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ABSTRACT

Purpose: Oxidative damage is implicated in retinal ganglion cell (RGC) death after optic nerve transection (ONT) and in glaucoma.
We analyzed the expression and protective effects of thioredoxins (TRXs), regulators of the cellular reduction-oxidative (redox) state,
in RGCs damaged by pharmacologically induced oxidative stress, ONT, and elevated intraocular pressure (IOP).

Methods: ONT and glaucoma models in the rat were used. The glaucoma model was generated in albino rats by intracameral injection
of india ink followed by ab externo laser applications to the pigmented trabecular band. Retrograde labeling of RGCs was performed
with dextran tetramethylrhodamine. RGC isolation from rat retinas was performed with magnetic beads coated with Thy-1
monoclonal antibody. Immunoblot analysis, RGC-5 culture and transfection, and cell viability assays were used. Gene delivery was
performed with in vivo electroporation.

Results: Endogenous levels of thioredoxin-2 (TRX2) in RGCs after axotomy and in RGC-5 cells after glutamate/buthionine
sulfoximine (BSO) treatment were up-regulated. An increased level of TRX-interacting protein (TXNIP) in the retina was observed 2
and 5 weeks after IOP elevation. TRX1 levels were decreased at 2 weeks and more prominently at 5 weeks after IOP elevation. No
change in TRX2 levels in response to IOP elevation was detected. Overexpression of TRX1 and TRX2 in RGC-5 treated with
glutamate/BSO increased the cell survival by twofold and threefold 24 and 48 hours after treatment, respectively. Overexpression of
these proteins in the retina in vivo increased the survival of RGCs by 35% and 135% at 7 and 14 days after ONT, respectively. In
hypertensive eyes, RGC loss was approximately 27% after 5 weeks of IOP elevation compared to controls. TRX1 and TRX2
overexpression preserved approximately 45% and 37% of RGCs, respectively, in the glaucoma model compared to controls.

Conclusion: Thioredoxin overexpression protects RGCs from death after optic nerve axotomy, in pharmacologically induced
oxidative stress in vitro and in an animal model of glaucoma.

Trans Am Ophthalmol Soc 2009;107:161-166
INTRODUCTION

Oxidative stress has been implicated in neurodegenerative diseases such as amyotrophic lateral sclerosis and Alzheimer, Parkinson,
and Huntington disease and has been proposed to be an important factor in retinal ganglion cell (RGC) death after optic nerve
transection (ONT), hypoxia, ischemia, axonal transport disruption, and glaucomatous neurodegeneration."* Cell defense mechanisms
against oxidative damage involve superoxide dismutase, the glutathione (GSH) system, and the thioredoxin (TRX) systems.

The TRX system is a ubiquitous thiol-reducing system that includes TRX proteins, TRX-interacting protein (TXNIP), TRX
reductase (TRXR), and NADPH. TRX proteins, cytoplasmic TRX1 and mitochondrial TRX2, protect against oxidative damage by
scavenging intracellular reactive oxygen species (ROS), which leads to their oxidation. The oxidized TRX can be converted back to its
reduced form by TRXR in the presence of NADPH. In addition to protection from oxidative stress, TRX proteins perform a variety of
biological functions, including regulation of apoptotic cell death.” TRX1 negatively regulates the ASK1-JNK/P38 apoptotic pathway
by binding and inhibiting the kinase activity of ASK1, which plays an important role in ROS-induced cellular responses.* Oxidative
stress leads to dissociation of TRX1 from the ASK1, allowing ASK1 to form a fully activated complex by recruitment of TRAF2 and
TRAF6. TRX2 is an essential regulator of ROS levels in mitochondria. TRX2 anti-apoptotic characteristics are associated with the
regulation of the pro-apoptotic BCL-XL level and mitochondrial outer membrane permeability.’ The role of TRX2 in cell survival was
demonstrated in TRX2-deficient mice and is characterized by massive apoptosis and early embryonic death.’®

TRX activity and expression are negatively regulated by TXNIP. TXNIP directly interacts with the catalytic active center of TRX
and inhibits the interaction of TRX with other proteins, including the proliferation-associated gene, or ASK-1, causing cells to be more
sensitive to oxidative stress.’

