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Arundic acid attenuates retinal ganglion cell death by
increasing glutamate/aspartate transporter expression
in a model of normal tension glaucoma

M Yanagisawa', T Aida’, T Takeda', K Namekata?, T Harada?, R Shinagawa® and K Tanaka*"*°

Glaucoma is the second leading cause of blindness worldwide and is characterized by gradual visual impairment owing to
progressive loss of retinal ganglion cells (RGCs) and their axons. Glutamate excitotoxicity has been implicated as a mechanism
of RGC death in glaucoma. Consistent with this claim, we previously reported that glutamate/aspartate transporter (GLAST)-
deficient mice show optic nerve degeneration that is similar to that observed in glaucoma. Therefore, drugs that upregulate
GLAST may be useful for neuroprotection in glaucoma. Although many compounds are known to increase the expression of
another glial glutamate transporter, EAAT2/GLT1, few compounds are shown to increase GLAST expression. Arundic acid is a
glial modulating agent that ameliorates delayed ischemic brain damage by attenuating increases in extracellular glutamate. We
hypothesized that arundic acid neuroprotection involves upregulation of GLAST. To test this hypothesns, we examined the effect
of arundic acid on GLAST expression and glutamate uptake. We found that arundic acid induces GLAST expression in vitro and
in vivo. In addition, arundic acid treatment prevented RGC death by upregulating GLAST rﬂ ;heterozygous (GLAST"'~) mice.
Furthermore, arundic acid stimulates the human GLAST ortholog, EAAT1, expression in human neuroglioblastoma cells. Thus,
discovering compounds that can enhance EAAT1 expression and activity may be a novel. strategy for therapeutic treatment of

glaucoma.

Cell Death and Disease (2015) 6, ee; doi:10.1038/cddis.2015.45; published online xx. xxx 2015

Glaucoma affects nearly 70 million individuals worldwide and

is one of the major causes of blindness in the developed °
world." The most common type of glaucoma is primary open::

angle glaucoma (POAG), which is characterized by gradue!?

visual impairments owing to progressive loss of retinal

ganglion cells (RGCs) and their axons. Although eley ,ed
intraocular pressure (IOP) is a risk factor for glaucoma IOP
elevation is not detected within a subset of POAG patrents
including those with normal tension glaucoma (NTG) More-
over, some patients continue to exhibit progressive loss of
RGCs even after treatment to reduce IOP# These findings
suggest that non-IOP-dependent factors -may contribute to
RGC degeneration. To better understand the pathogenesis of
glaucoma and to develop rmproved therapies, it is necessary
to discover these unidentified factors.

We previously reported that glutamate/aspartate transpor-
ter (GLAST)-deficient (GLAST™~ and GLAST*~) mice show
spontaneous RGC death and glaucoma-like optic nerve
degeneration without developing elevated IOP.>® The GLAST
protein is essential for maintaining the extracellular glutamate
concentration below neurotoxic levels’” and for regulating
glutathione levels in Miiller glia by transporting glutamate,® the

GLAST eficiency results in RGC degeneration owing to
excrtotoxtcrty and oxidative stress. Moreover, previous work
h,,as shown that glutamate excitotoxicity and oxidative stress

. are involved in retinal damage in glaucoma.® Furthermore,

reportedly, the human GLAST ortholog excitatory amino-acid
transporter 1 (EAAT1) is downregulated in the retinas of
human patients with glaucoma.' This result suggests that
impairments in EAAT1 activity may be related to the
pathogenesis of glaucoma. We previously reported that
interleukin-1-dependent activation of GLAST increases gluta-
mate uptake by Miuller glia and protects RGCs from
excitotoxicity.”* In addition, glial cell line-derived neurotrophic
factor and neuturin-induced upregulation of GLAST in Mller
cells is required to protect RGCs following optic nerve
transection.' Therefore, discovering new compounds that
enhance EAAT1 activity may represent a novel strategy for
therapeutic management of glaucoma.

In recent years, several groups have identified clinically
useful drugs that activate EAAT2 transcription and
translation.'> " In the first study of this kind, Rothstein
et al.’® reported that a B-lactam antibiotic, ceftriaxone, is
neuroprotective in vitro and in vivo by increasing the

substrate for glutathione synthesis, into the cells. Thus, expression of EAAT2. Although many compounds are known
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Figure 1 Arundic acid enhances glutamate uptake activity in Miiller cells by an increase in the expression of GLASTmRNA. (a) Chemical structure of arundic acid. (b) In
primary cultured Mller cells, glutamate transport is significantly increased after 14 days of treatm 1t with 100 #M arundic acid. *P< 0.05 as determined by one-way ANOVA with
Tukey-Kramer's post hoc analysis. (c) Representative transport kinetics saturation curves for 1-[34-°H]-glutamate uptake activity in primary cultured Miller cells treated with
100 uM arundic acid (closed square) or vehicle alone (open rhombus). Each data point corresponds to the mean =+ S.E.M. of three individual determinations. (d) Effects of arundic
acid on GLAST mRNA expression in primary cultured Miiller cells. GLAST mRNA expression is significantly increased following 100 xM arundic acid treatment. *P<0.05 as
determined by one-way ANOVA with Dunnett's post hoc analysis. (e) Transport | kinetics analysis of glutamate uptake activity by EAAT1-expressing HEK293T cells following
treatment with 100 1M arundic acid (closed square) or vehicle alone (open rhombus) Data from three independent experiments generated mean values of 44.28 -+ 9.22 M for
K and 2.04 2 0.51 nmol/mg/min for V oy, in the absence of arundic acid, versus 54.96 -+ 18.57 M for K, and 2.13 - 0.53 nmol/mg/min for V., in the presence of arundic acid

treatment. Thus, arundic acid had no effect on the kinetic properti

to increase EAAT2 expression, few, drugs‘, increase the
expression of EAAT1/GLAST.'® Because of our specific
interest in antiglaucoma theraple ish to identify drugs
that elevate EAAT1/GLAST expres ion and activity.

Arundic acid ((2R)-2- propy octanonc acid, ONO-2506;
Figure 1a) was originally dlscovered through screening for
an agent to inhibit synthesis of S1008 in astrocytes.’” A
previous study showed that arundic acid administration
markedly ameliorates brain damage in a transient middle
cerebral artery occlusion rat model.'® These beneficial effects
of arundic acid are associated with marked suppression of
delayed extracellular glutamate accumulation in the peri-
infarct areas.'® In searching for a possible mechanism of
action, we hypothesized that arundic acid neuroprotection
involves upregulation of EAAT1/GLAST.

To explore this hypothesis, we studied the effect of arundic
acid on EAAT1/GLAST expression and glutamate uptake
activity. These studies demonstrate that arundic acid can
induce EAAT1/GLAST expression in vitro and in vivo. In
addition, in GLAST heterozygous (GLAST*~) mice, treat-
ment with arundic acid prevents RGC death, mediated through
upregulation of GLAST.

Cell Death and Disease

of glutamate uptake by EAAT1-expressing HEK293T cells

Results

Arundic acid increases glutamate uptake in mouse
Miiller cells by increasing GLAST expression. To explore
the postulated effects of arundic acid on glutamate uptake
activity, first, we examined glutamate uptake in Mller cells
that were prepared from retinas of C57BL/6J mice and
cultured for 14 days in the presence of 0-100uM arundic
acid. The glutamate uptake velocity was significantly
increased by 100uM arundic acid treatment (Figure 1b).
Figure 1c shows the kinetic analysis of glutamate uptake in
the presence and absence of 100 uM arundic acid. The Viax
value of cells treated with arundic acid was 1.48 times that of
cells treated with vehicle alone (Student's ttest, P<0.05),
whereas the K, value was not significantly affected
(42.15+18.98 uM for vehicle alone versus 30.52 +8.67 uM
for arundic acid). These results suggest that arundic acid
increases glutamate uptake activity by increasing Viax,
without shifting the apparent glutamate affinity. One mechan-
ism for increasing Vinax is by increasing transporter expres-
sion. In Muller cells, GLAST is the most abundant glutamate
transporter subtype.?® Thus, we examined whether arundic
acid increases GLAST expression in Mdiller cells by
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guantitative real-time PCR (g RT-PCR). One hundred micro-
molar arundic acid significantly increased (P<0.05) endo-
genous GLAST mRNA expression in Miller cells (Figure 1d).
The time course study reveled that arundic acid induced
GLAST mRNA and protein expression as early as 24 h post-
treatment (Supplementary Figures 1a and b). Because the
transport process is driven by ion gradients, an arundic acid-
mediated increase in glutamate uptake in Miller cells could
be achieved indirectly by altering ion gradient across the
plasma membrane. To explore this possibility, we examined
the effect of arundic acid on glutamate uptake in
HEK293T cells transfected with EAAT1 cDNA. In this system,
arundic acid treatment did not alter the kinetic properties of
EAAT1 (Figure 1e). Together, these results indicate that
arundic acid treatment enhances glutamate uptake in Miller
cells by increasing GLAST gene expression.

