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ARTICLE INFO ABSTRACT

Glaucoma, one of the leading causes of irreversible blindness, is characterized by progressive degen-
eration of retinal ganglion cells (RGCs) and optic nerves. Although glaucoma is often associated with
elevated intraocular pressure, recent studies have shown a relatively high prevalence of normal ten-
sion glaucoma (NTG) in glaucoma patient populations. In the mammalian retina, glutamate/aspartate
— transporter (GLAST) is localized to Miiller glial cells, whereas excitatory amino acid carrier 1 (EAAC1) is
expressed in neural cells, including RGCs. Since the loss of GLAST or EAACT leads to retinal degeneration
similar to that seen in NTG, we examined the effects of interleukin-1 (IL-1) on RGC death in GLAST- and
EAACT-deficient mice. IL-1 promoted increased glutamate uptake in Miiller cells by suppressing intracel-
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Cell death

Neuroprotection lular Na* accumulation, which is necessary to counteract Na*-glutamate cotransport. The observed trends
Glaucoma for the glutamate uptake increase in the wild-type (WT), GLAST- and EAAC1-deficient mice were similar;
Retina however, the baseline glutamate uptake and intracellular Na* concentration in the GLAST-deficient mice

were significantly lower than those in the wild-type mice. Consistently, pretreatment with IL-1 exhibited
no beneficial effects on glutamate-induced RGC degeneration in the GLAST-deficient mice. In contrast,
IL-1 significantly increased glutamate uptake by Miiller cells and the number of surviving RGCs in the
wild-type and EAAC1-deficient mice. Our findings suggest that the use of IL-1 for enhancing the function
of glutamate transporters may be useful for neuroprotection in retinal degenerative disorders including
NTG.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Glaucoma is characterized by a slow, progressive degeneration
of retinal ganglion cells (RGCs) and their axons that are usually
associated with elevated intraocular pressure (IOP). Recent stud-
ies have shown that glaucoma is affected by multiple genes and
environmental factors [18,16], and there are several inherited and
experimentally induced animal models of high IOP glaucoma [10].
There is, however, a subset of glaucoma - normal tension glaucoma
(NTG) - that presents with statistically normal I0P. The number of
NTG patients has been thought to be small relative to glaucoma
patients as a whole, but recent studies have revealed an unex-
pectedly high prevalence of NTG [9]. The findings suggest that
non-IOP-dependent factors may contribute to disease progression
and that elucidating such factors is necessary to better understand
the pathogenesis of glaucoma, especially in the context of NTG.

* Corresponding author. Tel.: +81 42 325 3881; fax: +81 42 321 8678.
E-mail address: harada-tk@igakuken.or.jp (T. Harada).

0304-3940/$ - see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2009.09.029

Itis well known that an immoderate release of excitatory amino
acids, such as glutamate, can cause neuronal cell death. Excessive
extracellular concentrations of glutamate induce an uncontrolled
elevation of intracellular calcium that enters the cell through chron-
ically activated glutamate receptors. The glutamate transporter
is the only mechanism for removal of glutamate from the extra-
cellular fluid in the retina. In the inner plexiform layer where
synapses exist across RGCs, three transporters are involved in
this task: glutamate transporter 1 (GLT-1) located in the bipo-
lar cell terminals; excitatory amino acid carrier 1 (EAAC1) in
RGCs; and glutamate/aspartate transporter (GLAST) in Miiller glial
cells [5,7]. Previously, we found that GLAST and EAAC1 knock-
out (KO) mice showed spontaneous RGC death and optic nerve
degeneration without elevated IOP [5]. Together with the downreg-
ulation of GLAST (human EAAT1) in glaucoma patients [12], these
results suggest the involvement of glutamate neurotoxicity in the
pathogenesis of glaucoma. Therefore, one possible treatment for
glaucorna may involve increasing glutamate uptake by the gluta-
mate transporters. ‘
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Table 1
Sequences of PCR primers used in this study.
Product
size (bp)
GLAST (accession no. NM_148938)
Forward primer 5'-ATGACCAAAAGCAACGGAGA-3' (1-20)
Reverse primer 5'-GATTATGCCAATCACCACAG-3' (400-420) 420

o Subunit of Na*/K*-ATPase (accession no. NM_144900)
Forward primer 5'-CTGAGAACGGTTTCCTGCCC-3' (2612-2640)
Reverse primer 5-CCTGATAATGAGCTTCCGCA-3' (3011-3030) 419

B Subunit of Na*/K*-ATPase (accession no. NM.013415)
Forward primer 5'-ATCCAAGCACAGAAGAATGA-3' (361-380)
Reverse primer 5'-GGTTTTGTTGATCCGGAGTT-3' (851-870) 510

B-Actin (accession no. NM.007393)
Forward primer 5-ATGGATGACGATATCGCTGCGCT-3' (1-23)
Reverse primer 5'-TGTAGCCACGCTCGGTCAGGAT-3' (577-599) 599

pairs specific for mouse GLAST, o and 3 subunits of Na*/K*-ATPase,
and B-actin (Table 1). Reactions were conducted under the follow-
ing conditions: precycling at 94 °C for 2 min, followed by 24, 27 or
30 cycles consisting of denaturation at 94 °C for 30s, annealing at
55¢C for 30s, and polymerization at 72°C for 30s. The PCR prod-
ucts (10 wL) were size fractionated on agarose gels and detected by
ethidium bromide staining. Data are presented as mean + standard
errors unless noted otherwise. Statistical analyses were performed
using Student’s t-test or one-way ANOVA followed by Dunnett’s
test using JMP7 software from SAS Institute (Cary, NC). Results were

_considered statistically significant if p <0.05.