The aim of this study was to analyze the involvement of the TRX protein system in RGC degeneration and to evaluate the
neuroprotective effects of TRX1 and TRX2 overexpression after pharmacologic induction of oxidative stress, and in ONT and ocular
hypertension rat models.*’

METHODS

The use of animals for this study was approved by the Animal Research Committee of the University of California, Los Angeles, and
was performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.

To generate the ONT model, the optic nerve of the anesthetized adult male Wistar rat was exposed through a lateral conjunctival
incision, and the optic nerve sheath was incised 2 mm longitudinally, starting at a point 3 mm behind the globe. A cross section of the
optic nerve was made without damaging the adjacent blood supply. A rat ocular hypertension model was generated as previously

From the Jules Stein Eye Institute, University of California, Los Angeles.
*Presenter.
Bold type indicates AOS member.

Trans Am Ophthalmol Soc / 107 / 2009 161



Thioredoxins 1 and 2 Protection from Retinal Ganglion Cell Stress

described.'’ Briefly, anesthetized rats were injected intracamerally with 10 uL of 35% india ink in 0.01M PBS. Five days later,
approximately 200 laser burns were delivered ab externo to the pigmented trabecular band at diode laser settings of 532 nm, 200 um
diameter, 150 to 200 mW, and 0.20 second duration. Intraocular pressure (IOP) measurements were monitored once a week in the
awake state 1 hour after initiation of the dark phase in a 12-hour light, 12-hour dark cycle.

For the ONT models, retrograde labeling to identify RGCs was performed by placing a small piece of Gelfoam soaked with
dextran tetramethylrhodamine (DTMR) against the proximal cut surface of the optic nerve after ONT. In the elevated IOP model, the
number of RGCs was determined 5 weeks after IOP elevation by retrograde labeling of these cells with DTMR applied to the
proximal cut surface of the axotomized optic nerve 48 hours before the animals were sacrificed. RGCs were counted at 1, 2, and 3 mm
from the center of the optic nerve in retinal quadrants under fluorescent microscopy at 200x magnification. RGC isolation from adult
rat retinas was performed with magnetic beads coated with Thy-1 monoclonal antibody as described previously.""

Immunoblot analysis was carried out as described previously.'> Briefly, 2 to 5 pg of protein was separated on a 12.5% SDS-
polyacrylamide gel and transferred to the polyvinylidene membrane. After blocking with 5% nonfat milk, the membranes were
incubated with primary polyclonal antibodies against TXNIP, TRX1, TRX2, or B-actin overnight at 4°C and followed by incubation
with peroxidase-conjugated secondary antibodies. The signals were visualized with an ECL Plus Detection Kit and quantified with
NIH Image software.

RGC-5 cells were maintained in Dulbecco modified Eagle medium containing 10% fetal bovine serum, 100 U/mL penicillin, and
100 pg/mL streptomycin. EGFP-tagged TRX1 and TRX2 expression plasmid DNAs were introduced into the RGC-5 cells with
calcium phosphate-mediated transfection. Cells were seeded on the 96-well plate (5 x 10° cells per well) and treated with 5 mM or 10
mM glutamate and 0.5 mM buthionine sulfoximine (BSO). Twenty-four or 48 hours after treatment, cells were incubated with 10 pL
of water-soluble tetrazolium salt-1 solution and the absorbance was measured at 450 nm.

Electroporation (ELP)-mediated gene delivery was performed as described previously."*'* DNA (4 pL; 10 pg) was injected into
the vitreous cavity 0.5 mm posterior to the limbus. ELP parameters were as follows: electric field strength of 6 V/cm, pulse duration
of 100 ms, and a stimulation pattern of five pulses at a frequency of one pulse per second. After a 10-minute pause, five more pulses
with the same parameters were delivered.

Data are presented as the mean + standard deviation. Differences among groups were analyzed by one-way ANOVA, followed by
the Scheffé or Mann-Whitney test. A probability of P < .05 was considered statistically significant.

RESULTS

EXPRESSION OF TRX1, TRX2, AND TXNIP IN THE RETINA AFTER ONT AND IOP ELEVATION AND IN RGC-5
CELLS WITH INDUCED OXIDATIVE STRESS

Immunohistochemical analysis of TXNIP, TRX1, and TRX2 spatial expression showed a similar distribution of these proteins in the
untreated rat retina with the most abundant expression evident in the RGC layer, nerve fiber layer, and inner nuclear layer. The
majority of TXNIP-, TRX1- and TRX2-positive cells in the ganglion cell layer colocalized with RGCs.