1Y
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Arundic acid selectively enhances glutamate uptake via
GLAST in the retina. To determine whether the effects of
arundic acid are similar in vivo, we examined glutamate
transporter expression in isolated mouse retinas treated with
arundic acid. Three glutamate transporters are expressed
around the synapses of RGCs in the plexiform layer, GLAST,
GLT1 and excitatory amino-acid carrier 1 (EAAC1).2" We
administered arundic acid or vehicle to GLAST*~ mice
during postnatal day (P) 22 to P35, and evaluated the
glutamate transporter expression levels by gPCR. Arundic
acid treatment increased GLAST mRNA expression in the
retinas of GLAST™~ mice, but did not alter GLT1 or EAAC1
mRNA levels (Figure 2a). Next, we asked whether arundic
acid is capable of increasing GLAST protein expression in the
retinas of GLAST"~ mice. Using western blot analysis, we
found that 14-day arundic acid treatment significantly
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Figure 2 Arundic acid increases GLAST expression and transport activity in the mouse retina. (a) Effects of arundic acid treatment on GLAST, GLT1 and EAACT mRNA
levels in the retina of GLAST*'~ mice. Arundic acid (10 mg/kg, given daily from P22 to P35) increased the GLASTmRNA level (N=6), whereas the mRNA levels of GLT (N=6)
and EAACT (N=6) are unaffected. *P<0.05 as determined by a Student's #test. (b) Arundic acid (10 mg/kg) increases GLAST protein expression in the retina of GLAST*/~
mice relative to vehicle-treated control mice (N=6). A representative western blot of GLAST protein expression is shown; the quantified data represent the mean = S.EM.
*P<0.05 as determined by a Student's +test. (c) Effect of arundic acid on glutamate uptake activity in the retina of GLAST mutant mice. Relative glutamate uptake velocity was
quantified from six independent experiments performed in duplicate for each data point. Data represent the mean + S.E.M. *P<0.05, **P<0.01 as determined by one-way

ANOVA with Tukey~Kramer's post hoc analysis
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F-.

increased endogenous GLAST protein expression (Figure 2b).
To test whether the increases in GLAST mRNA and protein
expression are accompanied by enhanced glutamate trans-
port activity, we conducted (-[3,4-°H]-glutamate uptake
assays in isolated retinas from GLAST*~ and GLAST~
mice. Fourteen-day arundic acid treatment led to a 1.23-fold
increase in glutamate uptake in the retinas of GLAST"/~
mice, compared with those treated with vehicle alone. We
also observed that arundic acid increased GLAST protein
expression and glutamate uptake activity in the retinas of
wild-type mice (Supplementary Figures 2a and b). By contrast,
arundic acid treatment did not affect glutamate uptake activity
in the retinas of GLAST™~ mice (Figure 2c). These results
suggest that arundic acid treatment increases retinal gluta-
mate uptake activity by selectively increasing GLAST
expression in vivo.

Arundic acid alleviates RGC loss by increasing GLAST
expression in GLAST heterozygous mice. On the basis of
the increased expression of GLAST described above, we
hypothesized that arundic acid could be neuroprotective by
protecting against RGC degeneration in GLAST-deficient
mice. Chronic oral treatment of GLAST*~ mice with arundic
acid, starting at 22 days of age, lead to a significant
prevention of RGC loss compared with vehicle-treated control
GLAST"~ mice (Figure 3). The number of cells in the
ganglion cell layer (GCL) of GLAST*~ mice subjected to
arundic acid treatment was significantly increased (438+8

cells; N=86) relative to GLAST*~ mice without arundic acid

treatment (366 =11 cells; N=6; Figures 3a and b). Neuro-

protective effects of arundic acid cannot be seen with GLAST
activation when studied in GLAST™" mice. Taken togeth@'r,:@”

these results suggested that arundic acid attenuates RGC
loss in GLAST*~ mice by specifically facilitating GLAST
expression.

Arundic acid facilitates the endogenous EAAT1 expression
in human neuroglioblastoma cells via activating
EAAT1 promoter. Although arundic acid can enhance the
expression of GLAST in retina of mice, it remains unclear
whether arundic acid increases the expression of endogenous
EAAT1 in human cells. To study the effect of arundic acid on
endogenous EAATT expression in human glial cells, H4
human neuroglioblastoma cells®* were incubated with arundic
acid for 9 days. EAATT mRNA levels were quantified by
gPCR. Treatment with 50 and 100 uM arundic acid signifi-
cantly increased EAATT mRNA expression in H4 cells
(Figure 4a). To better understand the mechanism of action,
we examined the effect of arundic acid on the promoter
activity of EAAT1 in H4 cells. Previous studies showed that
the full-length human EAAT1. promoter compromised the
2.3 kb region immediately flanking the 5~end of the human
EAAT1 gene®® and the 3~UTR of the human EAAT mediated
the stimulatory infl ence of dbcAMP, epidermal growth factor,
transforming. growth actor a and pituitary adenylate cyclase-
activating polypeptide on EAATT expression.?® Thus, H4 cells
were transfected with a reporter plasmid containing the
full- length human EAAT? promoter in combination with the
3- UTR of the human EAATT at 6 days after 50 uM arundic
acid treatment. After 9 days of treatment of arundic acid, the
c‘eus were harvested and subjected to a luciferase reporter
nassay Arundic acid significantly increased reporter gene
.. activity of a construct containing the full-length human EAAT1
promoter sequence as compared with vehicle-treated controls

a GLAST +/- GLAST t/- GLAST —I- GLAST —I=
C57BL/6J Vehicle Arundic acid Vehicle Arundic acid
£ e A@w%ﬁ*i‘wf i : + GCL
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b
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Figure 3 Arundic acid rescues RGC death in GLAST*~ mice by increasing GLAST expression. (a) Hematoxylin and eosin-stained retinal sections from wild-type,
GLAST*~ and GLAST™" mice at P35, with or without arundic acid (10 mg/kg) treatment. The scale bar represents 100 um and 50 um in the upper and lower panels,
respectively. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. (b) Quantitative analyses of the number of neurons in the GCL following arundic acid
treatment. The numbers of neurons in the GCL were counted in retinal sections from one ora serrata through the optic nerve to the other ora serrata (N= 6). The data represent
the mean + S.EM.. **P<0.01 as determined by one-way ANOVA with Tukey-Kramer's post hoc analysis
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Figure 4 Arundic acid increases EAATT mRNA and EAATT promoter activity in human neuroglioblastoma H4 cells. (a) Arundic acid treatment resulted in an increase in
EAATT mRNA in the human H4 celi line, as evaluated by qPCR (N=4). Data represent the mean + S.E.M. *P < 0.01 relative to control as determined by one-way ANOVA with
Tukey-Kramer's post hoc analysis. (b) Arundic acid activates the EAATT promoter. In human H4 cells transfected with the EAAT1 promoter/iuciferase reporter, 50 M arundic acid

significantly induced EAAT promoter activity (N=6). Data represent the mean + S.E.M. *P<0.05 as determined by a Student's ttest

(Figure 4b). These data suggested that arundic acid can
increase glutamate uptake in the human glial cells by
activating the genetic promoter for EAATT.

Discussion

Our previous study showed that GLAST-deficient mice
develop NTG-like phenotypes,® which suggests that GLAST

dysfunction may underlie or contribute to RGC loss in
glaucoma patients. Importantly, deletion of GLAST in mice:-

results in RGC degeneration without IOP elevation.® Currenﬂy,‘

IOP reduction is the only proven treatment of glaucoma

However, it should be noted that some glaucoma patient: ar’é
still progressive despite sufficient IOP reduction.“;Th'uxs,, there
is an urgent need for the discovery of alternative therapeutic
approaches that are independent of IOP “reduction and
directed at preventing RGC loss. As glutamate excitotoxicity
is involved in RGC loss in glaucoma,®'% 24‘25,drUQs capable of
increasing GLAST may be useful neuroprotechve compounds.
In recent years, a number of groups have identified clinically
useful drugs that elevate EAAT2 levels."®>"'® However, there
are few available drugs oapable of increasing the expression
of EAAT1/GLAST."® Various preclinical investigations have
demonstrated the manifold beneficial actions of arundic acid
against neurological diseases, including ischemic stroke,?”
Parkinson’s disease,?® amyotrophic lateral sclerosis®® and
Alzheimer's disease.®® Although a lot of studies have
assessed the inhibitory effect of arundic acid on the production
and release of S100 protein from giial cells in these diseases,
no study has examined the effect of arundic acid on the
expression and activity of glutamate transporters. Because
glutamate excitotoxicity is involved in these neurological
diseases,®' we hypothesized that the neuroprotective proper-
ties of arundic acid may, in part, involve the augmentation of
EAAT1/GLAST. In this study, we demonstrated that arundic
acid increases the EAAT/GLAST levels of the retina. This
effect was specific to GLAST and did not alter the other
subtypes of glutamate transporters, including the astroglial
GLT1 and the neuronal EAACT. It was reported that the

neuroprotective action - arundic acid was medlated
exclusively through the modulation of astrocytlc functlon

astrocytes::
Mdaller. cells

retma’ y arundlc acid can be explained by the selective

¢ Iocahzahon of GLAST in Miller cells, the major type of glial
‘ “icells in the retina.

