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thioredoxin-interacting
protein preserves retinal
neuronal function by
preventing inflammation
and vascular injury
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Retinal neurodegeneration is an early and critical event in several diseases associated with blindness. Clinically, therapies that
target neurodegeneration fail. We aimed to elucidate the multiple roles by which thioredoxin-interacting protein (TXNIP)

contributes to initial and sustained retinal neurodegeneration.

EXPERIMENTAL APPROACH

Neurotoxicity was induced by intravitreal injection of NMDA into wild-type (WT) and TXNIP-knockout (TKO) mice. The
expression of apoptotic and inflammatory markers was assessed by immunohistochemistry, eLisa and Western blot.
Microvascular degeneration was assessed by periodic acid-Schiff and haematoxylin staining and retinal function by

electroretinogram.

KEY RESULTS

NMDA induced early (1 day) and significant retinal PARP activation, a threefold increase in TUNEL-positive nuclei and 40%
neuronal loss in ganglion cell layer (GCL); and vascular permeability in WT but not TKO mice. NMDA induced glial activation,
expression of TNF-a and IL-18 that co-localized with Miiller cells in WT but not TKO mice. In parallel, NMDA triggered the
expression of NOD-like receptor protein (NLRP3), activation of caspase-1, and release of IL-18 and TNF-o. in primary WT but
not TKO Miller cultures. After 14 days, NMDA induced 1.9-fold microvascular degeneration, 60% neuronal loss in GCL and
increased TUNEL-labelled cells in the GCL and inner nuclear layer in WT but not TKO mice. Electroretinogram analysis showed

more significant reductions in b-wave amplitudes in WT than in TKO mice.

CONCLUSION AND IMPLICATIONS

Targeting TXNIP expression prevented early retinal ganglion cell death, glial activation, retinal inflammation and secondary
neuro/microvascular degeneration and preserved retinal function. TXNIP is a promising new therapeutic target for retinal

neurodegenerative diseases.

© 2013 The British Pharmacological Society
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ARVO, association for research in vision and ophthalmology; ASC, apoptosis-associated specklike adaptor protein; BRB,
blood retinal barrier; CARD, caspase-recruitment domain of the adaptor protein ASC; DAMPs, damage-associated
molecular pattern molecules; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); ERG, electroretinogram; GCL, ganglion cell
layer; GFAP, glial fibrillary acidic protein; INL, inner nuclear layer; NADPH, nicotinamide adenine dinucleotide
phosphate; NLRP3, NOD-like receptor protein; NMLA, N-methyl-L-aspartate; OCT, optimum cutting temperature
compound; ONL, outer nuclear layer; PARP, poly-ADP-ribose polymerase; PASH, periodic acid-Schiff and haematoxylin;
PBST, PBS plus 0.02% Tween 20; RGC, retinal ganglion cell; tMC-1, rat retinal Miiller cell line; Trx-R, thioredoxin
reductase; TKO, TXNIP-knockout; TUNEL, terminal dUTP nick-end labeling; TXNIP, thioredoxin interacting protein

Introduction

Retinal ganglion cell (RGC) death is a hallmark of multiple
retinal diseases, including traumatic optic neuropathy, dia-
betic retinopathy and glaucoma (Schmidt etal.,, 2008;
Whitmire et al., 2011). NMDA is an analogue of glutamate,
the primary excitatory neurotransmitter in the retina. NMDA
overstimulation of retinal neurons triggers RGC death as a
result of its excitatory neurotoxic effect (Lam et al., 1999).
We and others have used an NMDA-induced neurotoxicity
model in an attempt to elucidate the possible molecular
mechanisms of RGC death and develop therapeutic targets
(Al-Gayyar et al., 2010; 2011; Bessero et al., 2010; Shimazawa
et al., 2010; Koseki et al., 2012). Interestingly, clinical trials
using memantine to block NMDA receptor activity in glau-
coma patients did not achieve the anticipated outcome
(Osborne, 2009); therefore, identifying downstream signals
secondary to RGC death can lead to devising better therapeu-
tic targets than targeting the NMDA receptor itself.

In response to RGC death, glial cells become activated and
release cytokines and inflammatory mediators that can
adversely affect other retina cell types including neurons and
vasculature. In previous studies, using the NMDA model, we
identified thioredoxin-interacting protein (TXNIP) as a pro-
oxidative and pro-apoptotic stress sensor that plays a pivotal
role in retinal neuronal death (Al-Gayyar et al., 2010; 2011).
However, the exact role of TXNIP in mediating glial inflam-
mation in neurotoxicity models has not been explored.
TXNIP has been recently identified as an activator of the
NOD-like receptor protein (NLRP3) inflammasome, the most
established multi-protein complex responsible for instigating
sterile innate inflammatory responses. Inflammasome activa-
tors can induce the dissociation of TXNIP from thioredoxin
in a reactive oxygen species-sensitive manner, allowing it
to bind to NLRP3. NLRP3 then oligomerizes with the ASC
(apoptosis-associated speck-like) adaptor protein that recruits
procaspase-1, allowing its auto-cleavage and activation. Acti-
vated caspase-1 enzyme in turn cleaves up-regulated prema-
ture pro-inflammatory cytokines IL-1p and IL-18 before their
release (Schroder et al., 2010; 2012). A recent study showed
that hyperglycaemia can trigger TXNIP-mediated NLRP3
inflammasome activation and the release of IL-1f in retinal
Miiller cells (Devi et al., 2012). Therefore, we were particularly
interested in examining whether the NLRP3 inflammasome
also plays an important role in the NMDA-induced stress
response. The current study was undertaken to assess the
neuroprotective effect of TXNIP deletion on both the short-
and long-term effects of NMDA-induced retinal neurotoxic-
ity. Wild-type (WT) and TXNIP-null mice received intravitreal
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injections of NMDA to determine the effect of TXNIP on
inflammation, vascular integrity and retinal function. The
results indicate that TXNIP deletion protected against retinal
vascular degeneration and preserved retinal function.