TRX EXPRESSION IN RGC-5 CELLS IN RESPONSE TO OXIDATIVE STRESS

Oxidative stress in RGC-5 cells was induced by glutamate/BSO treatment. BSO is known to reduce the level of GSH with a
consequent increase in ROS and activation of apoptotic pathways, whereas glutamate regulates cellular redox status. The effect of the
oxidative stress on the level of TRX expression in RGC-5 cells was determined with immunoblotting. An increase in TRX2 (1.7-fold)
and TRX1 (1.4-fold) expression was observed 12 and 18 hours after treatment, respectively.

LEVELS OF TRX PROTEINS AFTER ONT

Significant loss of RGCs was observed starting at day 5 after ONT. By day 7 and by day 14 after ONT, approximately 50% and 90%
of RGCs were lost, respectively. The levels of TRX1 and TRX2 in whole retinal extracts were not changed significantly after ONT
compared to controls. Since western blot analysis of the whole retinal extract may be not sensitive to detect modulation in TRX
expression in RGCs (RGCs constitute a small proportion of retinal cells), TRX1 and TRX2 levels were analyzed in purified RGCs.
TRXI1 levels were elevated approximately 1.4-fold 7 days after ONT, whereas TRX2 expression was increased approximately 1.3-fold
and twofold at 1 and 3 days after ONT, respectively.

THE LEVELS OF TRX PROTEINS AFTER IOP ELEVATION

Increased IOP was sustained for 5 weeks, with a maximum of 32.1 £ 7.7 mm Hg at 1 week. The changes in TRX1, TRX2, and TXNIP
expression levels induced by IOP elevation were analyzed in whole retinal extracts with immunoblotting. A ~1.5-fold increase in
TXNIP expression was observed in retinas 2 and 5 weeks after IOP elevation compared to controls, whereas TRX1 levels were
decreased somewhat at 2 weeks and more prominently at 5 weeks. TRX2 levels were not significantly affected by IOP elevation.

THE EFFECT OF TRX1 AND TRX2 OVEREXPRESSION ON RGC SURVIVAL

EGFP-tagged TRX1- and TRX2-expressing plasmids, pEGFP-C1-TRX1 and pCMV-hTRX2-EGFP,>"* were used to evaluate the cell
protective effect of these proteins in response to glutamate/BSO-induced oxidative stress after ONT and IOP elevation.
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TRX1 and TRX2 Overexpression Protects RGC-5 cells Against Oxidative Stress

Similar to endogenous TRX proteins, EGFP-tagged TRX1 expression was localized in the cytoplasm, whereas EGFP-tagged TRX2
was colocalized with Mitotracker, indicating its mitochondrial localization. The transfection efficiencies were 67% and 63% for
TRX1- and TRX2-expressing plasmids, respectively. To induce dose-dependent oxidative cell death, RGC-5 cells were treated with
glutamate/BSO. A significant increase in cell survival was achieved by TRX1 overexpression: approximately twofold 24 hours after
exposure to 5 mM or 10 mM glutamate with BSO, 2.5- and 3-fold 48 hours after treatment with 5 mM and 10 mM glutamate/BSO,
respectively (Figure 1 A and B). TRX2 overexpression had a significant cell protective effect against 5 mM glutamate with BSO
treatment compared to glutamate/BSO-treated nontransfected cells. This effect was not significant when cells were treated with 10

mM glutamate with BSO.
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FIGURE 1

The effect of TRX1 and TRX2 overexpression on RGC-5 survival. Cell protective
effect of TRX1 overexpression was observed 24 (A) and 48 (B) hours after treatment
with 5.0 or 10.0 mM glutamate and buthionine sulfoximine (BSO) (n = 5-11; *P < .05,
**P <005, ***P < .0005). TRX2 overexpression demonstrated cell protective effects
24 (A) and 48 (B) hours after treatment with 5.0 mM glutamate and BSO (n = 5-11; *P
<.05, **P <.005, ***P <.0005).