A previous study suggested that GLAST is also important for

maintaining glutathione levels in Miller cells by transporting

glutamate into the cells.® Thus, GLAST dysfunction may
lead to RGC degeneration through both excitotoxicity and
oxidative stress. Arundic acid protected RGCs from oxidative
and glutamate-induced injuries by increasing EAAT1/GLAST
expression. Glutamate excitotoxicity and oxidative stress may
contribute to retinal damage in various eye diseases, including
retinal ischemia,®® glaucoma,33* diabetic retinopathy® and
age-related macular degeneration.®® In addition, if neurons
that contain high concentrations of glutamate are injured, then
there can also be secondary excitotoxic damage. Therefore,
augmentation of EAAT1/GLAST activity with arundic acid
treatment may be a novel strategy for the management of
glaucoma and other various forms of retinopathy. Further-
more, we observed that arundic acid enhances the glutamate
uptake activity and expression of glial glutamate transporters,
GLT1 and GLAST, in the cerebral cortex of wild-type mice
(Supplementary Figures 3a and b). Arundic acid may be useful
for the treatment of other neuropsychiatric diseases, such as
ataxia,>**® migraine,® schizophrenia*®™*2 and depression*®
as glial glutamate transporter dysfunctions exist in these
neuropsychiatric diseases. Arundic acid passed a phase 1
clinical trial,®”** so it does not cause toxicity in the central
nervous system.

In addition, we demonstrated that arundic acid can enhance
the EAAT1 expression in human neuroglioblastoma cells. The
molecular mechanism of this enhancement appears to be
activation of the genetic promoter for EAATT, although the

w1

Cell Death and Disease

- 161 -



Arundic acid prevents normal tension glaucoma
M Yanagisawa et al

o

pathway for promoter activation is not known. Our studies washes in ice-cold Na'-free assay buffer (Na* was replaced by equimolar LiCl).
provide potential novel neurotherapeutics for the management Then the cells were immediately lysed with 0.1 N NaOH. Aliquots of the cell lysates

of glaucoma by modulating the EAAT1 activity via gene were prepared for scintillation counting, whereas aliquots were used for the
activation measurement of protein concentrations by a BCA kit (Sigma-Aldrich). The kinetic

parameters, the Michaelis constant (K,) and the maximum uptake velocity (Ve
were determined using Hanes-Woolf plot transformations. The effects of arundic
Materials and Methods acid on the kinetics of EAAT1 glutamate uptake aclivity were evaluated in cells
Mice and arundic acid administration. All experiments were performed following preincubation with arundic acid (100 #M) and subsequent addition of
in accordance with the ethical guidelines of the Institutional Animal Care and Use (3, 4-°H] glutamate. In primary cultured Miller cells, the glutamate uptake assay
Committee of Tokyo Medical and Dental University. C57BL/6 J mice were purchased was performed after 14 days of arundic acid treatment. Following 20 min of
from CLEA Japan (Tokyo, Japan). GLAST""~ and GLAST™ mice were previously preincubation with assay buffer, glutamate uptake was terminated at 7 min by three
described.*s Al mice used in this study were backcrossed with C57BL/6 J mice for washes in ice-cold Na*-free assay buffer. All results were from triplicate samples
at least 10 generations, The daily oral administrations of arundic acid (10 mg/kg/day, and were repeated in three separate experiments. To determine the glutamate
Ono pharmaceutical)®® or corn oil (Sigma-Aldrich, St. Louis, MO, USA) to uptake velocity of retinas from C578L/6 J- and GLAST-deficient mice, both retinas
C57BL/6 J, GLAST* and GLAST™ mice were performed from ages P22 to P35. were removed from one mouse and cut into eight pieces. Each set of four pieces
At a dose of 10 mg/kg, orally administered arundic acid was shown to exhibit was preincubated with either Na*-containing or Na*-free assay buffer and 100 uM
inhibitory actions on cerebral amyloidosis and gliosis in Altzheimer transgenic unlabeled glutamate for 20min. 1-[34-°H] glutamate was added to a final
mice. % The mice were killed immediately after the final administration and then their concentration of 0.05 M. After 7 min of incubation, the assay was terminated by
retinas were either processed for RGC counts, prepared for retinal RNA and protein washing three times with ice-cold Na’-free assay buffer. The glutamate transport
extractions, or used for glutamate uptake assays. velocity was calculated by subtracting the velocity in Na’-free assay buffer from that
in Na*-containing assay buffer. All results were performed in duplicate samples and
Cell culture, transfection and luciferase assays. The primary Miller ~ were repeated in six individual mice.-
cell cultures were prepared as previously described.5*47 The human neuroglio- ;
blastoma H4 cell line was purchased from American Type Tissue Collection Immunoblot analysis. Retmas and cultured Miiller cells were homogenized
(Manassas, VA, USA). Miiller cells, H4 cells and HEK293T cells were grown in in ice-cold 50 mM Tris-HCI {pH 75) containing 150 mM NaCl, 1% (v/v) Nonidet
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich) that contained 10% fetal P-40, 0.25% (whv)_ sodlum deoxycholate, 1 mM EDTA, 1 mM phenylmethylsulfonyl
bovine serum, 4.5 mg/ml p-glucose, 4 mM t-glutamine and 1 mM pyruvate at 37 °C fluoride, 1mM. NaVO4, +mM NaF and a proteinase inhibitor cocktail (Roche,
in 10% CO4/90% O,. HEK293T cells were transfected with EAAT1 plasmid using Manheim, Germany) Samples were separated by sodium dodecyl sulfate
GeneJuice Transfection Reagent (Merck Millipore, Billerica, MA, USA). One day polyacrylamide gel- electrophoresis and then transferred onto polyvinylidene
after transfection, cells were plated onto 12-well plates at a density of 2.0 x 10° cells difluoride membranes (Merck Miflipore). The following antibodies were used for
per well and incubated for 1 day. Two days after transfection, the cells were lmmunoblotﬂng 1 ug/l of affinity purified anti-GLAST rabbit polyclonal®® and 10 ng/mL
subjected to a glutamate uptake assay. To study the effects of arundic acid on of anti-p-actin mouse monoclonal (C4; Santa Cruz Biotechnology, Santa Cruz,
EAAT1 expression in H4 cells, the cells were incubated for 9 days in culture media CA USA) antibodies. After incubation with primary antibodies, the membrane was
that contained arundic acid (0, 12.5, 25, 50 or 100 M), and during which the media - incUbated with horseradish peroxidase-conjugated mouse or rabbit immunoglobulin
were changed every 2 days. To perform the luciferase promoter assay, after 6 days... ~G. antibodies (diluted 1:10000; Jackson ImmunoResearch Laboratories, Bar
of 50 1M arundic acid or DMSO treatment, H4 cells were transiently transfected with Harbor, ME, USA). Data were visualized using Luminata Forte Western HRP
the pGL4.11[luc2P] (Promega, Madison, WI, USA), containing the full Iengtha - Substrate (Merck Millipore) and quantified by measuring the ratio of band intensities
promoter region and 3-UTR of EAATT, and pGL4.73[hRiuc/5V40) (Promega) using for GLAST relative to g-actin using Image Lab software (Bio-Rad Laboratories,
Lipofectamine3000 (Invitrogen, Carlsbad, CA, USA). After transfection, the:cells Hercules, CA, USA).
were incubated with 50 M arundic acid or DMSO for three addmonal ‘days. After
9 days of treatment, the cells were harvested with 1x Passive Lysis Buffer Quantitative RT-PCR experiments. Total mRNA was isolated from retinas
(Promega). The luminescent signal from firefly luciferase and renilla luciferase was and cells using TRIzol reagent (Invitrogen) and then reverse transcribed into cDNA
measured sequentially with a Lumat LB 9507 luminometer’ (Berthotd Technologies, using PrimeScript RT with gDNA Eraser (Takara Bio Inc. Siga, Japan). g RT-PCR
Bad Wildbad, Germany) using the Dual- Lucxferase Reporter Assay System was performed to amplify mouse GLAST (accession number: NM_148938.3), GLT1
(Promega) according to the manufacturers’ ins S, Flrefly luciferase activity (accession number: NM_001077514.3), EAACT (accession number: NM_009199.2)
was normalized to renilla luciferase activity. N and Rpp30 (the ortholog of human RNaseP, accession number: NM_019428.3).
EAAT1 and RPPH1 (the H1 RNA subunit of the RNaseP enzyme complex,
DNA constructs. Full-length EAAT1 cDNA (OnGene Rockville, MD, USA) was accession number: NR_002312.1) were amplified from human cells. The gPCR
cloned in the mammalian expression Vector pcDNA3.1 (Invitrogen). Genomic DNA reactions were performed using a LightCycler 480 system Il (Roche) with SYBR
was extracted from H4 cells using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, Premix ExTaq Il (Takara Bio Inc.). The following primers were used: mouse GLAST
CA, USA), and the 2.7 kilobase (kb) fragment of the EAAT? promoter and 2.1 kb forward 5'-GTCGCGGTGATAATGTGGTA-3' and reverse 5-AATCTTCCCTGC
fragment of EAATT 3UTR were amplified by PCR. Primer sets were designed as GATCAAGA-3; mouse GLT1 forward 5-GGTCATCTTGGATGGAGGTC-3' and
follows: EAATT promoter forward 5-GCTCGCTAGCCTCGAGGTAATCTCGAGTT reverse 5-ATACTGGCTGCACCAATGC-3'; mouse EAACT forward 5-ACGT
CTTCAAACCAAT-3" and reverse 5'-CCGGATTGCCAAGCTTGGTGGAAGATAT CACCCTGATCATTGCT-3" and reverse 5'-GACGTTCACCATGGTCCTG-3'; mouse
CAAGCAGTAACG-3'; and EAAT? 3-UTR forward 5-AAATCGATAAGGATCCC Rpp30 forward 5'-TCCAGTGTGCAAGAAAGCTAAATG-3' and reverse 5-GGCA
GACAGTGAAACCAAGATGTAGAC-3' and reverse 5-AAGGGCATCGGTCTAC GTGCGTGGAGACTCA-3"; human SLCTA3 forward 5-TACCAAAGAGGAGGTT
AAGAATAACAACAACGTGCAAAGA-3’, The PCR product of the EAATT promoter TGGC-3' and reverse 5-GGAGGGTCTCTTCTTTGCAC-3'; and human RPPH1
was inserted between the Xhol and Hindll! sites of pGL4.11[luc2P] and cloned using forward 5-AGCTGAGTGCGTCCTGTCACT-3' and reverse 5-TCTGGCCCTA
an In-Fusion HD Cloning Kit (Clontech, Mountain View, CA, USA), and then the GTCTCAGACCTT-3". The gPCR experiments were conducted either three or four
PCR product of EAATT 3'UTR was similarly cloned following insertion between the times, with every sample run in duplicate. The samples were normalized to the

