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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 optic 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.

Cell Death and Differentiation (2010) 17, 1751-1759; doi:10.1038/cdd.2010.62; published online 21 May 2010

It is estimated that glaucoma affects nearly 70 million
individuals worldwide, including at least 6.8 million 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
intraocular pressure (IOP). Recent studies have shown that
glaucoma is affected by multiple genes and environmental
factors,? and there are several inherited and experimentally
induced animal models of high IOP glaucoma, including
DBA/2J mice and laser-induced chronic ocular hypertension
modet.*® 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

disease progression, and elucidating these factors is neces-
sary to better understand the pathogenesis of glaucoma,
especially in the context of NTG. For this purpose, an animal
model representing disease characteristics of NTG would be
exitremely useful. To date, some animal models have been
introduced, for example, the optic nerve ligation model shows
RGC loss with normal 10P,? 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

'Depariment of Molecular Neurobiology, Tokyo Metropelitan Institute for Neuroscience, Tokyo Metropolitan Organization for Medical Research, Tokyo, Japan;
2Dapartment of Neuro-ophthaimology, 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 Metropolitan 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 Schoo! 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 Corporation, The University of Tokyo, Tokyo, Japan

*Correspondence: T Harada, Department of Molecular Neurobiology, Tokyo Metropolitan Institute for Neuroscience, Tokyo Metropolitan 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 celt 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 transporter 1; INOS, inducible nifric oxide synthase; IL-1, interleukin-1: IOP, intraocular pressure; MAPK, mitogen-
activated protein kinase; mfERGs, multifocal electroretinograms; 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 onling 21.5.10



ASK1 deficiency prevents normal tension glaucoma
C Harada et a/

1782

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 exiracellular 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 Mller 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 10P.'® 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 EAAT1) 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 kernel 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 */7: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 */":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=067, 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

wT ASK1¥ GLASTY
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retina. Consistent with the results of the mfERGs, the retina
of ASK1~~ mice showed normal organization at 3 weeks
(3W), 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=23) (P=0.64, Figure 4m). In
GLAST*/~ mice, RGC number (3358+180; n=23) was
significantly reduced compared with WT mice (P<0.05).
However, RGC number in GLAST*/":ASK1~'~ mice
(4067 £121; n=23) was clearly increased compared with

GLAST* GLASTY: ASK1*

Figure 2 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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