Methods

Animals

Experiments were approved by the Institutional Committee
for Animal Use in Research and Education at Charlie
Norwood VA Medical Center (ACORP #04-12-043) and con-
formed to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. All experiments were per-
formed using age-matched WT C57Bl1/6 mice (Jackson Labo-
ratory, Bar Harbor, ME, USA) and TXNIP-knockout (TKO)
mice (Hui et al., 2008) that were a kind gift from Dr AJ Lusis
and Dr ST Hui at the BioSciences Center, San Diego State
University, San Diego, CA, USA. TKO mice were similar in
weight and activity to WT littermates, with no differences in
food consumption or litter sizes. Genotyping was performed
as described previously by our group (Abdelsaid et al., 2013).
The mice were kept at 20°C, maximum five mice in a single
cage, with a 12 h day/12 h night cycle and had free access to
water and food (standard diet). All studies involving animals
are reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny etal.,
2010; McGrath et al., 2010). Neurotoxicity was induced by
intravitreal injection of 2 pL NMDA (40 nmol = 5.9 ug dis-
solved in normal saline; Sigma-Aldrich, St. Louis, MO, USA)
in deeply anaesthetized animals and an equal concentration
of N-methyl-L-aspartate (NMLA); the inactive stereo-isomer
of NMDA (Santa Cruz Biotech, Santa Cruz, CA, USA) served as
the control, as previously described by our group (El-Remessy
et al., 2003; Al-Gayyar et al., 2010). Mice were anaesthetized
with an i.p. injection of 1% avertin (2,2,2-tribromoethanol)
initially dissolved in tert-amyl alcohol then final dilution
(100 mL) in buffered saline then injected at 25 uL-g™* of body
weight. Depth of anaesthesia was evident by loss of reflex
response to forceps. The dose of NMDA was selected based on
previous studies (Bonhomme-Faivre et al., 2002; Al-Gayyar
et al., 2010). A total of 80 mice were divided into a total of
four groups: two WT groups received intravitreal injections of
either NMDA (WT-NMDA) in both eyes, or NMLA (WT-
NMLA) as the control group, and two TKO groups were given
the same intravitreal injections of either NMDA (TKO-
NMDA) or NMLA (TKO-NMLA) as a control. Mice were killed
using the CO, chamber and the eyes were immediately enu-
cleated after either 1 day or 14-21 days after injection for



studying the acute short-term and the long-term effects,
respectively, of NMDA toxicity in both WT and TKO mice.

Tissue culture studies

Primary mouse Miiller cells were isolated and used for experi-
ments as described previously (Mysona et al., 2009). Briefly,
Miiller cells were isolated from 6- to 7-day-old mice and were
grown to confluence in complete medium (5 mM glucose
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin). For the experiments, Miiller cells were
switched to serum free media and were treated with 10 uM
NMDA overnight. The rat retinal Miiller cell line (rMC-1), a
kind gift from Dr Vijay Sarthy, was utilized to establish the
NMDA dose needed before performing the primary Miiller
cell experiments.

ELISA assay of inflammatory mediators

TNF-o and IL-18 in cell-conditioned media were detected by
TNF-o and IL-1 ELisa sensitive kits (R&D Systems, Minneapo-
lis, MN, USA). Equal volumes of conditioned media for each
treatment group were concentrated using Amicon 10 K con-
centration columns (Millipore, Temecula, CA, USA) and then
the ELIsA was performed by following the manufacturer’s pro-
tocol. The levels of TNF-o; and IL-1p are expressed as pg-mL!
of cell-conditioned media.

Evaluation of neuronal cell death in

mouse retina

TUNEL was performed using the ApopTAG in situ apoptosis
detection kit (Millipore, Billerica, MA, USA), following the
manufacturer’s instructions. Briefly, optimum cutting tem-
perature (OCT)-frozen eye sections were fixed and incubated
with terminal deoxynucleotidyl transferase enzyme followed
by incubation with anti-digoxigenin conjugate. Propidium
iodide (1 ug-mL™) was added as a nuclear counterstain and
coverslips were applied using Vectashield mounting medium
for fluorescence (Vector Laboratories, Burlingame, CA, USA).
Four mice from each group and six sections for each animal
were used. Each section was systematically scanned and
counted for green fluorescent TUNEL-positive cells in retinal
layers, which indicates apoptosis. Images were obtained using
an AxioObserver.Z1 Microscope (Carl Zeiss, Jena, Germany)
with 200x magnification.

Counting number of neuronal cells in
ganglion cell layer (GCL)

OCT-frozen retinal sections were stained with haematoxylin
and eosin (H&E) for light microscopy. The nuclei in the GCL,
excluding nuclei in the vessels, were counted in four loca-
tions in each retina [both sides of the optic nerve (central)
and mid-retina (peripheral)] in a masked manner as described
previously (Zheng et al., 2007; Matragoon et al., 2012). Of
note, multiple fields count resulted in a single data point
for each animal and four to six animals from each group
were used. Retinas were imaged with an AxioObserver.Z1
Microscope.