BamH| and Safl sites of pGL4.11[luc2P). relative amplifications of mouse App30 and human RPPH]I.
Glutamate uptake assays. Two days after EAAT1 cDNA transfection, Histological and morphometric analysis. Mice were killed at P35 and
HEK293T cells were incubated at 37 °C for 12 min in assay buffer {137 mM NaCl, then their eyes were dissected and immersed in Davidson's fixative solution®*

5.4mM KCl, 0.4mM MgSO,, 0.5mM MgCl,, 0.64 mM KH,PO,, 1.26 mM CaCly, overnight at 4 °C. The fixed eyes were dehydrated in 70% ethanol for 3 days at 4 °C
5mM HEPES (pH 7.5) and 5.5 mM b(+)-glucose) containing 1.0, 3.9, 15.6, 62.5, and embedded in paraffin wax. Embedded eyes were sectioned at a thickness of
250.0 or 1000.0 uM of unlabeled L-glutamate. 1-[3,4-°H] glutamate (50.6 Ci/mmol, 7 um and stained with hematoxylin and eosin. The number of neurons in the GCL
PerkinElmer Life Science, Boston, MA, USA) was added to a final concentration of was counted from one ora setrata through the optic nerve to the other ora serrata in
0.05 M for an additional 20 min, following which the assay was terminated with two a blind manner. The average numbers of neurons in the GClL/eyes were obtained
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from three sections of each retina. Microscopic images were obtained using a Leica
DM RA microscope (Leica, Wetzlar, Germany) with a HCX PLAN APO 40x/0.75
PH2 objective (Leica) and a DFC 300 FX camera (Leica), and a Leica Application
Suite (Leica).

Statistical analyses. Values are expressed as the mean+S.E.M. Two-
tailed Student's t-tests were used for two-sample comparisons, and one-way
ANOVA tests were used for multiple comparisons followed by Tukey—Kramer's or
Dunnett's post hoc tests for significance, in which P<0.05 was regarded as
statistically significant.
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HIGHLIGHTS

e The concept that VPA exerts neuroprotective effects is emerging.

* We examine the therapeutic potential of VPA in a mouse model of normal tension glaucoma.

® VPA suppresses glaucomatous retinal degeneration in GLAST KO mice.

® VPA ameliorates visual impairment in GLAST KO mice.

e VPA may be useful for preventing retinal ganglion cell death and preserving sight in glaucoma patients.
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Valproic acid (VPA) is widely used for treatment of epilepsy, mood disorders, migraines and neuropathic
pain. It exertsits therapeutic benefits through modulation of multiple mechanisms including regulation of
gamma-aminobutyric acid and glutamate neurotransmissions, activation of pro-survival protein kinases
and inhibition of histone deacetylase. The evidence for neuroprotective properties associated with VPA is
emerging. Herein, we investigated the therapeutic potential of VPA in a mouse model of normal tension
glaucoma (NTG). Mice with glutamate/aspartate transporter gene deletion (GLAST KO mice) demonstrate
progressive retinal ganglion cell (RGC) loss and optic nerve degeneration without elevated intraocular
pressure, and exhibit glaucomatous pathology including glutamate neurotoxicity and oxidative stress in
the retina. VPA (300 mg/kg) or vehicle (PBS) was administered via intraperitoneal injection in GLAST KO
mice daily for 2 weeks from the age of 3 weeks, which coincides with the onset of glaucomatous retinal
degeneration. Following completion of the treatment period, the vehicle-treated GLAST KO mouse retina
showed significant RGC death. Meanwhile, VPA treatment prevented RGC death and thinning of the inner
retinal layer in GLAST KO mice. In addition, in vivo electrophysiological analyses demonstrated that visual
impairment observed in vehicle-treated GLAST KO mice was ameliorated with VPA treatment, clearly
establishing that VPA beneficially affects both histological and functional aspects of the glaucomatous
retina. We found that VPA reduces oxidative stress induced in the GLAST KO retina and stimulates the
cell survival signalling pathway associated with extracellular-signal-regulated kinases (ERK). This is the
first study to report the neuroprotective effects of VPA in an animal model of NTG. Our findings raise
intriguing possibilities that the widely prescribed drug VPA may be a novel candidate for treatment of
glaucoma.

© 2015 Published by Elsevier Ireland Ltd.

Abbreviations: 2K, second order kernel; 4-HNE, 4-hydroxy-2-nonenal; BDNF, brain-derived neurotrophic factor; ERK, extracellular-signal-regulated kinases; GCL, ganglion
cell layer; GLAST, glutamate/aspartate transporter; HDAC, histone deacetylase; INL, inner nuclear layer; IOP, intraocular pressure; IRL, inner retinal layer; mfERG, multifocal
electroretinogram; NMDA, N-methyl-D-aspartate; NTG, normal tension glaucoma; ONL, outer nuclear layer; RGC, retinal ganglion cell; VPA, valproic acid.
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1. Introduction

Glaucoma is one of the major causes of blindness in the world.
Itis estimated that glaucoma will affect more than 80 million indi-
viduals worldwide by 2020, with at least 6-8 million individuals
becoming bilaterally blind [31]. Glaucoma is characterized by pro-
gressive loss of retinal ganglion cells (RGCs) and their axons that
comprise the optic nerve, which are usually associated with ele-
vated intraocular pressure (IOP), but there is also a subtype of
glaucoma termed normal tension glaucoma (NTG) that presents
with statistically normal 10P. The general concept is that the num-
ber of NTG patients is small relative to the total number of glaucoma
patients, but there is an unexpectedly high prevalence of NTG in
Japan [18]. Previously, we developed two mouse models of NTG
by deleting the glutamate transporter genes glutamate/aspartate
transporter (GLAST) and excitatory amino-acid carrier 1 (EAACT)
[16]. GLAST and EAACT knockout (KO) mice show progressive
RGC loss and optic nerve degeneration without elevated IOP, and
exhibit glaucomatous pathology including glutamate neurotoxicity
and oxidative stress in the retina. These animal models have been
extremely useful in providing information on therapeutic target for
NTG {15,25,27,28,33,34]. )

Valproic acid (VPA) is a short-chain fatty acid and is used
worldwide clinically for treatment of epilepsy, mood disorders,
migraines and neuropathic pain [7,17.21,37]. The pharmacological
action of VPA involves multiple mechanisms including those asso-
ciated with modulation of glutamate and gamma-aminobutyric
acid (GABA) neurotransmissions, and those that affects intracellu-
lar signal transduction pathways; more specifically, by modulating
enzymatic activities, such as extracellular-signal-regulated kinases
(ERK), phosphatidylinositol 3-kinase/Akt-1, and glycogen synthase
kinase 33, as well as histone deacetylase (HDAC) [4,8,10,11,30,39].
Recently, the concept that VPA exerts neuroprotective effects has
emerged [5,24]. In this study, we investigated the therapeutic
potential of VPA in glaucomatous retinal degeneration presented
by a mouse model of NTG.

