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Interleukin-1 (IL-1) is a mediator of brain injury indoced by ischemia, trauma, and chronic neurodegen-
erative disease. IL-1 also has a protective role by preventing neuronal cell death from glutamate neurotoxicity.
However, the cellular mechanisms of IL-1 action remain unresolved. In the mammalian retina, glutamate/
aspartate transporter (GLAST) is a Na'-dependent, major glutamate transporter localized to Miiller glial
cells, and loss of GLAST leads to glaucomatous retinal degeneration (1. Harada, C. Harada, K. Nakamura,
H. A. Quah, A. Okumura, K. Namekata, T. Saeki, M. Aihara, H. Yoshida, A. Mitani, and K. Tanaka, J. Clin.
Investig. 117:1763-1770, 2007). We show here that IL-1 increases glutamate uptake in Miller cells by a
mechanism that involves increased membrane Na' /K" -ATPase localization, required for counteracting the
Na'-glutamate cotransport, IL-1 activated the p38 mitogen-activated protein kinase (MAPK)/capase 11 path-
way, which destabilizes the actin cytoskeleton allowing Na* /K" -ATPase membrane redistribution. Further-
more, pretreatment with IL-1 protected retinal neurons from glutamate neurotoxicity through pi8 MAPK
signaling. Our observations suggested that [L-1 acts as a potential neuroprotective agent by modulating the

functions of the glia-neuron network.

It is well known that the release of excitatory amino acids,
such as glutamate, can cause neuronal cell death, Excessive
extracellular concentrations of glutamate induce an uncon-
trolled elevation of intracellular calcium that enters through
chronically activated glutamate receptors. Glutamate uptlake
by glial cells is a well-known mechanism for maintaining low
extracellular level of glutamate and promoting efficient inter-
neuronal signaling in the central nervous system. In addition,
the same process is considered a neuroprotective mechanism
during neurodegeneration. Clearance of glutamate from the
extracellular space is accomplished primarily by the action of
glutamate transporters (9). In the central nervous system, glu-
tamate/aspartate transporter (GLAST) and glutamate trans-
porter 1 (GLT-1) are Na"-dependent glutamate transporters
found in astrocytes (49, 53). Genetic deletion of GLAST
and/or GLT-1 causes abnormal brain development and neuro-
logical symptoms such as motor deficits, increased susceptibil-
ity to seizures, and exacerbation of noise-induced hearing loss
(15, 35, 52, 53). We previously identified GLAST as the only
ghal-type glutamate transporter in the retina, whereas GLT-1
is expressed in neurons including bipolar cells and photorecep-
tors (20, 23). Not surprisingly then, GLAST is more active in
preventing glutamate neurotoxicity after ischemia than GLT-1
(18). In addition, glaucomatous retinal and optic nerve degen-
eration were observed in GLAST-deficient mice (20). Since
glutamate transport is coupled with the cotransport of 3Na ™,
the efficiency of glutamate uptake is influenced by intracellular
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and extracellular Na™ concentrations (34, 48). Elevated intra-
cellular Na*® is decreased by Na* /K" -ATPase, which is in turn
dependent on ATP levels (2, 11, 16). However, severe ischemia
and other states that cause ATP depletion in ghal cells lead to
elevated intracellular Na™ and resultant failure of glutamate
uptake (34).

Interleukin-1 (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, Parkin-
son’s disease, and multiple sclerosis (1, 43). Deletion of [L-1 in
mice conferred approximately 80% neuroprotection against
neuronal damage due to ischemia (4). Now, conflicting evi-
dence has proposed a neuroprotective role for IL-1. For ex-
ample, pretreatment of IL-1 protects glutamate-induced neu-
ronal cell death in cortical and retinal neurons (6, 30, 47) by
increasing the synthesis of neurotrophic factors (8). This neu-
roprotective effect of IL-1 was reduced by administration of
nerve growth factor, nerve growth factor neutralizing antibody,
or IL-1 receptor antagonist. These observations suggested that
[L-1 might mediate beneficial effects on neurons through its
receptor; however, the detailed mechanism and intracellular
signaling underlying such a role remain unknown. This study
examined the putative role of IL-1 in glutamate uptake by
using cultured retinal glial cells as well as possible mechanisms
of 1L-1-induced neuroprotection. We showed that IL-1 stimu-
lation enhances glutamate uptake without affecting GLAST
expression and protects retinal neurons from glutamate neu-
rotoxicity.