Immunohistochemical analysis was performed with retinas of
wild-type (WT), GLAST KO and EAAC1 KO mice. As previously

GLAST EAACT

Glutamate transport is coupled with the cotransport of 3Na*,
and the efficiency of glutamate uptake is influenced by both intra-
cellular and extracellular Na* concentrations [17]. We recently
showed that [L-1 increases glutamate uptake in mouse Miiller glial
cells by stimulating membrane trafficking of Na*/K*-ATPase and
suppressing Na* accumulation [11]. Our observations suggest that
IL-1 may prevent glutamate neurotoxicity by increasing the activ-
ity of glutamate transporters in Miiller cells; however, retinal glia
may express EAACT and GLT-1 as well as GLAST [8]. In this study,
we investigated whether IL-1 protects retinal neurons from gluta-
mate neurotoxicity in GLAST and EAACT KO mice and elucidated a
role of glutamate transporters in the IL-1-mediated retinal neuro-
protective effect.

Experiments were performed using GLAST-deficient (GLAST
KO) and EAACT-deficient (EAACT KO) mice [5] at 3 weeks of age
in accordance with the Tokyo Metropolitan Institute for Neuro-
science Guidelines for the Care and Use of Animals. Immunoblotting
was performed as previously described [11]. Membranes were
incubated with antibodies against GLAST (1:1000) [7] or EAAC1
(1:1000) [13]. Primary antibody binding was detected using
horseradish peroxidase-labeled anti-mouse IgG secondary anti-
body (Amersham, Piscataway, NJ, USA) and visualized using an ECL
Plus western blotting system (Amersham). For immunohistochem-
ical analysis, 7-pm-thick retinal sections were incubated with one
of the three sets of primary antibody mixes: rabbit anti-GLAST
(0.5 ng/ml) and mouse anti-glutamine synthetase (1.0 pg/ml;
Chemicon International, Temecula, CA, USA); rabbit anti-GLAST
(0.5 wg/ml) and mouse anti-IL-1 receptor (0.5 pg/ml; BD Bio-
sciences Pharmingen, San Jose, CA, USA); or rabbit anti-EAACT and
mouse anti-calretinin (1.0 pg/ml; Chemicon International). Retinal
explant cultures [11] were preincubated with or without 50 ng/ml
IL-1 for 24h and then stimulated with 5mM glutamate for 1h.
After 72 h, retinal explants were immunostained with an antibody
against NeuN (1.0 wg/ml; Chemicon International). RGC number
was quantified by counting the cells in the ganglion cell layer from
one ora serrata through the optic nerve to the other ora serrata, in
three sections from three eyes.

Glutamate uptake assay in primary cultured Miiller cells was
performed as previously reported [6,11]. The effects of IL-1 on cell
viability and ATP synthesis in Miiller cells were analyzed using
assay kits for lactate dehydrogenase (Wako, Osaka, Japan) and
ATP (Toyo B-Net, Tokyo, Japan), respectively. Cultured Miiller cells
grown on glass-bottomed dishes were imaged live to record the
dynamic intracellular ion state using the fluorescent dye CoroNa
Green AM[11]. For RT-PCR analysis, total RNA was isolated from the
cultured Miiller cells using an Isogen reagent (Nippon Gene, Tokyo,
Japan) and then reverse-transcribed with a Revertra ace (Toyobo,
Osaka, Japan) to obtain cDNA. RT-PCR was carried out using primer
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Fig. 1. Effect of IL-1 on glutamate uptake by Mdiller glial cells from WT, GLAST KO
and EAACT KO mice. (A-D) Immunohistochemical analysis of GLAST (A and B) and
EAACT (C and D) in retinas from WT (A and C), GLAST KO (B) and EAAC1 KO (D)
mice. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer.
Scale bar: 50 wm. (E) Immunoblot analysis of neural retinas from WT, GLAST KO
and EAACT KO mice. (*) Non-specific bands. (F) Glutamate uptake activity in Miiller
cells from WT, GLAST KO and EAACT KO mice in the presence or absence of IL-1.
Miiller cells were pretreated with 50 ng/ml IL-1 for the indicated periods. The data
are presented as means =+ standard errors of three samples for each group. *p<0.01.
(G) RT-PCR analysis of GLAST expression levels in Miiller cells treated with 50 ng/ml
IL-1 for 24 h. Total RNA was isolated from cultured Miiller cells, reverse-transcribed,
and subjected to PCR analysis at indicated cycle numbers. The densitometric results
are expressed as a percentage of the control values (non-treated WT at 30 cycles).
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Fig. 2. Effect of GLAST on glutamate uptake activity and Na* accumulation in Miiller glial cells. (A) Na* imaging of Miiller cells treated with 3 mM glutamate. Fluorescence
images are shown in pseudocolor, with blue and red representing the lowest and highest intensities, respectively. The indicated times represent the number of seconds
after initial application of glutamate. Glutamate-induced Na* accumulation was increased in the WT Miiller cells, but not in the GLAST KO Miiller cells. Scale bar: 20 pm. (B)
Quantification of Na* accumulation in response to the glutamate stimulation in Miiller cells from WT and GLAST KO mice. Miiller cells were loaded with the CoroNa Green
Na* indicator and stimulated with a bath-application of 3 mM glutamare. Pretreatrnent with 50 ng/ml of IL-1 for 24 h significantly suppressed Na* accumulation in Miiller
cells from the WT, but not from the GLAST KO mice. The data are presented as means + standard errors of 9-15 cells for each group from three independent cultures. *p < 0.05.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.).