2. Materials and methods
2.1. Animals

Experiments were performed using C57 BL/6] mice (WT; CLEA
Japan, Tokyo, Japan) and GLAST KO mice [16] in accordance with
the Tokyo Metropolitan Institute of Medical Science Guidelines for
the Care and Use of Animals.

2.2. Drug treatment

WT and GLAST KO mice at 3 weeks old of age received daily
intraperitoneal administration of vehicle (PBS) or VPA (300 mg/kg)
for 2 weeks.

2.3. Histological analyses

At the end of the experimental period, mice were perfused with
Zamboni's Fixative (2% paraformaldehyde and 15% picric acid in
0.1 M phosphate buffer). Eyes were enucleated and post-fixed in
3% glutaraldehyde solution (3% glutaraldehyde, 9% formaldehyde,
37.5% ethanol and 12.5% acetic acid in distilled water) for 2 h. Paraf-
fin embedded retinal sections of 7 um thickness were cut through
the optic nerve and stained with haematoxylin and eosin (H&E).
The extent of retinal degeneration was quantified as previously
reported [14].

2.4. Multifocal electroretinogram (mfERG)

Mice were anaesthetized by intraperitoneal injection of sodium
pentobarbital (87.5mg/kg). The pupils were dilated with 0.5%
phenylephrine hydrochloride and 0.5% tropicamide. mfERGs were
recorded using a VERIS 6.0 system (Electro-Diagnostic Imaging,
Redwood City, CA, USA). The visual stimulus consisted of seven
hexagonal areas scaled with eccentricity. The stimulus array was
displayed on a high-resotution black and white monitor driven
at a frame rate of 100 Hz. The second-~order kernel (2K), which is
impaired in patients with glaucoma, was analysed [ 16].

2.5, Immunohistochemistry

Following completion of the treatment period, GLAST KO
mice were perfused with Zamboni's Fixative. Eyes were enucle-
ated, postfixed in Zamboni’s Fixative for 1h and then transferred
into a sucrose buffer (30% sucrose in a 0.1 M phosphate buffer)
for cryoprotection. Retinal cryostat sections of 10 wm thickness
were prepared and examined by immunostaining as previously
reported {14], using a 4-hydroxy-2-nonenal (4-HNE) mouse mon-
oclonal antibody (2 jug/ml; Japan Institute for the Control of Aging,
Shizuoka, Japan). The intensity of 4-HNE at the ganglion cell layer
(GCL) was analysed using Image] (NIH, Bethesda, MD, USA).

2.6. Immunoblot analyses

Mice were anaesthetized by intraperitoneal injection of sodium
pentobarbital (87.5 mg/kg) and received intravitreal injections of
vehicle or VPA (2 ul; 75mM) [20]. Mice were killed by cervical
dislocation 1 h after the injection and retinas were isolated in ice-
cold PBS. Immunoblotting was carried out as previously described
[14,26] and the expression of ERK was detected using antibodies
against total ERK and phosphorylated ERK(1:1000; BD biosciences,
San Diego, CA, USA).

2.7. Statistics

For statistical comparison of two samples, we used a two-tailed
Student's t-test. Data are presented as means + S.E.M. P<0.05 was
regarded as statistically significant.

3. Results
3.1. VPA suppresses loss of RGCs in GLAST KO mice

In order to examine the effects of VPA on glaucomatous pathol-
ogy, we first examined histopathology of the GLAST KO mouse
retina with or without VPA treatment. The cell number in the GCL
of vehicle-treated GLAST KO mice was significantly declined com-
pared with the vehicle-treated WT mice, which is consistent with
the previous reports [15,16,27], while VPA-treatment in GLAST KO
mice reduced the extent of this damage (Fig. 1A and B). In addition,
thinning of the inner retinal layer [IRL; between the internal lim-
iting membrane and the interface of the outer plexiform layer and
the outer nuclear layer (ONL)] in vehicle-treated GLAST KO mice
was suppressed in VPA-treated GLAST KO mice (Fig. 1C). VPA treat-
ment had no effects on the WT mouse retina (data not shown).
These results demonstrate that daily VPA treatment suppresses
glaucomatous retinal degeneration in GLAST KO mice.

3.2. VPA ameliorates visual impairment in GLAST KO mice
In order to determine if the histological observation of VPA-

mediated neuroprotection in GLAST KO mice reflects functional
aspects, we examined visual function using mfERG. We analysed
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Fig. 1. VPA suppresses loss of RGCs in GLAST KO mice.

(A) H&E staining of representative retinal sections from vehicle-treated wild-type mice (WT) and vehicle- or VPA (300 mg/kg, i.p.)-treated GLAST KO mice (GLAST KO and
GLAST KO+ VPA, respectively) after 2 weeks of treatment. Scale bar: 100 and 50 pm for the upper and immediately lower panels, respectively. GCL, ganglion cell layer; INL,
inner nuclear layer; ONL, outer nuclear layer; IRL, inner retinal layer. (B, C) Quantitative analyses of (A): cell number in the GCL per section (B); and IRL thickness (C). Data
are presented as means +S.E.M., n=6. ***P<0.001; ****P<0.0001.
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Fig. 2. VPA ameliorates visual impairment in GLAST KO mice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

(A) Representative images of three-dimensional plots depicting averaged visual responses of the second-order kernel (2K) examined by mfERG, in vehicle-treated WT mice
and vehicle- or VPA (300 mg/kg, i.p.)-treated GLAST KO mice after 2 weeks of treatment. The degree of retinal function is presented in the colour bar. A higher score (red)
indicates highly sensitive visual function, and a lower score (green) indicates retinal dysfunction. (B) Quantitative analysis of (A). Values are expressed in nV per square
degree (nV/deg?). Data are presented as means +S.EM,, n=6. **P<0.01; ****P<0.0001.
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Fig. 3. VPA reduces the oxidative stress level in the GLAST KO mouse retina.

(A) Representative images of the 4-HNE expression in the retina of vehicle-treated WT mice and vehicle- or VPA (300 mg/kg, i.p.)-treated GLAST KO mice after 2 weeks of
treatment. Scale bar: 100 pum. (B) Quantitative analyses of (A). Data are normalized to the 4-HNE intensity at the GCL in vehicle-treated WT mice (100%). Data are presented

as means+S.EM., n=4.*P<0.05.

the 2K component, which appears to be a sensitive indicator of
inner retinal dysfunction and is impaired in glaucoma patients
[2]. The response topography demonstrating the 2K component
revealed that the average visual responses were impaired in all
visual fields in GLAST KO mice, but VPA treatment ameliorated the
deterioration in visual function (Fig. 2A and B). VPA treatment had
no effects on the WT mouse retina (data not shown). These results
verify that the neuroprotective effects of VPA on glaucomatous
retinal degeneration in GLAST KO mice are functionally significant.

3.3. VPA reduces the oxidative stress level in the GLAST KO mouse
retina

We next investigated potential mechanisms underlying VPA-
mediated neuroprotection. One of the major causes that is
associated with glaucomatous retinal degeneration in GLAST KO

mice is increased oxidative stress levels [16]. Therefore, we exam-
ined if VPA treatment suppresses induction of oxidative stress in
GLAST KO mice. The expression of 4-HNE, which provides a reli-
able measure of oxidative stress [22], was detected in the RGCs of
vehicle-treated GLAST KO mice, but it was hardly detected in the
RGCs of vehicle-treated WT mice or VPA-treated GLAST KO mice
(Fig. 3A). Quantitative analyses confirmed that the oxidative stress
level in the GCL is significantly suppressed with VPA treatment in
GLAST KO mice (Fig. 3B). VPA treatment had no effects on the WT
mouse retina (data not shown).

3.4. VPA stimulates cell survival signalling in the GLAST KO
mouse retina

We also investigated if VPA has any effects on stimulation of
cell survival signalling pathways in the GLAST KO mouse retina.
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Fig. 4. VPA increases ERK phosphorylation in the GLAST KO mouse retina.

(A) Representative images of immunoblot analyses of total and phosphorylated ERK in WT or GLAST KO retinas with intravitreal injection of vehicle or VPA. (B) Quantitative
analyses of (A). Data are normalized to the phospho-ERK/total ERK ratio in vehicle-treated WT mice (100%). Data are presented as means + S.E.M., n=4. **P<0.01; ***P<0.001.
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Previously, it was reported that activation of the ERK signalling
pathway leads to RGC protection in glaucomatous eyes [44] and
therefore, we examined the level of ERK phosphorylation. VPA
increases phosphorylation of ERK in the GLAST KO mouse retina,
as well as in the WT mouse retina (Fig. 4), indicating that activation
of ERK-mediated cell survival signalling is one of the neuropro-
tective mechanisms associated with VPA treatment in GLAST KO
mice.