MATERIALS AND METHODS

Animals. C5TBL/6] mice were obtained from CLEA Japan (Tokyo, Japan)
and all animal procedures were performed in accordance with the Tokyo Met-
rapolitan Institute for Neuroscience Guidelines for the Care and Use of Ani-
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mals. Intraocular injection of IL-1 (100 ngeye: ProSpec- ThechnoGene, Reho-
vot, Israel) and glutamare (8.8 pgeye; Wako, Osaka, Japan) and induction of
ischemia were achieved essentially as previously described (18), Briefly, we in:
troduced sterile saline into the anterior chamber of the lefi eye at 120 cm of H,0
pressure for 20 min, while the right eye served as a nonischemic control. Animals
were sacrificed 6 h after reperf and the parts of the eyes were
sectioned sagittally

Immunochistochemistry, Retinal ganglion cells {RGCs) were retrogradely la-
beled from the superior colliculus with Fluoro-Gold (Fluorochrome, Englewood,
€0) as previously reported (18). The 7-pm-thick retinal sections were double
labeled with mouse anti-glutamine synthetase (1.0 pg/ml; Chemicon, CA) and
rabbit anti-IL-1 receptor (0.5 pgiml; IBL, Gunma, Japan), rabbit anti-GLAST
(0.5 pg/ml) (23), or rabbit anti-caspase 11 (05 ug/ml; Santa Crue, CA) as
primary antibodies. Cy-3-conjugated goat anti-rabbit immunoglobulin G (1gG;
Jackson ImmunoResearch, PA) and Cy-2- mnjugalcd donkey anti-mouse lgu
[Jm:kmn Imunoll.cselrchj were used @ ibodies. For i

Mot Ceur. Biot.

37C for 45 min and then placed in an open.bath imaging chamber. Cells were
excited every 10 & at 345 nm, and the emission fuorescence ar 510 am was
recorded. In some experiments, | mM ouabain or 3 mM OQX-314 was applied
together with the CoroNa Green AM, Inhibitors of p38 MAPK or INK were
applied to cells 10 min before IL-1 Image scquisition was comp

lled using M frs (Unr I 1 ing, PA).

RT-PCR. Total RNA was isolated from cubtured Muller cells with lsogen
reagent (Nippon Gene, Tokyo, Japan) and then reverse transcribed with a
Revertra Ace instrument (Toyobo, Osaka, Japan) 1o obtain cDNA. Revensc
transcription-PCR (RT-PCR) analysis was performed as previously described
(19). The primer sequences used in PCR were as follows: caspase 11, S-ATG
UCTGMAALAM(ALLL 3 and § TAGCCTAAGTCTTCAAGAAG-3';
h dehyd S ACCACAGTCCATGCCATCA
C 3’ and 5 TCLJ\( LALCL‘"IG'ITGC! GTA-3'. Reactions were conducted un:
der the following ling a1 M4°C for 2 min and then 35 cycles

isting of d jon at 94'(: [or 30 s, annealing at 55°C for 30 s, and

---.x‘-_

vl diated dUTP nn:t-end labeling (TUNEL) stain-
ng. panﬂ‘ln seo::luna were lrcalcd mlh 10 e/l g K and then incubated

pulymcrmmn al TPC for 30 min. The expecied sizes of the amplificd cDNA

n 0.26 Uil inal d Itransferase in the supplied buffer (1nvitro-
gen, CA) and .Durn(ll.hl:r biotinylated 16-dUTP (Roche, Mannheim, Germany)
for 1 h a1 37°C. Sections were viewed by epifluorescence on a light microscope
(BXS51; Olympus. Tokyo, Japan) equipped with Plan Fluor objectives and con-
nected 1o 8 DPFT0 camera (Olympus).