reported [5,7], GLAST is expressed in Miiller glial cells (Fig. 1A) and
EAACT is mainly expressed in RGCs and amacrine cells (Fig. 1C).
These immunoreactivities were not observed in GLAST and EAAC1
KO mice (Fig. 1B and D). We next performed immunoblot analysis
with neural retinas. GLAST and EAAC1 KO mice showed no com-
pensatory upregulation of EAACT and GLAST, respectively (Fig. 1E).

The glutamate uptake by GLAST is important for retinal neu-
roprotection in vivo [5,7], and we recently reported that IL-1
increases glutamate uptake in Miiller cells [11]. Consistent with
the previous findings, pretreatment with IL-1 (50 ng/ml) for 12
and 24 h significantly increased the glutamate uptake activity in
WT Miiller cells, which we measured by monitoring the uptake
of t-[3H]glutamate (Fig. 1F). Since the IL-1 receptor in the mouse
retina was co-expressed with GLAST in Miiller cells [11], these
results suggest strongly an interaction between GLAST and IL-1
receptor activation on glutamate uptake in Miiller cells. However,
retinal glia may express EAACT and GLT-1 as well as GLAST [8].
Therefore, we explored the relationship between IL-1 stimulation
and the activation of glutamate transporters using Miiller cells
prepared from the GLAST and EAAC1 KO mice. The capacity of glu-
tamate uptake was severely impaired in the GLAST KO Miiller cells

(0.9 0.1 nmol/mg protein/min), but was normal in the EAACT KO
Miiller cells (2.6 + 0.1 nmol/mg protein/min), compared with the
WT Miiller cells (2.6 £ 0.2 nmol/mg protein/min; Fig. 1F). We next
stimulated these Miiller cells with 50 ng/ml of IL-1 for the indicated
time periods prior to the detection of glutamate uptake. Pretreat-
ment with IL-1 for 12 and 24 h significantly increased glutamate
uptake in the WT (3.6+0.1 and 3.8 + 0.2 nmol/mg protein/min)
and EAACT KO Miiller cells (3.5+0.3 and 3.8 +0.1 nmol/mg pro-
tein/min). Interestingly, IL-1 also stimulated glutamate uptake
in the GLAST KO Miiller cells, though modestly (1.7 +0.1 and
1.8 £0.1 nmol/mg protein/min), where the basal glutamate uptake
in the GLAST KO Miiller cells was significantly lower than in the
WT Miiller cells. These results indicate that IL-1 increases glu-
tamate uptake in Miiller cells by stimulating multiple glutamate
transporters including GLAST.

We next examined whether IL-1 alters GLAST expression levels
in Miiller cells. The RT-PCR analysis amplified the expected 420 bp
product using primers specific for GLAST, and IL-1 had no effect
on GLAST expression levels (Fig. 1G). The reaction did not result
in a product if reverse transcriptase was absent (data not shown).
In addition, we evaluated the effects of IL-1 on Miiller cell death
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by examining extracellular lactate dehydrogenase (LDH) activities.
However, IL-1 had no effect on Miiller cell viability (103 + 4% com-
pared with non-treated controls).

Since glutamate transport is coupled with the cotransport of
3Na*, the efficiency of glutamate uptake is influenced by both intra-
cellular and extracellular Na* concentrations [17]. Accordingly, we
next evaluated the effect of GLAST activity and IL-1 on Na* concen-
trations in cultured Miiller cells. Miiller cells were loaded with the
CoroNa Green Na* indicator and stimulated with a bath-application
of 3mM glutamate. In the WT Miiller cells, the intracellular Na*
concentration clearly increased in response to glutamate, and IL-
1 pretreatment for 24 h significantly suppressed this upregulation
(Fig. 2A and B). In contrast, in the GLAST KO Miiller cells, nei-
ther glutamate stimulation nor IL-1 had a significant effect on the
intracellular Na* concentration (Fig. 2A and B). These results are
consistent with impaired glutamate uptake in GLAST KO Miller
cells (Fig. 1F). Elevated intracellular Na* concentration is decreased
by Na*/K*-ATPase, which is dependent on ATP levels [2-4]. Conse-
quently, we further examined whether IL-1 increases ATP synthesis
in Miiller cells. However, we found that stimulation with IL-1 for
24 h had no effect on ATP synthesis in Miiller cells (105 + 5% com-
pared with non-treated controls). In addition, IL-1 had no effect
on the expression levels of Na*/K*-ATPase subunits (103 3% in
o subunit and 97 +£4% in B subunit compared with non-treated
controls).