Western blot analysis
Retinas and cultured Miiller cells were homogenized in RIPA
and processed for Western blotting to examine the expression

TXNIP-mediated retinal inflammation and injury

of various proteins as described previously by our group (Ali
et al., 2008; Al-Gayyar et al., 2010). The total amount of
protein was determined by protein assay (DC protein assay;
Bio-Rad, CA, USA). Samples (30 pg protein) were separated by
SDS-PAGE and transferred to a nitrocellulose membrane. The
membranes were blocked in PBS, 0.02% Tween 20 (PBS-T),
containing 5% non-fat milk. Antibodies for TXNIP (Santa
Cruz Biotechnology), PARP (BD Bioscience Pharmingen, San
Diego, CA, USA), NLRP3 (Enzo Life Sciences, Farmingdale,
NY, USA) and cleaved caspase-1 (Enzo Life Sciences) were used
in 1:500 dilutions in PBS-T containing 5% non-fat milk over-
night at 4°C. Membranes were re-probed with 1:2000 B-actin
(Sigma-Aldrich) in PBS-T containing 5% non-fat milk for 2 h
to confirm equal amounts of protein were loaded. Primary
antibody was detected by 1:5000 dilutions of HRP-conjugated
sheep anti-mouse or anti-rabbit antibodies in PBS-T and
enhanced chemiluminescence (GE Healthcare, Piscataway,
NJ, USA). The band intensity was quantified using densitom-
etry software (Alpha Innotech, Santa Clara, CA, USA) and
expressed as relative optical density.

Determination of thioredoxin reductase
(Trx-R) activity

Trx-R activity was measured using a colorimetric assay
kit (Sigma-Aldrich) as previously described by our group
(Al-Gayyar etal.,, 2011). Briefly, retinal samples were
homogenized in assay buffer followed by the addition of
5,5’-dithiobis(2-nitrobenzoic acid) (DTNB) with NADPH.
Reduction of DTNB produced a strong yellow colour that was
measured colorimetrically at 412 nm. TRX-R activity was
measured by the difference between DTNB measurement of
sample and sample plus selective TRX-R inhibitor and
expressed as unit g'min’.

Measurement of nitrotyrosine

Slot blot analysis was performed as described previously (Ali
et al., 2008; Abdelsaid et al., 2010). Retinal homogenates were
immobilized onto a nitrocellulose membrane. After being
blocked, membranes were incubated with a 1:500 dilution of
nitrotyrosine (Calbiochem, San Diego, CA, USA) antibody
followed by HRP-conjugated sheep anti-rabbit antibody and
enhanced chemiluminescence (GE Healthcare). The optical
density of various samples was quantified using densitometry
software (Alpha Innotech).

Immunolocalization studies

OCT-frozen sections (10 um) were fixed using 2% paraform-
aldehyde, blocked using 5% goat serum dissolved in 1% BSA
in 0.3% Triton X-100 in PBS and then incubated with the
following antibodies overnight: polyclonal anti-glial fibrillary
acidic protein (GFAP) as a marker of glial cell activation
(Santa Cruz Biotechnology), polyclonal anti-IL-1p and mono-
clonal anti-TNF-o. (Santa Cruz Biotechnology). All the
primary antibodies were used in 1:100 dilutions in 1% BSA in
0.3% Triton X-100 in PBS. Then, the sections were incubated
with 1:500 dilutions of Texas-red or Oregon-green-conjugated
goat anti-mouse or goat anti-rabbit antibodies (Invitrogen,
Grand Island, NY, USA) for 2 h. Images (n = 4 in each group)
were collected using an AxioObserver.Z1 Microscope.
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Determination of blood-retinal barrier

(BRB) breakdown

BRB breakdown was measured as previously described by our
group (Ali etal., 2011) by i.v. injection of BSA-fluorescein
(20 mg-kg™) in all groups. Animals were killed 30 min after
injection, and plasma and retinal lysates were collected.
Plasma and retinal lysate samples were assayed for fluorescein
concentration using a plate reader (excitation 370 nm, emis-
sion 460 nm; Bio-Tek, Winooski, VT, USA). A standard curve
was established using BSA-fluorescein in normal mouse
serum. The fluorescein intensity of retinal lysate was normal-
ized to the fluorescein intensity of plasma samples.

Determination of degenerated

(acellular) capillaries

The retinal vasculature was isolated as described previously
(Stitt et al., 1997; Zheng et al., 2007; Al-Gayyar et al., 2010).
Briefly, fresh enucleated eyes were fixed with 2% paraformal-
dehyde overnight. Retina cups were dissected from underly-
ing retina pigment epithelium/choroid/sclera, washed in PBS
and then incubated with 3% crude Difco trypsin250 (BD
Diagnostic System, Franklin Lakes, NJ, USA) in 20 nM Tris
buffer, pH 8, at 37°C for 2 h. The vitreous was gently removed
from the retinal vasculature. The vasculature was soaked in
several washes of 0.5% Triton X-100 to get rid of neuronal
portions of retina. The transparent vasculature was laid out
on slides and stained with periodic acid-Schiff and haema-
toxylin for the examination of acellular capillaries. A micro-
scope (400x) was used to identify acellular capillaries, which
are capillary-sized vessels containing no nuclei anywhere
along their length. Six animals were used for each group and
the number of acellular capillaries was counted in a masked
manner in 10 fields of different areas of the mid-retina and
calculated as the number mm of retinal area.

Electroretinogram analysis

Mice were dark-adapted overnight and anaesthetized with 4%
isoflurane in oxygen, lowered to 1.5% isoflurane during
testing. Drops of proparacaine were placed in each eye for
topical anaesthesia, and pupils were dilated with tropicamide
and phenylephrine. Needle electrodes were placed in the tail
(ground) and cheeks (references), Dawson-Trick-Litzkow
electrodes were gently positioned on the eyes, and a drop of
hypromellose was added to ensure conductivity and lubricate
the eye.

A wide variety of stimuli were generated, including 5 ms
flashes, either from darkness (scotopic) or from a background
luminance level (photopic). Other stimuli include pseudor-
andom noise sequences, where the luminance varies over the
trial and the response is correlated with the stimulus to
obtain kernels describing the retinal mechanisms that trans-
form stimulus to response.