TRX1 and TRX2 Overexpression Increases RGC Survival After ONT. ELP-mediated transfection was used to deliver EGFP-
tagged TRX1- and TRX2-expressing plasmids to retinal cells. The RGC transfection efficiency was evaluated by counting EGFP-
positive cells colocalized with DTMR-labeled RGCs and the total number of DTMR-labeled RGCs. Approximately 35% of RGCs
were transfected with TRX1-EGFP or TRX2-EGFP. The cell protective effect of TRX1 and TRX2 overexpression was evaluated 7
and 14 days after ONT. In 7-day ONT retinas, 1232 + 43 and 1205 + 93 RGCs/mm? were present after TRX1 or TRX2 transfection,
respectively, compared to 921 + 75 cells/mm?” in controls (Figure 2A). In 14-day ONT retinas, 419 + 125 and 398 + 58 cells/mm’
remained after TRX1 and TRX2 transfection, respectively, vs 176 + 27 cells/mm? in controls (Figure 2B).

TRX1 and TRX2 Overexpression Increases RGC Survival After IOP Elevation. The efficiency of RGC transfection with
EGFP-tagged TRX1- and TRX2-expressing plasmids was evaluated as described above by colocalization of EGFP-positive cells with
DTMR-labeled RGCs. We observed that RGCs in the nasal retina were consistently more efficiently transfected than in other areas.
Therefore, RGCs were counted in the two nasal retinal quadrants. Approximately 44% and 42% of RGCs expressed TRX1-EGFP or
TRX2-EGFP, respectively. RGCs constituted approximately 70% of all transfected cells in the GCL. The RGC protective effect of
TRX1 and TRX2 overexpression was evaluated 5 weeks after IOP elevation. At this time point the loss of RGCs in nontransfected
retinas was approximately 27% compared to controls. RGC loss in EGFP-TRX1 or EGFP-TRX2 transfected retinas was
approximately 15% and 17%, respectively, compared to the nontransfected or pPEGFP-transfected control eyes (Figure 2C).
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FIGURE 2
The effect of TRX1 and TRX2 overexpression on retinal ganglion cell (RGC) survival after
optic nerve transection (ONT) (A and B) and intraocular pressure (IOP) elevation (C). A and B,
TRX1 and TRX2 overexpression increased RGC survival by approximately 35% and 135% 1
and 2 weeks after ONT, respectively (n = 4-7; *P <.05, **P <.001). C, Approximately 45% and
37% of RGCs that were destined to die with elevated IOP (compared with controls) were
preserved by TRX1 and TRX2 overexpression, respectively (n = 5-14; *P < .05, **P < .005).
ELP, electroporation.
DISCUSSION

RGC degeneration after ONT and with glaucoma has been associated with oxidative damage due to increased ROS levels. ROS have
direct neurotoxic effects on RGCs and also contribute to secondary degeneration by adversely affecting glial function.'® The current
study was initiated to determine the role of TRX proteins, important regulators of the cellular redox state, in protection against ONT-
and elevated IOP-induced oxidative RGC injury.

TRX cytoprotective effects were first analyzed in RGC-5 cells treated with glutamate and BSO. Although overexpression of both
TRX1 and TRX2 had a cytoprotective effect against oxidative stress induced by these agents, the effect of TRX1 was more potent
than that of TRX2. Based on data observed in RGC-5 cells, we analyzed the effect of these proteins on RGC survival after ONT and
IOP elevation. ONT shifts the cellular redox state toward oxidation, which may lead to cell death by affecting mitochondrial function
or caspase activation.'” The survival of RGCs has been shown to depend on their redox state, and survival was increased by ROS
scavengers.'® In our study, TRX1 and TRX2 overexpression increased RGC survival by approximately 35% and 135% at 1 and 2
weeks after axotomy, respectively. A more pronounced effect of TRX proteins at 2 weeks compared to 1 week after ONT may be
explained by attenuation of the secondary events associated with increased oxidative damage: RGCs dying early after axotomy may
damage neighboring RGCs or lead to activation of microglial cells, which in turn may contribute to secondary RGC degeneration.
Induced expression of nitric oxide synthase by injured RGCs and glial cells and subsequent nitric oxide toxicity associated with
cellular oxidation has been implicated in RGC death after ONT."