Our results suggested that [L-1 may protect retinal neurons
from glutamate neurotoxicity by increasing the glutamate uptake
through GLAST in Miiller cells. In order to confirm this hypothe-
sis, we prepared retinal explants from WT, GLAST KO and EAACI
KO mice. The WT retinal explants stimulated with 5 mM glutamate
for 1h (Fig. 3B and E) showed a clear decrease in the number of
NeuN-positive neurons in the GCL, compared with the non-treated
controls (Fig. 3A and D). However, pretreatment of the explants
with IL-1 (50 ng/ml) significantly increased the number of surviv-
ing RGCs (Fig. 3C, F and S). We carried out similar experiments
using the GLAST KO mice. The number of RGCs was significantly
decreased in these mice at 3 weeks after birth (Fig. 3G and ]), as pre-
viously reported [5]. The glutamate stimulation slightly decreased
the number of RGCs, but IL-1 failed to protect them (Fig. 3H, L, K,
L and S). Finally, we applied glutamate to retinal explants from
the EAAC1 KO mice. The number of RGCs was normal in the non-
treated controls (Fig. 3M and P) and IL-1 pretreatment significantly
prevented glutamate-induced RGC death (Fig. 3N, 0, Q, R and S).

GLAST is a major, glial-type glutamate transporter expressed
in Miiller cells [7], and glutamate-induced electrogenic currents
are absent in Miiller cells that lack GLAST [15]. However, a recent
study demonstrated that GLT-1 and EAACT, as well as GLAST, are
expressed in rat retinal glial cells [8]. The authors reported that
GLAST expression levels were increased in the context of glutamate
and potassium loading, whereas GLT-1 expression increased dur-
ing hypoxia. These observations suggest that various subtypes of
glutamate transporters in Miiller cells are involved in retinal phys-
iology and pathology. In the present study, we found that glutammate
uptake activity and glutamate-induced intracellular Na* accumu-
lation were both severely impaired in Miiller cells of GLAST KO
mice. We previously proposed a model in which IL-1 increases glu-
tamate uptake in Miiller cells by accelerating membrane trafficking
rates of Na*/K*-ATPase and hence suppressing Na* accumulation,
which is required for counteracting the Na*-glutamate cotransport
by GLAST [11]. These findings suggest that GLAST plays a key role
in the IL-1-mediated glutamate uptake increase in Miiller cells.

Glutamate excitotoxicity is associated with various eye diseases,
including diabetic retinopathy and glaucoma [5,7,16]. Indeed, we
recently reported that our GLAST and EAACT KO mice were the first
animal models of NTG [5]. Oxidative stress is also involved in glau-
coma and other retinal degeneration [1]. Glutathione, a tripeptide
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Fig. 3. IL-1 protects retinal neurons from glutamate neurotoxicity in WT and EAACT
KO, but not GLAST KO mice. (A-R) Immunohistochemical analysis of mouse retinal
explants from WT (A-F), GLAST KO (G-L) and EAAC1 KO (M-R) mice, stained with
an anti-NeuN antibody. Explants were untreated (A, D, G, |, M, P), treated with 5 mM
glutamate alone (B, E, H, K, N, Q), or treated with both 50 ng/ml! IL-1 and 5mM
glutamate (C, F, I, L, O, R). (S) Quantification of NeuN-positive cells in the GCL. The
data are presented as means = standard errors of three samples for each group. GCL,
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar:
50 pm (A-C, G-1, M-0) and 25 pm (D-F, J-L, P-R).

of glutamate, cysteine and glycine, plays a key role in protecting
RGCs against oxidative stress. Since glutamate uptake is the rate-
limiting step in glial glutathione synthesis, activation of glutamate
transporters in Miiller cells by IL-1 may be an effective strategy
for protecting RGCs. In order to explore this possibility, we admin-
istered IL-1 to retinal explants from GLAST and EAAC1 KO mice.
In the GLAST KO mice, IL-1 failed to protect RGCs from glutamate
neurotoxicity. This result is consistent with the severely impaired
glutamate uptake in the GLAST KO Mdller cells compared with the
WT and EAACT KO Miiller cells. On the other hand, IL-1 partially
prevented glutamate neurotoxicity and increased the number of
surviving RGCs in the EAAC1 KO mice. Our present results confirm
that GLAST is indeed the key transporter that is involved in the IL-
1-mediated retinal neuroprotection. However, since IL-1 was still
able toincrease glutamate uptake in the GLAST KO Miiller cells, IL-1
may also stimulate other subtypes of glutamate transporters, such
as GLT-1[8]and currently unidentified glutamate transporters [15].