Responses to brief flashes were analysed primarily by
measuring the amplitudes of the a- and b-waves. The a-wave
is the initial negative response following within about 10 ms
of the flash onset, and originating largely from photoreceptor
and OFF-bipolar cell hyperpolarization. The b-wave is a large
positive signal that breaks into the a-wave and peaks between
about 30 and 200 ms, arising largely from ON-bipolar activ-
ity. We also analysed the ratio of the b-wave amplitude to the
a-wave amplitude.
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Post-mortem eye specimens. Human eyes that were obtained
from the Georgia Eye Bank (Atlanta, GA, USA) had the fol-
lowing selection criteria: either open-angle glaucoma or no
glaucoma, and no life support measures. The eyes were enu-
cleated on average 5.7 + 0.8 h after death. Retinas were pre-
served by immediate freezing, followed by homogenization
and analysis of protein expression using Western blot, and
vitreous samples were collected and subjected to ELISA as
described previously. Patients’ characteristics are shown in
Supporting Information Table S1.

Statistical analysis

The results are expressed as mean = SEM. Differences among
experimental groups were evaluated by anova followed by
Tukey-Kramer multiple comparison test, unless noted other-
wise. Significance was defined as P < 0.05.

Results

Deletion of TXNIP expression prevents
NMDA-induced apoptosis and neuronal loss
Our previous analyses using intravitreal injection of NMDA
demonstrated significant up-regulation of TXNIP expression
in rat retina that was associated with RGC death (Al-Gayyar
et al., 2010; 2011). Here, we examine the neuro- and vascular
protective effect of genetic deletion of TXNIP in response to
NMDA. As shown in Figure 1A-C, 24 h after NMDA injection,
there was a massive increase in neuronal cell death as indi-
cated by ~3-fold increase of TUNEL-positive nuclei (white
arrowheads) in the GCL of WT NMDA compared with
WT-NMLA-control mice. Multiple TUNEL-positive nuclei
were observed also in the inner nuclear layer (INL) (Figure 1A,
white arrows). Retinas from TKO mice were protected from
NMDA-induced neuronal death. In parallel, the protective
effect of TXNIP deletion in NMDA-induced neuronal damage
was assessed histologically by counting the number of nuclei
in the GCL in retinal sections stained with H&E (Figure 1B-
D). Intravitreal NMDA injections resulted in ~40% reduction
in the GCL of the central and peripheral regions of the retina.
TXNIP deletion preserved GCL count in TKO mice to a level
comparable to NMLA-control mice. Of note, NMDA induced
a marked increase in number of TUNEL nuclei in the INL in
WT but not in TKO mice. To confirm that the observed cell
death is apoptosis, we also examined the expression of cleaved
PARP by Western blot. NMDA injection resulted in ~2.5-fold
increase in cleaved-PARP expression in WT mice compared
with WT-NMLA controls but not in TKO mice (Figure 1E).

Deletion of TXNIP reduces nitrotyrosine and
increases Trx-R activity

In comparison to WT, TKO mice showed a 1.45-fold of retinal
Trx-R activity at baseline level. Upon NMDA insult, Trx-R
activity was reduced by 35% in WT compared with NMLA
controls while Trx-R activity maintained a comparable level
in TKO-NMDA compared with TKO-NMLA mice (Figure 2A).
In addition, slot blot analysis of retinal nitrotyrosine forma-
tion (a marker of peroxynitrite) showed 0.7-fold reduction in
TKO mice versus WT. Upon NMDA insult, retinal nitrotyros-
ine was increased by 1.3-fold in WT mice compared with



TXNIP-mediated retinal inflammation and injury

WT-NMLA TKO-NMLA

WT-NMDA TKO-NMDA

&

TKO-NMLA

]II

A =]
1 "

TUNEL-positive nuclei in GCL
[+ ]

o

E

Cell number in GCL mm~
b4

b ST
g roghile o
WT-NMDA TKO-NMDA
D
250 -
M Peripheral
=200 Ocentral

150 -
J *
100 - *

0
WT-LA TKO-LA WT-DA TKO-DA WT-LA TKO-LA WT-DA TKO-DA

4 q

Actin

Figure 1

Cleaved-PARP/actinfWT-LA
N

*
1 4

WT-LA TKO-LA WT-DA TKO-DA
0 - T T T

WTLA TKO-LA WT-DA TKO-DA

Deletion of TXNIP expression prevents apoptosis and neuronal loss. (A, C) Representative images and statistical analysis indicating that intravitreal

injection of NMDA induced RGC death as seen by ~3-fold increase of
(white arrows) of the mouse retina compared with NMLA controls (n
significantly fewer TUNEL-positive cells than WT-NMDA mice. (B, D)
in the GCL of retinal sections stained with H&E. Intravitreal NMDA

TUNEL-positive-labelled cells mainly in the GCL (white arrowheads) and INL
=5 per group). TKO mice subjected to intravitreal NMDA injections showed
Representative images and statistical analysis showing the number of nuclei
injections resulted in 40% cell loss in the GCL in the posterior and central

regions of the WT retina which was prevented in the TKO retina (n = 6 per group). (E) Western blot analysis indicated ~2.5-fold increase in
cleaved-PARP expression in NMDA-injected retinas compared with NMLA controls (n = 4-6 per group). Enhanced cleaved-PARP expression was

not observed in TKO-NMDA mice. Data are expressed as fold value of
with WT-LA at P < 0.05. IPL, inner plexiform layer; ONL, outer nuclear

NMLA controls while the NMDA-injected TKO mice main-
tained the same nitrotyrosine level as their NMLA controls
(Figure 2B,C).

Deletion of TXNIP inhibits Miiller cell

activation and prevents retinal inflammation
Next, we investigated the protective effect of TXNIP deletion
on glial activation in WT versus TKO mice. As seen in

control and represented as mean + SEM. *Significant difference as compared
layer; ROD, relative optical density (200x magnification, scale bar is 20 pm).