Retinal explant culture. Retinal explant cultures were made as described
previously (25) with some modification, Briefly, the neural retina without pig-
ment epithelium was placed on a Millicell chamber filter (30-mm diameter,

frag of caspase 11 ulr] acun were 500 and 452 bp. r:speﬂmhr
RNA RNA II nuch were I d
n the sense and directinm P g 10 mouse caspasc 11w

nucleotides 270 10 288 [!i'Ji(‘.MAU(‘:GAGGMCCAGM -3") with dTdT
overhangs at each 1 terminus (JBioS, Saitama, Japan) A scrambled sequence.
5. UUCUGGUUCCUCCAUCC-3, was used as a negative control. Annealing
was performed as described previously (10). Transfection into Maller cells was
perfi i using Lipof 2000 (1 gen) fing to the factur
er's instructions.

0.4-mm pore size; Millipore, MA) with the ganglion cell layer (GCL) up
The chambers were transferred 1o a six-well culture plate, with each well con-
taining 1 ml of Dulbecco's modified Eagle’s medi F-12 i 1 gen )
containing 20% heat-inactivated horse serum (lnvitrogen), changed every other
day. The cells were cultured st 34°C in 5% CO,. In some experiments, retinas
were preincubated with or without 50 ng/ml 1L-1 for 24 h and then snmuhlcd
with 5 mM glutamate for 1 h. Nm 72 h, retinal exp were i

with antibody against NeuN (1.0 ug/ml; Chemicon).

Glutamate uptake assay. Primary cultured Miller cells were prepared as
described previously (19). Miller cells were cultured in 5.5 mM glucose-contain-
ing Dulb ‘s modified Eagle's medi I d with 10% fetal bovine
serum. The culture media were replaced with a modified Hanks balanced salt
solution for a 20-min preincubation, before the addition of 0.025 mCiml
L[ H]gt (Amersham, Uppsala, Sweden) and 100 pM unlabeled gluta.
mate to the medium. Uplake was terminated after 7 min by three washes in
ice-cold Hanks balanced salt solution, immediately followed by cell lysis in 0.1 M
NaOH. Aliquots were taken for scintillation counting, and protein concentration
way determined using bovine serum albumi dards. In some exp
Miiller cells were stimulated with 1L-1 alone or with both 1L-1 and qﬂnchalmn
D (0.3 pM; Biomol Research Laboratories, PA) for 12 or 24 h before assay
Inhit of p38 activated protein kinase (MAPK) (10 uM; Calbio-
chem, CA) or Jun N-terminal kinase (JNK) (10 uM, Calbiochem) were applied
10 min before IL-1 treatment. MK-801 (100 uM; Toeris Cookson, MO), DNOX
{100 uM; Tocris Cookson), OX-314 (3 mM: Calbiochem), or ouabam (10 mM,
Calbiochem) was applied to Miller cells 20 min before the assay.

Immunoblotting. Retinas and cultured cells were homogenized in ice-cold 50
mM Tris-HCI (pH 7.4) comaining 150 mM NaCl and a protease inhibitor cock-
tail (Roche). Surface proteins were purified using a cell surface protein isolation
kit (Pierce, IL) according 10 the manufacturer’s instructions. Briefly, cell surface
proteins were labeled with EZ-Link sulfo-NHS-SS-biotin, which binds to the
amino group on the extracellular protein domain, and purified on an avidin
column, The bound (cell surface) and unbound (intracellular) proteins were
subjected 1o immunoblot analysis. Protein concentrations were determined using
a Bio-Rad protein assay kit (Bio-Rad, CA). Samples were separated on sodium
dodecyl sulfate (SDS)-polyscrylamide gels and subsequently electrotransferred
1o an Immobilon-P filler (Millipore). Memb were incubated with antibodi
against GLAST (1:1,000), p38 MAPK (1:1,000; BD Biosciences, Omtanio, Can-
ada), phospho-p38 MAPK (1:1,000; BD Bioscences), INK (1:1.000; BD Bio-
sciences ), phospho-JNK (1:1,000; BD Biosciences), Na*/K* -ATPase (1:1,000; Santa
Cruz), cofilin (1:1,000, BD Biosciences), phosphocofilin (1:1,000; BD Biosciences),
or IL-1 (1:1000; Rockland, PA). Primary antibody binding was detected using
hor Jisk idase-labeled anti-mouse IgG y antibody (A h
NJ) and muahz:ed using the ECL Plus Western bloming system (Amersham).