Our findings suggest that IL-1 may be a viable option for ele-
vating glutamate uptake in the case where GLAST is normally
expressed in Miiller cells. Accordingly, we have started the genetic
analysis of GLAST and EAACT in human glaucoma, especially in
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NTG patients. To determine whether overexpression of GLAST and
IL-1 stimulation may synergistically exert retinal neuroprotective
effects, we are currently generating mice that overexpress GLAST.
Another important peint is that we examined the chronic effect of

IL-1 using ex vivo culture system. This is because repeated injec-

tions of IL-1 to small mouse eyes are difficult and often wound
normal retinal tissue. IL-1 is an important mediator of brain injury
induced by ischemia or trauma, and has been implicated in chronic
brain diseases including Alzheimer's disease, Parkinson's disease,
and multiple sclerosis [1,14]. Thus, in vive study to evaluate the
long-term effect of IL-1 will be required as the next step to avoid
its possible side effects. Further efforts to discover new compounds
that can enhance glutamate uptake for a prolonged period may
lead to the development of novel strategies for the management of
various forms of retinal degeneration, including glaucoma.
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ASK1 deficiency attenuates neural cell death
in GLAST-deficient mice, a model of normal
tension glaucoma

C Harada', K Namekata', X Guo', H Yoshida®, Y Mitamura®, Y Matsumoto®, K Tanaka®, H Ichijo® and T Harada*'?

Apoptosis signal-regulating kinase 1 (ASK1) is an evolutionarily conserved mitogen-activated protein kinase (MAPK) kinase
kinase and has an important role in stress-induced retinal ganglion cell (RGC) apoptosis. In the mammalian retina, glutamate/
aspartate transporter (GLAST) is a major glutamate transporter, and the loss of GLAST leads to opfic nerve degeneration similar
to normal tension glaucoma (NTG). In GLAST '~ mice, the glutathione level in the retina is decreased, suggesting the
involvement of oxidative stress in NTG pathogenesis. To test this hypothesis, we examined the histology and visual function of
GLAST */~:ASK1~"~ and GLAST'":ASK1~~ mice by multifocal electroretinograms. ASK1 deficiency protected RGCs and
decreased the number of degenerating axons in the optic nerve. Consistent with this finding, visual function was significantly
improved in GLAST */~:ASK1~'~ and GLAST/~:ASK1~~ mice compared with GLAST */~ and GLAST~"~ mice, respectively.
The loss of ASK1 had no effects on the production of glutathione or malondialdehyde in the retina or on the intraocular pressure.
Tumor necrosis factor (TNF)-induced activation of p38 MAPK and the production of inducible nitric oxide synthase were
suppressed in ASK1-deficient Miiller glial cells. In addition, TNF-induced cell death was suppressed in ASK1-deficient RGCs.
These results suggest that ASK1 activation is involved in NTG-like pathology in both neural and glial cells and that interrupting
ASK1-dependent pathways could be beneficial in the treatment of glaucoma, including NTG.
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disease progression, and elucidating these factors is neces-
sary to better understand the pathogenesis of glaucoma,

It is estimated that glaucoma affects nearly 70 million
individuals worldwide, including at least 6.8 millicn who are

bilaterally blind.! The disease is characterized by the slow
progressive degeneration of the retinal ganglion cells (RGCs)
and their axons, which are usually associated with elevated
intraccular pressure (I0P). Recent studies have shown that
glaucoma is affected by multiple genes and environmental
factors,?® and there are several inherited and experimentaily
induced animal models of high IOP glaucoma, including
DBA/2J mice and laser-induced chronic ocular hypertension
model.*® There is a subtype of glaucoma termed normal
tension glaucoma (NTG),, however, that presents with
statistically normal IOP. The number of NTG patients has
been thought to be small relative to the total number of
glaucoma patients, but recent studies have revealed an
unexpectedly high prevalence of NTG.” These findings
suggest that non-IOP-dependent factors may contribute to

especially in the context of NTG. For this purpose, an animal
model representing disease characteristics of NTG would be
extremely useful. To date, some animal models have been
introduced, for example, the optic nerve ligation model shows
RGC loss with normal IOP,2 but this is more suitable as a
model of ischemia or optic nerve injury. In addition, prepara-
tion of these artificial models requires a high level of technical
skills, but unfortunately, long-term reproducibility seems to be
somewhat limited. Thus, there has been a great demand
to create suitable animal models of NTG.

In addition to more extensively studied factors such
as reduced ocular blood flow and systemic blood pressure
changes, excessive stimulation of the glutamatergic
system has been proposed to contribute to the death of
RGCs in glaucoma. Excessive extracellular concentrations

'Deparment of Molecutar Neurobiology, Tokyo Metropolitan Institute for Neuroscience, Tokyo Metropolitan Organization for Medical Research, Tokyo, Japan;
2Department of Neuro-ophthalmology, Tokyo Metropolitan Neurological Hospital, Tokyo, Japan; *Department of Ophthalmology, Institute of Health Biosciences, The
University of Tokushima Graduate School, Tokushima, Japan; “Department of Molecular Neuropathology, Tokyo Metropofitan Institute for Neuroscience, Tokyo
Metropolitan Organization for Medical Research, Tokyo, Japan; *Laboratory of Molecular Neuroscience, School of Biomedical Science and Medical Research Institute,
Tokyo Medical and Dental University, Tokyo, Japan and ®Laboratory of Cell Signaling, Graduate Schoof of Pharmaceutical Sciences, Strategic Approach to Drug
Discovery and Development in Pharmaceutical Sciences, Global Center of Excellence program, and Core Research for Evolutional Science and Technology, Japan
Science and Technology Cotporation, The University of Tokyo, Tokyo, Japan