Figure 3A, WI-NMDA mice showed an increased intensity of
GFAP immunoreactivity in Miiller cell filaments spanning
from the nerve fibre layer to the INL of the retina as com-
pared with the NMLA-control group. Immunohistochemical
evaluation of retinal sections detected robust expression of
TNF-o in the GCL and INL of NMDA-injected WT mice com-
pared with their corresponding controls (Figure 3B-D).
Co-localization of GFAP and TNF-a was observed particularly
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TXNIP deletion increases Trx-R reductase activity and reduces nitra-
tive stress. (A) Statistical analysis of Trx-R activity showed that NMDA
injection caused 35% reduction in WT compared with NMLA con-
trols, and that TKO retinas showed a significant increase in Trx-R
activity in both NMLA and NMDA groups (n = 8-10 per group).
(B, C) Representative image and statistical analysis of retinal nitroty-
rosine assessed by slot blot showed that NMDA injection induced
1.65-fold increase in peroxynitrite formation in WT compared with
NMLA controls, and that deletion of TXNIP expression significantly
decreased nitrotyrosine formation in both NMLA- and NMDA-
injected mice (n = 6 per group). Data are expressed as mean = SEM
for all groups. *Significant difference as compared with WT-LA at
P < 0.05.

in the nerve fibre layer and GCL (Supporting Information
Figure S1A). In Figure 3C-E, we detected abundant expression
of IL-1B that co-localized with GFAP in the GCL and INL of
NMDA-injected WT mice compared with NMLA controls.

TXNIP is required for NLRP3 inflammasome
activation and IL-1p release in

Miiller cultures

To determine the specific role of Miiller cells in TXNIP-
induced retinal inflammation, primary Miiller cells were iso-
lated from WT and TKO mice and cultured in the absence and
presence of NMDA. The required NMDA concentration to
stimulate TXNIP expression was determined with preliminary
studies in tMC-1 cells (Supporting Information Figure S1B).
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TNF-o. released into the cell-conditioned media following
NMDA exposure was measured by trisa (Figure 4A). NMDA
exposure increased TNF-o. release by threefold in WT Miiller
cells whereas no change was seen in TKO Miiller cells after
NMDA treatment, indicating TXNIP is required for NMDA-
induced retinal inflammation in Miiller cells.

To investigate whether TXNIP is required for activation of
the NLRP3 inflammasome in our NMDA model, we examined
the expression of components in the NLRP3 inflammasome
activation pathway. WT-NMDA Miiller cells were observed to
have elevated levels of NLRP3 (Figure 4B,C), which was not
observed in TKO Miiller cells. The increase in NLRP3 protein
expression was accompanied by an increase in cleavage of
caspase-1 from procaspase-1, expression in WI-NMDA Miiller
cells (Figure 4B,D). In addition, a significant up-regulation of
IL-1PB release (1.25-fold) was seen in WIT-NMDA Miiller cells
(Figure 4E). The absence of TXNIP prevented the activation of
NLRP3, cleavage of caspase-1 and the subsequent release of
IL-1B.

Deletion of TXNIP prevents NMDA-induced
early BRB breakdown, long-term neuro- and
microvascular degeneration

To examine the effect of TXNIP deletion on BRB function, WT
and TKO animals were injected with BSA-fluorescein. Vascu-
lar leakage was also observed after 24 h in WI-NMDA mice
and the absence of TXNIP reversed the vascular leakage in
TKO-NMDA mice (Figure 5A). Of note, retinas from TKO-
NMLA mice had higher baseline for BSA-fluorescein com-
pared with WT-NMLA controls. The number of acellular
capillaries was counted to determine whether BRB dysfunc-
tion is a result of vascular cell death. Although some acellular
capillaries were observed in WT mice (24 h post-injection),
no significant difference was obtained among all animal
groups (Figure 5B). However, microvascular degeneration was
evident at the long term (14 days post-injection), where
~2-fold increases in acellular capillary formation were
observed in WT mice but not in TKO mice (Figure 5C,D).
These effects were associated with neuronal cell death
assessed by TUNEL assay. As shown in Figure 6A and C,
NMDA induced several TUNEL-positive cells in all retina
layers in WT and the largest number of apoptotic cells was
seen in the GCL followed by INL which contains many cell
types involved in neural retina function including bipolar,
amacrine and horizontal cells. Deletion of TXNIP signifi-
cantly prevented NMDA-induced apoptosis in the TKO-
NMDA mice as compared with the WI-NMDA mice. Further
neurotoxicity was also evident in the long-term study, in
which WT mice showed 60% loss of nuclei in the GCL
(Figure 6B,D) versus 40% loss observed after the short-term
NMDA insult (Figure 1B-D). Deletion of TXNIP preserved
neuronal cell viability and inhibited the long-term exacerba-
tion of the initial neuronal damage induced by NMDA.
Together, these results highlight the sustained neuronal and
vascular insults and degeneration in the long term after suf-
fering the initial neuronal excitotoxic effects of NMDA.