4. Discussion

Herein, we demonstrate that VPA prevents glaucomatous reti-
nal degeneration in GLAST KO mice. This is the first study to report
neuroprotective effects of VPA on an animal model of NTG. We
show that VPA treatment prevented RGC death in GLAST KO mice
and substantiate these histological observations with physiolog-
ical significance by employing an effective non-invasive method
to measure visual function in living animals. We also show that
VPA treatment reduces oxidative stress levels in RGCs of GLAST KO
mice and that it stimulates phosphorylation of ERKin the GLAST KO
mouse retina. These findings indicate that VPA exerts neuroprotec-
tive effects through suppression of oxidative stress and stimulation
of cell survival signalling in GLAST KO mice.

Oxidative stress is an important risk factor in human glaucoma
[9] and suppression of oxidative stress in RGCs is a potential treat-
ment strategy for glaucoma [28,29]. In this study, we demonstrate
that VPA suppresses the oxidative stress levels in the glaucomatous
retina. Consistently, we previously showed that VPA exerts neuro-
protective effects by reducing oxidative stress levels in the RGCs of
an NMDA-excitotoxicity model [20] and other studies have shown
anti-oxidant properties of VPA in the brain and retina of stroke
models [36,41,42]. These findings support our conclusion that one
of the VPA-mediated neuroprotective mechanismsin the GLAST KO
mouse retina is suppression of oxidative stress.

The ERK signalling pathway is one of the key regulatory intra-
cellular signalling pathways for cell proliferation and survival
[32]. Activation of this pathway mediates pro-survival effects on
axotomized RGCs [6,19] and on RGCs in experimental ocular hyper-
tension model [44]. In this study, we show that VPA increases ERK
phosphorylation in the glaucomatous eye. VPA has been reported
to exert neuroprotective effects by stimulating the ERK pathway in
cortical neurons [11] and in the retina following optic nerve injury
[4,43]. VPA stimulates ERK phosphorylation through a mechanism
that is independent of HDAC inhibition, and suppresses apoptosis
[23], suggesting that VPA may exert a direct effect on ERK activa-
tion. These observations suggest a vital role of the ERK pathway in
VPA-mediated neuroprotection.

It is important to note the possibility that other pathways
are also involved in VPA-mediated neuroprotection. For exam-
ple, we previously reported that VPA upregulates Miiller glial
brain-derived neurotrophic factor (BDNF) and nerve growth fac-
tor, neurotrophic factors important for cell survival [12,13,20]
and these effects may also apply to the VPA-treated GLAST KO
mouse retina. Also, VPA is an effective HDAC inhibitor [8,30] and
increased histone acetylation is associated with VPA-mediated
neuroprotection [1,3,35,40,43]. These findings urge to identify
genes and pathways that are modulated by HDAC inhibition and
are involved in VPA-mediated RGC protection. Furthermore, VPA
reduces glutamatergic excitatory neurotransmission by suppress-
ing NMDA-evoked depolarisation [38], suggesting that excitotoxic
damage in GLAST KO mice may be decreased by VPA treatment.

In conclusion, we report that the widely prescribed drug VPA
exerts neuroprotective effects on retinal degeneration in a mouse
model of NTG. Our findings raise an interesting possibility that VPA
may be a novel candidate for treatment of glaucoma.
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The 5-Year Incidence of Bleb-Related
Infection and Its Risk Factors after Filtering
Surgeries with Adjunctive Mitomycin C

Collaborative Bleb-Related Infection Incidence and
Treatment Study 2
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Makoto Araie, MD, PhD,? Shinji Ohkubo, MD, PhD,’ Kazuhisa Sugiyama, MD, PhD,’

Yasuaki Kuwayama, MD, PhD,* on behalf of The Collaborative Bleb-Related Infection Incidence and Trearment Study
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Purpose: To report the 5-year incidence of bleb-related infection after mitomycin C—augmented glaucoma
filtering surgery and to investigate the risk factors for infections.

Design: Prospective, observational cohort study.

Participants: A total of 1098 eyes of 1098 glaucoma patients who had undergone mitomycin C—augmented
trabeculectomy or trabeculectomy combined with phacoemulsification and intraocular lens implantation per-
formed at 34 clinical centers.

Methods: Patients were followed up at 6-month intervals for 5 years, with special attention given to
bleb-related infections. The follow-up data were analyzed via Kaplan-Meier survival analysis and the Cox pro-
portional hazards model.

Main Outcome Measures: Incidence of bleb-related infection over 5 years and risk factors for infections.

Results: Of the 1098 eyes, a bleb-related infection developed in 21 eyes. Kaplan-Meier survival analysis
revealed that the incidence of bleb-related infection was 2.24:0.5% (cumulative incidence 4 standard error) at the
5-year follow-up for all cases, whereas it was 7.943.1% and 1.74+0.4% for cases with and without a history of
bleb leakage, respectively (P = 0.000, log-rank test). When only eyes with a well-functioning bleb were counted, it
was 3.9+1.0%. No differences were found between the trabeculectomy cases and the combined surgery cases
(P = 0.398, log-rank test) or between cases with a fornix-based flap and those with a limbal-based flap
(P = 0.651, log-rank test). The Cox model revealed that a history of bleb leakage and younger age were risk
factors for infections.

Conclusions: The 5-year cumulative incidence of bleb-related infection was 2.24+0.5% in eyes treated with
mitomycin C—augmented trabeculectomy or trabeculectomy combined with phacoemulsification and intraocular
lens implantation in our prospective, multicenter study. Bleb leakage and younger age were the main risk factors
for infections. Ophthalmology 2014;121:1001-1006 © 2014 by the American Academy of Ophthalmology.

E. *Supplemental material is available at www.aaojournal.org.

Mitomycin C (MMC), an antitumor antibiotic, improves intra-
ocular pressure control after glaucoma filtering surgery when
used during surgery as an adjunctive therapy.' This favorable
effect is brought about by inhibited proliferation of Tenon’s
fibroblasts.” Glaucoma surgery using antiproliferative agents,
however, increases the incidence of some postoperative
complications,3 “ including bleb-related infection, which is a
potentially blinding condition. The proportion of patients in
whom the postinfection visual acuity was 20/400 or better was
reported to be 22% to 57% in bleb-related endophthalmitis.””
In our series consisting of cases in which visual acuity was at
least 20/40 before infection, the incidence of cases in which the

© 2014 by the American Academy of Ophthalmology
Published by Elsevier Inc.

ratio of postinfection visual acuity was 20/400 or better was
56% in bleb-related infections with vitreous involvement.'?
We initiated the Collaborative Bleb-Related Infection
Incidence and Treatment Study'' (CBIITS), a 5-year pro-
spective study, to investigate the incidence, severity, and
prognosis of bleb-related infection and to explore the efficacy
of a predetermined antibacterial management strategy for these
infections. Our interim report'' documented a cumulative
incidence of bleb-related infection of 1.54+0.6% (cumulative
incidence =+ standard error [SE]) at the 2.5-year follow-up
in eyes that underwent MMC-augmented trabeculectomy
or trabeculectomy combined with phacoemulsification and
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intraocular lens implantation. This article describes the final 5-
year clinical data on the incidence of and risk factors for bleb-
related infection after filtering surgery with adjunctive MMC.

Methods

The CBIITS is a multicenter, prospective cohort study with the
primary outcome measure being the incidence of and risk factors
for bleb-related infection. The efficacy of the predetermined
treatment protocol in this study also was investigated in a pro-
spective fashion. The details of the CBITS are described else-
where.'! In brief, the enrollment period was 2 years and follow-up
was carried out every 6 months for up to 5 years. Ophthalmologic
examinations were conducted at each follow-up according to the
protocol. Surgical technique and postoperative management were
at the discretion of local investigators. If bleb-related infection was
noted, additional examinations were conducted and the pre-
determined treatment was initiated rapidly, depending on the stage
of the infection. Thirty-four institutions participated in the CBIITS.
The clinical centers and a list of investigators are shown in
Appendix | (available at www.aaojournal.org). Institutional review
board approval was obtained at each institution and all patients
gave written informed consent after a thorough explanation of
the study. In the CBUTS, bleb-related infection was defined as
an infection fulfilling all of the following 3 conditions: (1) history
of filtering surgery, (2) an episode developed no sooner than 4
weeks after surgery, and (3) clinical signs of infection related to a
filtering bleb microscopically confirmed by slit lamp. Infection was
classified into the following 3 stages: stage I or blebitis denotes
infections confined to the bleb site with a mild cell reaction in the
anterior chamber, stage 1I denotes infections wherein the anterior
chamber is the main locus and the vitreous is not involved, and
stage Il denotes infections involving the posterior part of the
eye.!'"" Stage 11 is subdivided further into stages Illa and IIIb, as
follows: stage Illa denotes mild involvement of the vitreous and
stage IlIb denotes more advanced involvement.

In this report, we discuss the incidence of bleb-related infection
and risk factors for infection in MMC-augmented cases, in total
and in some subgroups for which follow-up data were available
for at least | year after surgery. Kaplan-Meier survival analysis and
the Cox proportional hazards model were applied. The analysis

Volume 121, Number 5, May 2014

was conducted via SPSS software version 20.0 (IBM Japan Ltd.,
Tokyo, Japan).