*Correspondence: T Harada, Department of Molecular Neurobiology, Tokyo Metropofitan Institute for Neuroscience, Tokyo Metropofitan Organization for Medical
Research, 2-6 Musashidai, Fuchu, Tokyo 183-8526, Japan. Tel + 81 42 325 3881; Fax: + 81 42 321 8678; E-mail: harada-tk@igakuken.or.jp

Keywords: glaucoma; ASK1; glutamate transporter; glia; neural cell death

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; GLAST, glutamate/aspartate transporter; NTG, normal tension glaucoma; A, amyloid beta; GDNF, glial
cell line-derived neurotrophic factor; GLT-1, glutamate fransporter 1; INOS, inducible nitric oxide synthase; IL-1, interleukin-1; 1OP, intraocular pressure; MAPK, mitogen-
activated protein kinase; mERGs, multifocal electroretinagrams; NO, nitric oxide; NTN, neurturin; RGC, retinal ganglion cell; ROS, reactive oxygen species; TLR4, Toll-
like receptor 4; TNF, tumor necrosis factor

Received 28.12.09; revised 22.3.10; accepted 15.4.10; Edited by N Bazan; published online 21.5.10



ASK1 deficiency prevents normal tension glaucoma
C Harada et al

1752

of glutamate induce uncontrolled elevation of intracellular
calcium, which enters through chronically activated glutamate
receptors. Glutamate uptake by the glial cells is a well-known
mechanism to maintain low extracellular levels of glutamate
and promote efficient interneuronal signaling in the central
nervous system (CNS). Furthermore, the same process is
considered to be neuroprotective during neurodegeneration.
Clearance of glutamate from the extracellular space is
accomplished primarily by the action of glutamate transpor-
ters.® In the CNS, the glutamate/aspartate transporter
(GLAST) and glutamate transporter 1 (GLT-1) are
Na ™ -dependent glutamate transporters found in astrocytes.
Genetic deletion of GLAST and/or GLT-1 causes abnormal
brain development and neurological symptoms such as motor
deficits,*~'" We have previously reported that GLAST, located
in Muller glial cells, is the only glial-type glutamate transporter
in the retina, whereas GLT-1 is expressed in neurons,
including bipolar cells and photoreceptors.'® Not surprisingly,
GLAST is more active than GLT-1 in preventing glutamate
neurotoxicity after ischemia.'® In addition, we recently found
that GLAST-deficient (GLAST '~ and GLAST */~) mice show
spontaneous RGC death and optic nerve degeneration
without elevated IOP."® Interestingly, GLAST is essential

not only to keep the extracellular glutamate concentration
below a neurotoxic level but also to maintain glutathione levels
by transporting glutamate, which is a substrate for glutathione
synthesis, into Mdller cells. As retinal concentration of
glutathione, a major cellular antioxidant in the retina, was
decreased in GLAST-deficient mice, both glutamate neuro-
toxicity and oxidative stress may be involved in NTG-like
pathology.'® Together with the evidence that downregulation
of GLAST (human EAATT) in the retina and of glutathione
level in the plasma are found in human glaucoma
patients,'% it is appropriate to consider GLAST-deficient
mice as a valid and adequate model that offer a powerful
system to determine the mechanisms of and evaluate new
treatments for NTG.

Apoptosis signal-regulating kinase 1 (ASK1) has key
roles in human diseases closely related to the dysfunction of
cellular responses to oxidative stress and endoplasmic reti-
culum stressors, including neurodegenerative diseases.'®!”
We have previously reported that ASK1 is primarily expressed
in RGCs, and ASK1™~ mice are less susceptible to
ischemic injury." The role of ASK1 in glaucoma, however,
is unknown. In an attempt to identify the apoptotic signals
regulating RGC death in GLAST-deficient mice, we generated
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Figure 1 Effect of ASK1 on visual response in GLAST */~ and GLAST™ mice. (a) Summed responses of the second-order kemel examined using multifocal
electroretinograms. (b) Averaged responses of the second-order kemel are demonstrated using three-dimensional plots. The degree of retinal function is presented in the
color bar. A higher score (red) indicates highly sensitive visual function and a lower score (green) indicates retinal dysfunction. (c) Quantitative analysis of the visual response
amplitude. Note the improved visual function of GLAST */~:ASK1~'~ and GLAST~/~:ASK1™"~ mice compared with GLAST ' and GLAST ™~ mice, respectively. Values

are given in nV per square degree (nV/deg?). **P<0.01, *P<0.05
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GLAST */:ASK1~~ and GLAST/":ASK1~" mice and
determined the effect of ASK1 deficiency on the NTG-like
phenotype.