Deletion of TXNIP preserves retinal

neuronal function
To determine the long-term effect of NMDA-induced neuro-
toxicity on retinal function, electroretinogram (ERG) meas-
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TXNIP deletion inhibits Miiller cell activation and retinal inflammation. (A) Representative images showing a substantial increase in GFAP
immunoreactivity in the filaments of Miiller cells spanning across the inner portion of the neural retina in WT-NMDA mice as compared with NMLA
controls. (B, D) Representative images and statistical analysis of prominent immunolocalization of TNF-o. in the GCL and INL in WT-NMDA mice
as compared with NMLA controls. WT-NMDA mice had ~2-fold increase in TNF-o. expression relative to all other groups. (C, E) Representative
images and statistical analysis of immunolocalization of IL-1f (red) and GFAP (green) in NMDA-injected WT and TKO mice and corresponding
controls. *Significant difference as compared with the rest of the groups at P < 0.05. IPL, inner plexiform layer; ONL, outer nuclear layer (n = 4-5

per group, 200x magnification, scale bar is 20 um)

urements were performed in WT and TKO mice at 21 days
(Figure 7). To compare scotopic responses across groups,
b-wave amplitudes were normalized by a-wave amplitudes
(see Supporting Information Figure S2 for more details). It was
observed that the b-wave amplitude, originating largely
from ON-bipolar cells, was reduced after NMDA injection.
Figure 7A shows a significant decrease in the b/a wave ratio
after NMDA injection in WT mice, which was partially
restored in the TKO-NMDA mice. As shown in Figure 7B,
averaged photopic flash responses were reduced by NMDA
injection in WT mice, and they were again restored in the

TKO-NMDA mice. Figure 7C shows kernels that were obtained
to a pseudorandom noise stimulus, and again the TKO-NMDA
mice had stronger responses than the WT-NMDA mice. These
data suggest that TXNIP deletion preserves bipolar cell func-
tion to a large extent after NMDA insult.

Expression of TXNIP and release of TNF-o
and IL-1pB in human glaucoma samples

We next examined whether the same increases in TXNIP and
inflammatory end points can also be observed in humans.
Therefore, we obtained post-mortem eye tissue samples of
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TXNIP deletion prevents NMDA-induced release of inflammatory mediators in primary Miiller cell cultures. (A) Representative Western blot images
of NLRP3, procaspase-1 and caspase-1 protein expression in primary mouse Miiller cells isolated from WT and TKO mice and treated with 10 uM
NMDA. B-actin served as the endogenous control. (B, C) Statistical analysis of NLRP3, procaspase-1 and caspase-1 protein levels in WT and TKO
Miiller cells treated with NMDA. NLRP3 and caspase-1 protein levels were significantly elevated in WT-DA Miiller cells whereas TKO-DA Miiller cells
were similar to NMLA controls. (D) Quantification of IL-1f released by eLisa from WT and TKO Miiller cells treated with NMDA (10 uM). WT Miller
cells demonstrated a significant increase in IL-1B released into the supernatant following NMDA treatment while no change was observed in
TKO-DA Miiller cells. (E) Quantification of TNF-o released from primary Miiller cells isolated from WT and TKO mice and treated in the absence
and presence of NMDA. Abundant release of TNF-a was observed in the supernatant from WT-DA Miiller cells, ~3-fold greater compared with
WT-LA Miiller cells. *Significant difference as compared with the rest of the groups at P < 0.05 (n = 4 cultures per group).

control and open-angle glaucoma patients from the Georgia
Eye Bank; glaucoma is a disease well known for its retinal
neuronal degeneration events. Glaucoma patients (n = 4)
were observed to have elevated TXNIP expression in
the retina, 1.9-fold higher than non-glaucoma patients
(Figure 8A). The vitreous of glaucoma patients were found to
have 2.5- and ~3-fold higher levels of the pro-inflammatory
cytokines TNF-o. and IL-18 compared with control patients
respectively (Figure 8B,C).
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Discussion

Three important findings emerged from this study. Firstly,
deletion of TXNIP prevents early neuronal cell death, oxida-
tive stress, glial activation and blood-retina barrier break-
down in response to neurotoxic insult (Figures 1,2,5).
Secondly, TXNIP is required for NMDA-induced inflamma-
some activation and release of IL-1 and TNF-o resulting in
retinal inflammation (Figures 3,4). Thirdly, the long-term
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TXNIP deletion prevents BRB breakdown and retinal microvascular degeneration. (A) Statistical quantification of vascular permeability indicated
that NMDA induced retinal vascular leakage, evident by extravasation of BSA-fluorescein (i.v. 10 mg-kg™) in WT mice at 24 h post-injection but
not in TKO mice. *Significant difference as compared with WT-LA at P < 0.05. #Significant differences as compared with WT-DA at P < 0.05
(n = 6). (B) Statistical analysis of the acellular capillary count in NMDA-injected mice showed no significant vascular cell death evident by number
of acellular capillaries at 24 h post-injection. (C) Representative images of trypsin-digested retinas from animals that received NMDA for 2 weeks.
Retinas were stained with extracellular matrix marker type IV collagen (green), endothelial marker CD31 (red) and their merge (yellow) acellular
capillaries (red arrows). Arrow points to a typical acellular capillary that expressed extracellular matrix (green only) and lacks vascular marker. (D)
Statistical analysis of the acellular capillary count, marker of microvascular degeneration in NMDA-injected mice at 2 weeks post-injection showed
that deletion of TXNIP significantly reduced NMDA-induced capillary degeneration as compared with WT (n = 6-8 per group). *Significant

difference as compared with the rest of the groups at P < 0.05.

effects of NMDA-induced microvascular degeneration,
exacerbated neurodegeneration and compromised retinal
function were all prevented or reduced by TXNIP deletion
(Figures 5-7). Furthermore, up-regulated retinal TXNIP
expression was positively correlated with increases in TNF-a,
IL-B levels in vitreous from patients with glaucoma compared
with non-glaucoma patients (Figure 8). We believe that this

is the first report to demonstrate the multiple roles of TXNIP
in mediating and sustaining retinal injury in a model of
neurotoxicity.