As previously reported,'’ the CBIITS enrolled 1249 eyes of 1249
patients. The present study included 1098 eyes of 1098 patients who
were treated with trabeculectomy or with combined surgery with
MMC. A total of 151 eyes were excluded from the 1249 subjects
in the present study for the following reasons: 38 eyes had been
treated with surgical techniques other than trabeculectomy alone or
trabeculectomy combined with phacoemulsification and intraocular
lens implantation, 65 eyes had undergone surgery without
adjunctive MMC, and 48 cases were lost to follow-up before the
[-year follow-up (Iig 1).

A total of 824 eyes (75.0%) completed the S-year follow-up or
reached the end point, that is, the development of infection. The
remaining 274 eyes (25.0%) were lost to follow-up after reaching 1
year. The reasons for the loss of follow-up after reaching 1 year
were moving location in 14 patients (1.3%), death of 38 patients
(3.5%), health problems unrelated to ocular discases in 43 patients
(3.9%), change of hospitals in 92 patients (8.4%), and undeter-
mined in the remaining 87 patients (7.9%; Fig 1). Table 1
(available at www.aaojournalorg) shows the comparison of
uninfected patients who completed the 5-year follow-up and
those who did not. The follow-up period averaged 51.9:k15.5
months (mean + standard deviation [SD]) and ranged from 12 to
60 months. The types of filtering surgeries were trabeculectomy in
916 eyes and trabeculectomy with phacoemulsification and intra-
ocular lens implantation in 182 eyes. A fornix-based conjunctival
flap was prepared in 473 eyes (358 eyes in the trabeculectomy
group and 115 eyes and the combined surgery group); a limbal-
based conjunctival flap was prepared in 625 eyes (558 eyes in
the trabeculectomy group and 67 eyes and the combined surgery
group). During the 5-year follow-up, the following additional
glaucoma surgeries were conducted in a total of 57 eyes: trabe-
culectomy in 46 eyes, nonpenetrating trabeculectomy in 1 eye,
trabeculectomy combined with phacoemulsification and intraocular
lens implantation in 3 eyes, implantation of glaucoma drainage
devices in 2 eyes, and cyclophotocoagulation in 5 eyes. The age
averaged 63.7413.1 years (mean £ SD) and ranged from 13 to 92
years at the time of surgery. The surgery was the first glaucoma
surgery in 882 eyes. A total of 151 eyes had a history of 1 previous
glaucoma surgery, and the remaining 65 eyes had undergone
at least 2 previous glaucoma surgeries. Six hundred forty-eight
patients were men and 450 patients were women. Five hundred

Figure 1. Flow chart showing the number of patients enrolled and analyzed. CBIITS = Collaborative Bleb-Related Infection Incidence and Treatment

Study.
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fifty-eight eyes were right eyes and 540 eyes were left eyes. The
method of MMC application varied among surgeons: the concen-
tration ranged between 0.2 and 0.5 mg/ml and the duration of
application ranged between 2 and 5 minutes. Thirty eyes received
subconjunctival injections of 5-fluorouracil after surgery in addi-
tion to intraoperative MMC. The types of glaucoma were primary
open-angle glaucoma in 485 eyes (44.2%), juvenile-onset glau-
coma in 26 eyes (2.4%), normal-tension glaucoma in 68 eyes
(6.2%), primary angle-closure glaucoma in 68 eyes (6.2%), mixed
primary open-angle glaucoma and primary angle-closure glaucoma
in 2 eyes (0.2%), and secondary glaucoma in 449 eyes (40.9%).
The diagnosis of secondary glaucoma were exfoliative glaucoma in
120 eyes, glaucoma secondary to uveitis in 116 eyes, neovascular
glaucoma in 96 eyes, glaucoma related to intraocular surgery in 29
eyes, posttraumatic glaucoma in 17 eyes, other types of secondary
glaucoma in 34 eyes, and unidentified in the remaining 37 eyes.
Eighty-three eyes were rated with positive conjunctival leakage
during the 5-year follow-up because Seidel testing results were
positive at least once.

Results

Bleb-related infection developed in 21 eyes during the entire
follow-up period. One eye of the 21 showed a repeated episode of
infection. The stage of bleb-related infection at diagnosis was stage
Tin 10 eyes (47.6%), stage Il in 6 eyes (28.6%), stage Illa in 2 eyes
(9.5%), and stage IIIb in 3 eyes (14.3%). A diagnosis of bleb-
related infection was made in 1 patient while she was on a trip
to the Unites States. She was treated with topical tobramycin
eyedrops and completely recovered to her preinfection status
without any sequelae 1 month later when she sought a consultation
with a study investigator. Based on her mild clinical course, the
case was regarded as a stage I infection for the purposes of this
study. The period between glaucoma surgery and the onset of
infection was 27.3£15.9 months (mean + SD) and ranged from 3
to 60 months. Eight infections developed in eyes with a fornix-
based flap and 13 infections developed in eyes with a limbal-
based flap. The type of filtering surgeries in the infection cases
were 19 eyes after trabeculectomy and 2 eyes after combined
surgery. Six eyes were found to have bleb leakage before the
infection, which developed 4 to 27 months (mean £ SD, 17.0£8.5
months) after the first leakage was noted. Bleb leakage was noted
in 1 eye when infection was diagnosed. Eight eyes were receiving
topical antibiotic therapy at the time of infection.

Kaplan-Meier survival analysis revealed that the incidence of
development of bleb-related infection was 2.24+0.5% (calculated cu-
mulative incidence 4 SE) at the S-year follow-up (Fig 2). The
incidence was 1.940.7% (cumulative incidence + SE) and
2.340.6% at the 5-year follow-up in cases with a fornix-based flap
and those with a limbal-based flap, respectively (P = 0.651, log-rank
test; Fig 3). When subdivided into the trabeculectomy group and the
combined surgery group, the incidence was 2.44-0.5% (cumulative
incidence &+ SE) and 1.120.8%, respectively, at the 5-year follow-
up (P = 0.398, log-rank test; Fig 4). When cases with a history of
bleb leakage were compared with those without leakage, the
incidence was 7.943.1% (cumulative incidence + SE) and
1.740.4%, respectively, at the S-year follow-up (Fig 5), and the
difference was significant (P = 0.000, log-rank test).

When only patients who completed the 5-year follow-up or in
whom infection developed were taken into account, the incidence
of bleb-related infection was 2.5% in all patients, 2.4% in those
with a fornix-based flap, 2.8% in those with a limbal-based flap,
2.8% in the trabeculectomy group, 1.6% in the combined surgery
group, 10.3% in those with a history of bleb leakage, and 2.0% in
those without leakage.
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Figure 2. Kaplan-Meier estimates for the incidence of a bleb-related
infection (BRI) developing after filtering surgeries with mitomycin C in
1098 eyes. The incidence was 2.2+0.5% at the 5-year follow-up (cumu-
lative incidence =+ standard error). Fine lines denote standard errors.

In all cases with endophthalmitis, that is, stage II and stage III
disease, the incidence was 1.140.3%; the incidence was 1.0+£0.5%
and 1.2+0.5% (cumulative incidence + SE) at the 5-year follow-up
for cases with a fornix-based flap and those with a limbal-based flap,
respectively (Figs 6 and 7, available at www.aaojournal.org). There
were no significant differences in the incidence of development of
infection between the 2 groups (P = 0.656, log-rank test). The
incidence of bleb-related infection was 1.4% in patients with
endophthalmitis when only patients who completed the S-year
follow-up or in whom infection developed were taken into account.

During the postoperative period in which a well-functioning
bleb was considered to be present, the incidence increased to
394+1.0% for all patients; it was 3.9+1.5% and 4.0+1.3%
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Figure 3. Kaplan-Meier estimates for the incidence of a bleb-related
infection (BRI) developing after filtering surgeries with mitomycin C in
473 eyes with a fornix-based conjunctival flap and 625 eyes with a limbal-
based flap. The incidence was 1.9£0.7% and 2.3+0.6% at the 5-year
follow-up (cumulative incidence + standard error) for fornix-based and
limbal-based flaps, respectively. Fine lines denote standard errors.
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Figure 4. Kaplan-Meier estimates for the incidence of a bleb-related
infection (BRI) developing after filtering surgeries with mitomycin C in
916 eyes that underwent trabeculectomy (Trab) and 182 eyes that un-
derwent trabeculectomy with phacoemulsification and intraocular lens
implantation (Combined). The incidence was 2.42£0.5% and 1.140.8% at
the 5-year follow-up (cumulative incidence = standard error) for trabe-
culectomy and trabeculectomy with phacoemulsification and intraocular
lens implantation, respectively. Fine lines denote standard errors.