Results

ASK1 deficiency protects visual function in GLAST-
deficient mice. To determine whether ASK1 deficiency
is capable of preventing the NTG-like phenotype in
GLAST-deficient mice,'®> GLAST */~:ASK1*/~ mice were
interbred and genotyped at weaning. GLAST */":ASK1~/~
and GLAST /:ASK1~'~ mice were born in accordance
with Mendelian inheritance ratios, survived into adulthood
and were fertile. We first examined the visual function
of these mice at 3 months of age (3M) using multifocal
electroretinograms (mfERGs), an established noninvasive
method."® Figure 1a and b show the averaged responses
of the second-order kernel in each group. The visual function
of WT and ASK1~~ mice was indistinguishable (Figure 1c).
As we have previously reported, visual function in the
GLAST*~ and GLAST™~ mice was impaired in all
visual fields, but was clearly improved by ASK1 deficiency
(Figure 1a—c). In particular, the amplitude of the secondary
kernel in GLAST */7:ASK1~'~ mice (4.7 + 0.4 nV/deg® n=8)
was not significantly different compared with WT mice
(5.0£0.3 nV/deg®; n=9) (P=0.67, Figure 1c). These
results suggest that ASK1 deficiency has no harmful effects
during development and prevents visual disturbances in
GLAST-deficient mice.

ASK1 deficiency protects retinal neurons in GLAST-
deficient mice. We next analyzed the histopathology of the
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retina. Consistent with the results of the mfERGs, the retina
of ASK1~'~ mice showed normal organization at 3 weeks
(8W), 3M and 6M (Figure 2). Cell number in the ganglion
cell layer (GCL) was significantly decreased after 3M in
GLAST '~ mice and after 3W in GLAST "~ mice (Figures 2
and 3a). In addition, the thickness of the inner retinal layer
(IRL) was decreased after 3M in both strains (Figure 3b). In
GLAST */~:ASK1~/~ mice, however, GCL cell number was
significantly increased at 3M and 6M compared with
GLAST */~ mice (Figure 3a). IRL thickness was increased
to a normal level (105+11% at 3M and 95+ 11% at 6M;
n=86) in GLAST */~:ASK1~/~ mice (Figure 3b). In GLAST /"
ASK1~"" mice, IRL thickness was significantly increased at
3M and 6M compared with GLAST™"" mice (Figure 3b). In
addition, GCL cell number was increased at 3W and 3 M, but
not at 6M (Figure 3a). These results suggest that ASK1
deficiency prevents the loss of RGCs and secondary retinal
degeneration in GLAST-deficient mice.

ASK1 deficiency prevents optic nerve degeneration in
GLAST-deficient mice. As nearly half of the cells in the
rodent GCL are displaced amacrine cells, we needed to
distinguish RGCs from displaced amacrine cells by
retrograde labeling.'® As ASK1 deficiency was most effec-
tive in 3M GLAST /" mice, we examined RGC number in
WT, ASK1™", GLAST "/~ and GLAST */":ASK1~"~ mice at
3M (Figure 4a—h). RGC number per square millimeter in
ASK1™" mice (4200+238; n=23) was normal compared
with WT mice (4050 +170; n=3) (P=0.64, Figure 4m). In
GLAST */~ mice, RGC number (3358+180; n=3) was
significantly reduced compared with WT mice (P<0.05).
However, RGC number in GLAST*/“:ASK1™/~ mice
(4067 £121; n=3) was clearly increased compared with

K1+
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Figure2 Effect of ASK1 on the progress of glaucoma. H&E staining of retinal sections at 3 weeks, 3 months and 8 months. WT, GLAST */~ and GLAST™"~ mice were
littermates. GLAST */~:ASK1 ™'~ and GLAST™/~:ASK1~"~ mice were littermates. Scale bar: 100 and 400 um in the upper and lower rows, respectively. GCL, ganglion cell

layer; INL, inner nuclear layer; ONL, outer nuclear layer
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Figure 3 Quantification of the severity of glaucoma. (@) RGC number in
WT, ASK1~/~, GLAST*'~, GLAST */~:ASK1~"", GLAST~ and GLAST '~
ASK1~"~ mice. The number of neurons in the GCL was counted in retinal sections
from one ora serrata through the optic nerve to the other ora serrata. (b) Thickness
of the inner retinal layer in WT, ASK1~~ GLAST*/~, GLAST*/~:ASK1 /",
GLAST™'~ and GLAST "~:ASK1 ™/~ mice. *P<0.01, *P<0.05

GLAST """ mice (P<0.05) and in normal range compared
with WT mice (P=0.94, Figure 4m). Similarly, RGC number
in GLAST/~:ASK1~/~ mice (3392 + 102; n=3) was increa-
sed compared with GLAST™~ mice (2592+269; n=3)
(P<0.05,Figure 4m).

Degeneration of the optic nerve is one of the hallmarks of
glaucoma. To analyze morphological changes in the optic
nerve, semi-thin transverse sections were cut and stained
with toluidine blue (Figure 4i-l). Consistent with severe RGC
loss, the degenerating axons in 3M GLAST /" mice had
abnormally dark axonal profiles (arrowheads in Figure 4k).
Such degenerating axons, however, were almost absent
in GLAST*/":ASK1~~ mice (Figure 4l). Taken together,
these results demonstrate that ASK1 deficiency protects
against RGC loss and optic nerve degeneration in GLAST-
deficient mice, which leads to improved visual function as
detected by mfERG (Figure 1).