Neuronal death, particularly RGC death, occurs in multi-
ple retinal diseases, including glaucoma, traumatic optic neu-
ropathy, diabetic retinopathy and retinal ischaemia (reviewed
in Osborne et al., 1999; Schmidt et al., 2008; Whitmire et al.,
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TXNIP deletion prevents long-term neuronal death and further RGC loss. (A, C) Representative images and statistical analysis of NMDA-induced
neuronal death indicating significant increases in TUNEL-labelled cells (green nuclei, white arrowheads) 2 weeks post-injection in WT mice
compared with TKO mice. Apoptotic cells were localized mostly to the GCL, and to a lesser extent INL and occasionally in the outer nuclear layer
(ONL). Sections were counterstained with propidium iodide to label cell nuclei. Images are taken from the central region of the retina. *Significant
difference as compared with the rest of the groups at P < 0.05 (n = 5-7 per group, 200x magnification, scale bar is 20 um). (B, D) Representative
images and statistical analysis of the number of nuclei in the GCL from the long-term study (2 weeks post-injection) showing exacerbated cell loss
(~75%) in the GCL in WT but not in TKO mice after NMDA injection (n = 4-6 per group). *Significant difference as compared with the rest of

the groups.

2011). Excitotoxicity due to the excess release of glutamate
resulting from metabolic stress leading to death of neurons
expressing ionotropic glutamate (NMDA) receptors is one of
the established mechanisms. Therapeutic strategies that
focused on targeting RGC death only have proven successful
in experimental models (Chen et al., 1992; Dong et al., 2008;
Wada etal., 2013), but have failed in clinical settings
(Osborne, 2009; Danesh-Meyer, 2011). Therefore, there is a
great need to examine other retinal cell types to develop more
effective neuroprotective agents that can preserve retinal
function at multiple levels. We and others have demonstrated
that overexpression of thioredoxin, a major antioxidant and
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anti-apoptotic protein or inhibiting TXNIP, can counter oxi-
dative stress and prevent RGC death in NMDA-induced neu-
rotoxicity and in other models of experimental glaucoma and
optic neuropathy (Inomata et al., 2006; Munemasa et al.,
2008; 2009; Al-Gayyar et al., 2010; 2011; Spindel et al., 2012).
Nevertheless, the impact of modulating the thioredoxin
system on other retinal cell types and the subsequent effects
on exacerbating RGC death remain unknown.

The cascade of molecular events leading to neuronal cell
death in NMDA-induced neurotoxicity includes apoptotic cell
death (Lam etal., 1999). In WT mice receiving short-term
NMDA injections, we observed a large number of apoptotic
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TXNIP deletion preserves retinal neuronal function. (A) To compare
scotopic ERG responses across groups, b-wave amplitudes were nor-
malized by a-wave amplitudes (see Supporting Information Figure S2
for more details). Means and SEMs of log ratios are shown for the
0.009 lumen intensity. Stars indicate significant differences (Wil-
coxon test, P < 0.05). (B) Averaged photopic ERG flash responses are
compared across groups. The flash had a peak luminance of 1.8
lumens on a background of 0.1 lumen, and a duration of 5 ms. (C)
Kernels were obtained from a pseudorandom noise stimulus under
photopic conditions. The noise had ‘natural’ statistics with equal
power across log temporal frequency (n = 7-8 per group).

TXNIP-mediated retinal inflammation and injury

cells in the GCL, containing RGCs and displaced amacrine
cells. Some apoptosis was observed in the INL as well. In
contrast, very few apoptotic cells were found in TKO mice
injected with NMDA. Previous studies have established that
PARP hyperactivation via NMDA receptor activity plays an
important role in apoptotic cell death (Lam etal., 1999;
Goebel and Winkler, 2006). WT-NMDA animals were found to
have increased cleaved-PARP expression, whereas TKO-NMDA
mice had similar expression to the NMLA controls. These
results demonstrate that TXNIP plays a critical role in apop-
totic cell death in NMDA-induced neurotoxicity. NMDA neu-
rotoxicity models are documented to have oxidative and
nitrative stress (El-Remessy et al., 2003; Nakajima et al., 2008;
Inokuchi et al., 2009; Al-Gayyar etal., 2010). A significant
decrease in Trx-R activity was observed in WT mice after
NMDA insult, revealing a decreased antioxidant response. Of
note, retinas from TKO mice demonstrated high levels of Trx-R
reductase activity at baseline or in response to NMDA insult, in
agreement with recent characterization of TKO model
(Abdelsaid et al., 2013). Though a significant increase in nitro-
tyrosine was observed in WT animals with NMDA, baseline
nitrotyrosine levels were lower in TKO mice, indicating better
defence against nitrative stress in the absence of TXNIP.

In response to virtually all retinal insults, Miiller glial cells
are activated, evident by enhanced expression of intermedi-
ate filaments including GFAP (Bringmann et al., 2009). Here,
we observed activation of Miiller glial cells evident by
increased GFAP expression that was associated with increases
in TNF-o and IL-1f in WT but not in TKO mice. These results
are consistent with previous findings showing that TXNIP
plays a pivotal role in glial activation and release of pro-
inflammatory cytokines (Al-Gayyar et al., 2011; Trueblood
et al., 2011; Devi et al., 2012). TXNIP can contribute to retinal
inflammation via multiple pathways including activation of
NF-xB and transcription of inflammatory mediators (Perrone
et al., 2009) and activation of the inflammasome assembly
(Devi et al., 2012). Inflammasome is a multiprotein complex
of the NLRP that activates an inflammatory cascade by
binding procaspase-1 via caspase-recruitment domain of
the adaptor protein ASC (Mariathasan et al., 2004). Once
caspase-1 is activated, it can execute initial pro-inflammatory
signals via caspase-1-dependent proteolytic maturation and
secretion of IL-1B, IL-18 and interferon-y. To examine the
specific role of TXNIP in glial inflammation, we isolated
primary Miiller cells from both WT and TKO that were sub-
jected to NMDA insult and examined release of inflammatory
mediators. Pilot studies indicated that 10 uM NMDA expo-
sure can induce TXNIP expression in a Miiller cell line (Sup-
porting Information Figure S1). Here, we demonstrated that
NMDA induced significant expression of NLRP3, activated
caspase-1, and released IL-1p and TNF-a into the cell culture
medium of WT Miiller cells. In TXNIP-null Miiller cells this
effect was prevented. These results lend further support to
previous reports showing that TXNIP is integral to inflamma-
some assembly and release of IL-1p (Trueblood et al., 2011;
Devi et al., 2012; Seki et al., 2010). Previous literature dem-
onstrated mutual crosstalk between TNF-o. and IL-1B in
activating release of each other and exacerbating the inflam-
matory response (Dinarello et al., 1986; Ikejima et al., 1990).
However, more elaborate work demonstrated that TNF-o
can induce caspase-1 activation and IL-1f release in mouse
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Human glaucoma patients have increased retinal TXNIP and release of TNF-o. and IL-1f in vitreous. (A) Western blot analysis of TXNIP expression
in retinal tissue of patients with open-angle glaucoma compared with controls, indicating a ~2-fold increase of TXNIP expression in glaucoma
patients. (B, C) euisa results showing 2.5- and ~3-fold increase in pro-inflammatory cytokines TNF-o. and IL-1f in the vitreous of glaucoma patients
compared with control patients (n = 4, *P < .05). (D) Schematic representation of the proposed scheme of events by which TXNIP contributes
to glial inflammation leading to sustained retinal neuro- and vascular degeneration and impairment of retinal function.