(cumulative incidence & SE) at the S-year follow-up for patients
with a fornix-based flap and those with a limbal-based flap,
respectively (Fig 8). No significant differences were found between
the 2 groups (P = 0.984, log-rank test). In the last analysis, an eye
with a well-functioning bleb was defined as one having intraocular
pressure within 15 mmHg, without any antiglaucoma medications
except oral carbonic anhydrase inhibitors for the fellow eye,

> 12.04 — Lea:zage §+))

= | eeae Leakage (-

% 10.0+ Log-rank test, P=0.000

L0 -~

o 8.0

Q

o 6.0

= M

-

o5 4.0

>

g 20 9 ) . N TOIEEE [

O O-O - L ..T..'-'-...ll'-._-... T T T
0 1 2 3 4 5

Follow-up period (yrs.)
Number at risk
Leakage (+) 83 82 78 70 65 58
Leakage (-} 1,015 1,012 908 857 798 746

Figure 5. Kaplan-Meier estimates for the incidence of a bleb-related
infection (BRI) developing after filtering surgeries with mitomycin C in
83 eyes with postoperative conjunctival leakage during the follow-up
period and 1015 eyes without leakage. The incidence was 7.9+3.1% and
1.740.4% at the 5-year follow-up (cumulative incidence =+ standard error)
for cases with leakage and those without leakage, respectively. Fine lines
denote standard errors.
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Figure 8. Kaplan-Meier estimates for the incidence of a bleb-related
infection (BRI) developing in cases with a well-functioning bleb after
filtering surgeries with mitomycin C in 473 eyes with a fornix-based
conjunctival flap and 625 eyes with a limbal-based flap. The incidence
was 3.9:41.5% and 4.04:1.3% at the S-year follow-up (cumulative inci-
dence =+ standard error) for fornix-based and limbal-based flaps, respec-
tively. Fine lines denote standard errors. Refer to the text for the definition
of a well-functioning bleb.

without any additional glaucoma surgery except bleb revision, and
having a bleb larger than the size of the scleral flap. Using this
definition, 5 of the 21 infections were not counted as infections
when the Kaplan-Meier analysis was applied to this subgroup
because the infection developed after the eye failed to meet the
criteria for a functioning bleb. Of the S eyes, 4 eyes had a small but
partly avascular bleb and the remaining 1 eye had a totally vas-
cularized bleb. The stage of bleb-related infection was stage I'in 9
eyes, stage 1 in 4 eyes, stage Illa in 1 eye, and stage IIIb in 2 eyes
in the well-functioning blebs.

The Cox proportional hazards model found that a positive
history of bleb leakage during the follow-up and younger age were
significant risk factors for the development of bleb-related infection
(Table 2). Factors that were not significant included the type of
surgery (trabeculectomy alone or combined), the type of
conjunctival incision (fornix-based or limbal-based), laterality,
sex, and the presence of a well-functioning bleb during the entire
follow-up period.

Visual acuity did not change by more than 2 lines in stage I in-
fections when the acuity before infection was compared with that at 6
months after infection, whereas it deteriorated by more than 2 lines in
1 eye with stage II infection and in 3 eyes with stage III infection.

Discussion

Although a functioning filtering bleb is the basis for a
successful filtering surgery, a filtering bleb can cause sig-
nificant late-onset complications in some cases.” In fact,
bleb-related infection is a major late-onset complication of
these surgeries. This study found that a bleb-related infec-
tion developed with an incidence of 2.24-0.5% (cumulative
incidence + SE) at the 5-year follow-up in patients who
underwent trabeculectomy or trabeculectomy combined
with phacoemulsification and intraocular lens implantation
with adjunctive MMC in a prospective fashion. When only
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Table 2. Results of the Cox Proportional Hazards Model for Risk
Factors of Bleb-Related Infections

95% Confidence

Variable Value Odds Ratio Interval P Value
Bleb leakage  Yes 4.710 1.827—12.142 0.001
No 1
Age 0.719 0.536—0.965 0.024

per 10 years older

Factors not significantly associated: type of surgery, type of conjunctival
incision, laterality, sex, and presence of well-functioning bleb during the
entire follow-up period, as defined in the text.

apparently well-functioning blebs were counted, it was esti-
mated to be 3.941.0%. Of the 5 eyes that failed to meet the
criteria for a functioning bleb, but in which bleb-related
infection developed, 4 eyes had a small but partly avascular
bleb. This result suggests that bleb-related infection is related
at least partly to the existence of a thin and avascular bleb.
Several previous studies have reported the incidence of bleb-
related infection in a prospective manner. For example, Zahid
et al'* reported a 5-year incidence of blebitis and endoph-
thalmitis of 1.5% and 1.1%, respectively, in the Collaborative
Initial Glaucoma Treatment Study of 285 patients, including
163 patients (57%) in whom S5-fluorouracil was used
adjunctively with trabeculectomy. Gedde et al' also reported
that 4.8% of 105 eyes demonstrated bleb-related infection
after trabeculectomy in the Tube Versus Trabeculectomy
Study. Additionally, Solus et al’ estimated a 1.2% per year
rate of late infections for limbus-based surgery and a 0.3%
per year rate for fornix-based surgery for the first 4 years after
surgery in a retrospective study. The present study is unique
in paying special attention to bleb-related infection and in
focusing on its incidence in a prospective fashion. It is also
unique for its large sample size, with the number of
eyes followed up exceeding 1000. Despite the uniform Jap-
anese ethnicity of our patient population, these findings
provide useful guidelines and source data for the consider-
ation of different surgical approaches and possible outcomes.
We will present detailed data on the effect of our pre-
determined management strategy for bleb-related infection in
the future.

Several factors are known to be associated significantly
with the development of bleb-related infection, with the
major factors includin’g the use of antiproliferatives,'® an
inferiorly located bleb,'’ the presence of bleb leakage,'”™'?
and the use of a limbal-based conjunctival flap.’ In the
present analysis, all cases were treated adjunctively with
MMC and all but 12 eyes (1.1%), including 8 in which the
3- or 9-o’clock positions were used, underwent a surgery in
the superior half of the limbal circumference. Thus, we were
unable to evaluate the relative risk of MMC or the location of
the bleb against the development of bleb-related infection.
Bleb leakage again was found to be the greatest risk factor in
this study. A positive history of bleb leakage was associated
with a 4.71-fold increase in the risk of infection. Consistent
with previous studies,’” ' our findings suggest that bleb
leakage should be repaired or treated appropriately as soon as
it is noted.

According to Wells et al,”’ a limbus-based conjunctival

flap causes more serious complications, including bleb-
related infection, in pediatric and young adult eyes
compared with a fornix-based flap. Solus et al® reported
that bleb-related infection was more common in eyes
with a limbus-based flap than in those with a fornix-based
flap and that the hazard ratio was 3.39 (P = 0.054; 17 with
a fornix-based flap and 20 with a limbus-based flap) based
on the Cox proportional hazard analysis. Solus et al also
noted that late infections occurred significantly later in
limbus-based conjunctival flaps. In contrast to these earlier
studies,3 20 we found no significant differences in outcomes
between the fornix-based conjunctival flap and the limbal-
based flap in the total patients or in those with a well-
functioning bleb. Similarly, we found no significant dif-
ference in the time to development of bleb-related infection
in fornix- or limbal-based flaps. The reason for the
discrepancy between this and previous reports®?" is un-
known, but we speculate that the morphologic feature of
the filtering bleb in Japanese patients may differ from that
of other ethnic groups.

The present findings also revealed that younger age was a
risk factor. Likewise, Wolner et al*' reported that late-onset
bleb-related endophthalmitis was more common in patients
younger than 60 years after trabeculectomy with adj}unctive
5-fluorouracil. However, Higginbotham et al** and
Greenfield et al*® did not find an age-related influence in
patients treated with adjunctive MMC. In any case, it is
possible that age-related differences in levels of physical
activity could influence the development of infection by
affecting the level of exposure to infective agents or trauma
to the bleb.

Our study has several limitations. First, all surgeries were
performed in Japan, across 34 centers, and this geographic
and ethnic homogeneity could limit the applicability of the
findings to clinical settings outside Japan. Second, because
many different glaucoma specialists performed the follow-
up examinations, interobserver differences might have
affected the results, although our predetermined follow-up
protocol might have minimized this effect. Third, the sur-
gical technique was not identical among the centers or
surgeons because the indication for surgery and the selection
of the operative procedure were at the discretion of each
investigator. The main purpose of this study, however, was
to determine whether a formed filtering bleb represents a
risk of infection, and so the effect of technical differences
among surgeons was a minor consideration. Fourth, it is
possible that a bleb-related infection was missed during the
follow-up. To minimize this effect, we encouraged the pa-
tients to report immediately to the clinic if they noted any
abnormal sensation or event, such as pain, redness, or
discharge.

In summary, the incidence of bleb-related infection was
estimated to be 2.240.5% (cumulative incidence + SE) at
the S5-year, prospective follow-up in 1098 eyes that under-
went trabeculectomy or trabeculectomy combined with
phacoemulsification and intraocular lens implantation with
adjunctive MMC. The incidence was 3.9£1.0% when only
apparently well-functioning blebs were counted. A history
of bleb leakage and younger age were found to be risk
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