IOP measurement in GLAST/ASK1 double-deficient
mice. We have previously reported that GLAST-deficient
mice show normal IOP compared with WT mice.”®

Cell Death and Differentiation

To determine the effect of ASK1 on IOP, we examined
the IOP of ASK1™/, GLAST */":ASK1~~ and GLAST
ASK1™~ mice. IOP measurements were carried out at
around 2100 hours, when IOP is highest in mouse eyes.'®

GLAST /":ASK1™"" mice were not significantly decreased
compared with WT and GLAST ™/~ mice (Figure 5). These
results suggest that the recovery of NTG-like pathology
in GLAST*/":ASK1~~ and GLAST/:ASK1~/~ mice is
IOP independent.

Role of oxidative stress and glutamate neurotoxicity
in GLAST/ASK1 double-deficient mice. Oxidative stress
has been proposed to contribute to RGC death in
glaucoma, and a reduction in glutathione levels was repor-
ted in the plasma of human glaucoma patients.'® Consistent
with these findings, we have previously reported a decreased
glutathione concentration in the retina of GLAST ™/~ mice.'®
To determine the effect of ASK1 on glutathione synthesis,
we examined the glutathione concentration in the retina
of 6M ASK1~~ and GLAST '":ASK1~~ mice and found
that it was not significantly increased compared with WT
and GLAST '~ mice, respectively (Figure 6a). In addition, the
malondialdehyde concentration in the retina of ASK1~/~ and
GLAST/":ASK1~/~ mice was indistinguishable from that
of WT and GLAST /'~ mice, respectively (Figure 6b).

We have previously reported that intravitreal glutamate
concentration is normal, but memantine, N-methyl-D-aspartate
receptor antagonist, partially protected RGCs in GLAST '~
mice.'® In addition, we showed that GLAST has a major
role in glutamate uptake into Miiller glial cells.? To explore
the possibility that ASK1 is involved in glutamate transport,
we examined glutamate uptake activity in Miller glial celis
prepared from ASK1~/~ and GLAST */":ASK1~/~ mice, and
found that it was not significantly increased compared with WT
and GLAST "/~ mice, respectively (Figure 7). These findings
suggest that ASK1 deficiency attenuates NTG-like degenera-
tion without affecting the conditions of oxidative stress and
glutamate neurotoxicity in GLAST-deficient mice.

Effect of ASK1-p38 mitogen-activated protein kinase
(MAPK) signaling in Miiller glial cells and RGCs. ASK1 is
activated in response to cytotoxic stresses, including reactive
oxygen species (ROS) and tumor necrosis factor (TNF),
and relays these signals to p38 MAPK.'®'” To determine
whether this pathway is active in Muller glial cells, we
first examined the effects of TNF on cultured Mdller cells
from WT and ASK1~/~ mice. Western blot analysis demon-
strated that stimulation of WT Muller cells with TNF leads
to strong phosphorylation of p38 in a dose-dependent
manner (Figure 8a). The activation of p38, however, was
significantly suppressed in ASKi-deficient Miller cells
(Figure 8a). Nitric oxide (NO) generated by inducible nitric
oxide synthase (iINOS) is involved in retinal neuronal
cell death®"** and a previous study has reported that
TNF-induced iNOS expression and NO release are
suppressed by a specific inhibitor of p38 in mouse
astrocytes.®®> These results suggest that the ASK1-p3s
pathway regulates TNF-induced iINOS expression in Miller
cells. To evaluate this possibility, we next examined INOS
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Figure 4 Effect of ASK1 on RGC and optic nerve degeneration. (a-h) Retrogradely labeled RGCs in WT, ASK1~'~, GLAST "/~ and GLAST*/~:ASK1~/~ mice.
(e~h) Magnified images of (a—d), respectively. (i-l) Staining of semi-thin sections with toluidine blue revealed the presence of abnormally dark axonal profiles (arrowheads)
and reduced axons in GLAST */~ mice (k), which was ameliorated in GLAST */~:ASK1~"~ mice (I). (m) Quantification of labeled RGC number in WT, ASK1~"~, GLAST */~,
GLAST */~:ASK1™"~, GLAST™~ and GLAST~'~:ASK1~"~ mice. Scale bar: 1 mm (a-d); 200 um (e-h); 20 um (i-1). *P<0.05

protein levels in culiured Muller cells. In untreated Muller
cells, INOS protein was almost absent, but TNF clearly
increased INOS expression levels (Figure 8b). Similar
iINOS induction was detected in GLAST-deficient Mdiller
cells (Figure 8b). However, TNF-induced iNOS expression
was completely suppressed in ASK1-deficient Muller celis
(Figure 8b). These results suggest that the ASK1-p38
pathway is required in Muller cells for the TNF-induced
iINOS production, which may lead to the death of retinal
neurons including RGCs. We further examined the direct
effect of TNF on cultured RGCs.'® TNF-induced cell death
in cultured RGCs from ASK1-deficient mice was significantly

decreased (41+9%; n=6) compared with that from WT
mice (P<0.05, Figure 8c). Taken together, loss of ASK1
prevents TNF-induced RGC death through both the direct
pathway and the indirect pathway through Mdiller cells that
is independent of GLAST.

Discussion

In this study, we show that ASK1 is associated with
progressive RGC loss, glaucomatous optic nerve degenera-
tion and visual disturbances in GLAST-deficient mice. We
previously suggested the possibility that dysfunction of
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