macrophages (Franchi et al., 2009). Interestingly, in the latter
study, ATP addition was required for the TNF-o-mediated
effect. Previous reports demonstrated the ability of the NLRP3
inflaimmasome to sense extracellular ATP as one of the
damage-associated molecular pattern molecule activators
(Wen et al., 2011; Gombault et al., 2012; Savage et al., 2012).
Our results suggest a scenario in which early RGC death may
result in increased extracellular ATP release and exacerbate
the pro-inflammatory action of TNF-o via activation of the
NLRP3 inflammasome assembly and release of IL-1f that can
affect other retinal cell types including vasculature and other
neurons.

We next examined the effect of TXNIP-mediated release
of inflammatory mediators on retinal vasculature. As shown
in Figure 5, retinas from WT mice had compromised vascular
integrity as indicated by a twofold increase in extravasation
of BSA-fluorescein. Nevertheless, this BRB dysfunction was
not due to vascular cell death, as indicated by a lack of
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acellular capillary formation 1 day after NMDA injection.
Interestingly, retinas from WT mice demonstrated significant
increases in vascular cell death (twofold) 14 days post initial
NMDA insult. These effects were not observed in retinas from
TKO mice. Having healthy retinal vasculature is critical to
maintaining neuronal function. This notion is supported by
results showing that neuronal cell counts in the GCL clearly
showed exacerbated loss (60%) after 14 days compared with
40% after 1 day. Furthermore, the neurons in the GCL, INL
and to a lesser extent outer nuclear layer clearly demonstrated
abundant TUNEL-positive nuclei suggesting that NMDA-
mediated initial RGC death contributed to long-term nega-
tive effects on bipolar and photoreceptor cells. The functional
consequences of these changes were tested by ERG studies. In
scotopic and especially in photopic tests, the NMDA-induced
reduction in b-wave amplitudes was diminished in TKO mice.
TXNIP deletion appears to preserve bipolar cell function after
NMDA insult.



Retinal microvascular cell death can occur either directly,
as a result of biochemical insults within endothelial cells, or
indirectly, secondary to neuroglial activation (reviewed in
Kern, 2007). Indeed, NMDA receptors were found to be
expressed on retinal and brain vessels (Betzen et al., 2009;
Nakazawa, 2009; LeMaistre et al., 2012). The findings that
NMDA injection did not induce retinal microvascular cell
death 1 day post-injection rule out the possibility of a direct
effect. Thus, our data support a model where initial neuro-
glial activation can result in the development of microvascu-
lar lesions, which in turn can sustain the long-term
devastating effects of retinal neuronal death and decreased
retinal sensory function.

In an effort to examine the translational impact of our
work, we were able to obtain eyes from four patients with
primary open-angle glaucoma. We found that glaucoma
patients had elevated levels of TXNIP protein expression in
retina and elevated levels of the pro-inflammatory cytokines
TNF-o. and IL-1B in the vitreous, compared with non-
glaucoma patients. Although limited, these data suggest that
TXNIP can play multiple roles in neurodegeneration seen in
glaucoma patients. In conclusion, deletion of TXNIP pre-
vented NMDA-induced neuronal cell death, glial activation
and retinal inflammation. In addition, TXNIP deletion inhib-
ited inflammasome activation, preserved BRB function and
microvascular integrity, and preserved retinal function. With
multiple pathways of action, TXNIP is a promising new target
for the development of new therapies for the treatment of
retinal neurodegenerative diseases.
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TXNIP-mediated retinal inflammation and injury

Figure S1 (A) Representative images showing the co-
localization of GFAP (green) and TNF-o. (red) by immunohis-
tochemical analysis in WT-NMDA mice. Co-localization was
observed particularly in the ganglion cell layer and nerve
fibre layer. (B) Western blot analysis of TXNIP expression in
MC-1 cells treated with a range of NMDA concentrations
(1, 10 and 100 uM) to determine the dose needed to activate
TXNIP expression for subsequent primary Miiller cell
experiments.

Figure S2 Scotopic ERG responses. (A) Average amplitudes of
a-waves are plotted against flash luminance intensity. (B)
Amplitudes of b-waves. (C) Log ratios of b- to a-wave ampli-
tudes are plotted, normalizing data in panel B by the data in
panel A to examine specific effects on inner nuclear layer
function (n = 7-8 per group).

Table S1 Showing the age, race and sex of patients as well as
their medical history and glaucoma status (C, Caucasian; AF,
Afro-American).
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