months of age,
with most inflammatory genes demonstrating a further
increase at 10 months. Senescence is usually accompanied
by the induction of expression and/or activity of
p16INK4A and p53***; p53 in turn induces the expression
of its transcriptional target p21WAF1. Together with
pl6INK4A, p21WAF1 inhibits the activity of cyclin-
dependent kinases that phosphorylate retinoblastoma pro-
tein at the G1/S transition, thereby resulting in cell cycle
arrest and other phenotypes of senescence. Accordingly, we
show a significant increase in both p16INK4A and p53 in
TNF mice, both at five months with further exacerbated
levels at 10 months of age. Previously, we have shown
that mature but not highly proliferative endothelial cells,
expressed p16INK4A under the influence of TNE.” Taken
together, these studies establish the role for TNF in prema-
ture senescence in the retinal tissue, although further work
is still necessary to elucidate the exact mechanisms by
which p16INK4A induces senescence in this model.

Multiple factors including inflammation and senescence
can result in a buildup of unfolded or misfolded proteins
in the ER lumen, a condition known as ER stress. The UPR
is evoked in response to ER stress to manifest cellular
homeostasis by activation of three ER membrane-bound
transducers; Irela, Atf6, and Perk. There are isolated obser-
vations demonstrating the implications of ER stress-
mediated premature senescence through the Atf4/pl6
pathway in epithelial cells,*’ p21 signaling,* or an increase
of the Xbpl spliced form which have been reported in
studies involving adriamycin-induced senescence in lym-
phomas cells.*” A recent study has shown inflammation-
induced upregulation of ER stress markers (elF2a, Grp78,
and Atf4) in the aged mouse brain.”® In accordance with
these studies, our results show significant upregulation of
Grp78, Irela, and Chop with increasing age, with 10-month
tie2-TNF mice showing the greatest amount of change, pos-
sibly mediated by underlying endothelial inflammation.
This is in agreement with a study that demonstrated that
inhibition of Irelo-mediated UPR initiates the p38/SKN-1
(Nrf2) antioxidant response,”’ thereby postponing age-
related health decline. Future investigations, beyond the
scope of the current study, need to establish more mecha-
nistic insight, so as to delineate which arm of UPR is
involved in the downstream effects of ER stress-mediated
senescence in this model.

It is interesting to note that visual deficits seen in TNF
mice increased in an age-dependent fashion, with animals
10 months old showing more defects when compared with
those five months of age. Both ERG and OKN defects
observed in the model are consistent with other rodent
models that display inflammation,®> ER stress,”® neuro-
transmitter defects,® or retinal microcirculation,®®° all of
which are correlated with premature cellular senescence
and/or ER stress pathways. Specifically, inflammation
and oxidative stress have been linked to outer retinal
defects, with photoreceptors having the highest suscepti-
bility to oxidative damage.”” It is possible that the expres-
sion of TNF in the inner retina may cause excessive



inflammatory and/or oxidative stress in the outer retina, as
reflected by decreases in a-wave amplitudes in our model.
Since tie2 may also be expressed during embryogenesis®
and within immune cell precursors,” it is possible that the
expression of tmTNF- o in this model may also be
expressed in other cell types of the retina, thereby influenc-
ing the observed inflammatory phenotype. In future stud-
ies, we plan to use other specific methods, including the use
of pharmacological agonists or antagonists, to tease out the
exact cellular origins of these defects in our model.

In conclusion, our data demonstrate that tie2-TNF mice
demonstrate age-associated increases in visual deficits.
Given the correlation of increased ER stress with the loss
of visual function, and correlation of increased endothelial
activation with premature senescence, our study suggests a
self-perpetuating loop of UPR pathways and senescence in
propagating age-associated neurovascular defects in
this model.
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