TRX overexpression also increased RGC survival after IOP elevation. TRX1 and TRX2 preserved approximately 45% and 37% of
cells, respectively, compared with controls. We believe that the observed neuroprotective effects of TRX1 and TRX2 could be higher
than observed, considering the relatively low efficiency of ELP-mediated RGC transfection with our TRX-expression constructs.
Approximately 30% of transfected cells were non-RGCs, including glial cells. Since oxidative stress-induced dysfunction of glial cells
has been proposed to play a role in secondary neuronal damage in glaucoma,” TRX overexpression may decrease the impact of
oxidative stress on these cells and thus contribute to RGC survival.
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PEER DISCUSSION

DR. R. RAND ALLINGHAM: The role of reactive oxygen species (ROS) in the pathogenesis of neurodegenerative diseases,
including glaucoma, is well known. An array of biological defenses is in place to counter the insidious assault of superoxide, hydrogen
peroxide, hydroxyl radicals, glutamate, and others. A number of enzymes are employed to fend off oxidative insults; these include
superoxide dismutase, catalases, and glutathione peroxidases. Among the systems utilized to combat these compounds is the
thioredoxin (TRX) protein family. This ubiquitous group of proteins is found in virtually all life forms and is essential for life in
mammals.' Thioredoxins are a class of small multifunctional 12-kDa proteins containing a specific motif containing two cysteine
residues that are reduced from the oxidized (inactive) form by thioredoxin reductase and NADPH. In addition to their role as
antioxidants, thioredoxins play an important role in DNA synthesis, gene transcription, and regulation of apoptosis.

In this study, Caprioli and co-workers describe evidence that supports the role of thioredoxin proteins, including thioredoxin-1
(TRX1), thioredoxin-2 (TRX2), and thioredoxin interacting protein (TXNIP), in preventing retinal ganglion cell (RGC) death. All
studies of RGCs and retinal physiology are confronted by the challenge of choosing applicable models for study. Just as the biology of
cultured or isolated RGC cells may differ substantially from those found within the intact retina, available models of glaucomatous
optic neuropathy vary in type and approximation to the human condition. Unfortunately, we still lack good animal models for primary
forms of glaucoma. In studies of this nature, as these investigators have done, it is wise to utilize multiple models to test their
hypothesis.
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The investigators report that TRX1, TRX2, and TXNIP are preferentially localized to the inner retina, in particular the RGCs and
the nerve fiber layer. This is an important observation that supports a potentially important role or this protein family in the physiology
of RGCs. They found that TRX-1 and TRX-2 expression in the optic nerve transection model was increased in RGCs isolated from
whole retina, but not whole retina alone. However, expression of the same proteins was either decreased or unchanged in the ocular
hypertension model, which suggests differing responses of RGCs exposed to axotomy versus IOP-induced optic nerve stress.
Importantly, they found that overexpression was associated with increased RGC survival in both the optic nerve transection model and
the ocular hypertension model. Of note, protection was conferred despite RGC transfection rates below 50% which is commonly
encountered in studies of RGCs and other neuronal cell types. It is plausible that higher RGC transfection rates might have further
improved RGC survival.

Oxidative stress, if not a primary cause of RGC death, is a major contributor. The results of these early studies lend further support
to this concept. It is important to note that in addition to their role in managing oxidative stress, TRX proteins play an active role in
the regulation of apoptosis and cell death. It remains to be determined whether overexpression of TRX1 and TRX2 proteins is
protective of RGC loss due to their antioxidant activity, anti-apoptotic effects, or other physiological pathways.

The biological systems involved in managing oxidative stress are highly complex as are the related systems that provide
neuroprotection. Despite intense interest in the field one only has to look at the checkered history of memantine, an antagonist of the
N-methyl-d-aspartate receptor with antioxidant effects. Although memantine has benefited patients with moderate to severe Alzheimer
disease” it has failed to demonstrate any benefit for the primary endpoint of a major treatment trial for open angle glaucoma. Even
more disconcerting is memantine’s paradoxically negative effect observed when used as an adjunctive treatment in patients with
multiple sclerosis that prompted the early termination of the clinical trial.> However, despite the challenges that lie ahead, it is clear
that this line of investigation holds great promise to shed light on the mechanisms of health and disease in the retinal ganglion cell.

In summary, Caprioli and co-workers are to be congratulated for their work exploring the role of the thioredoxin protein family in
glaucoma. Their work expands our knowledge of these essential biological systems that protect most all living organisms from the
onslaught of oxidative stresses and provides another therapeutic avenue to pursue as we strive to prevent vision loss from glaucoma
and other sight-threatening disorders in our patients.
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DR. JOSEPH CAPRIOLI: The real problem with any of our models and the complexity of the systems makes it difficult to isolate
one pathway as we did and conclude this is the key pathway or even an important pathway. With these caveats in mind, I believe that
one needs to make a start; hopefully that is what we have done here. Thank you for your comments.
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