Intracellular Na® measurement. Cultured Miller cells grown on glass-bot-
tomed dishes were imaged live 10 record the dynamic intracellular 1on state usimg
the fluorescent dye CoroNa Green AM. as described previously (36). Miller cells
were loaded with 10 uM CoroNa Green AM in Hanks balanced salt solution at

y. Cells grown on glass coverslips were fixed in 4% para-
Ionmldchydc for 20 min and permeabilired with (1.5% Triton X-100 for 15 min
The coverslips were incubated in 3% horse scrum in phosphate-buffered saline
for at least 1 h at room temperature for blocking and then incubated overnight
with rabbit anti-caspase 11 (1.0 ug/ml; Santa Cruz) at 4°C. They were then
ncubated with Cy-3-conjugated goat anti-rabbit IgG  (Jackson Immuna-
Research). Feactin was also visualized in the cells by incubation with phalioidin
conjugated with rhodamine for 30 min at room temperature

Statistics. Data are presented as means = standard errors except as noted
When statistical analyses are performed, Student’s 1 test was used to estimate the
significance of the results. Statistical significance was accepted at P < 0.05.

RESULTS

Glutamate uptake by Miller cells is enhanced by 1L-1-
MAPK signaling. We first examined the expression of IL-1
receplor in mouse retina by immunohistochemical analysis.
IL-1 receptor was mainly localized to the inner retina (Fig.
1A), where it colabeled (Fig. 1C) with glutamine synthetase, a
marker of Muller glial cells (Fig. 1B). Double-positive cells
were also observed in the GCL (Fig. 1D to F), but IL-1 recep-
tor expression was not detected in retrogradely labeled RGCs
(Fig. 1G 1o I). IL-1 receptor is thus found in Muller glial cells
but not RGCs.

Glutamate uptake by GLAST in Miiller cells (Fig. 1J to L)
is important for retinal neuroprotection in vivo (20, 23). Since
IL-1 receptor was expressed in Miller cells, we examined how
IL-1 affects the capacity of glutamate uptake in cultured Mul-
ler cells. Glutamate transport activity was measured as uptake
of 1-['H]glutamate. Treatment with (.1 to 200 ng/ml IL-1 for
24 h significantly increased the glutamate uptake activity in
Miiller cells (Fig. 2A), and IL-1 at 50 ng/ml increased the
activity to significant levels after 6 h (Fig. 2B).

IL-1 activates MAPKs such as p38 MAPK and JNK (14, 40,
50). Based on these previous findings, we carried out immu-
noblot analysis and found that IL-1 strongly induced p38
MAPK and JNK phosphorylation within 15 min (Fig. 2C). We
further examined whether p38 MAPK and JNK are involved in
1L-1-dependent glutamate uptake by using SB203580 and JNK
inhibitor 1I, which are pharmacological blockers for p38
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FIG. 1. Expression of IL-1 receptor in the mouse retina. (A to C)
Immunochistochemical analysis of mouse retina double stained
(C) with antibodies against IL-1 receptor (A) and glutamine synthetase
(B), a specific marker for Muller glial cells. (D to F) Enlarged images
of the GCL in panels A 1o C, respectively. (G to ) Expression of 11L-1
receptor (G) and retrogradely labeled RGCs (H) in the GCL. (J to L)
Immunohistochemical analysis of mouse retina double stained (L) with
antibodies against GLAST (J) and glutamine synthetase (K) INL,
inner nuclear layer; ONL, outer nuclear layer. Bars, 50 um (A to C and
JioL)and 25 um (D to 1)

MAPK and JNK. respectively. SB203580 suppressed 1L-1-in-
duced enhancement of glutamate uptake, while INK inhibitor
I1 had no effect (Fig. 2D), indicating that activation of the
IL-1-p38 MAPK, but not the IL-1-JNK, pathway is necessary
for IL-1-dependent glutamate transport. On the other hand,
IL-1 had no effect on GLAST expression levels in cultured
Muller cells (Fig. 2E)

Our present data suggested that IL-1 prevents retinal de-
generation caused by glutamate neurotoxicity. Retinal explants
stimulated with 5 mM glutamate for 1 h (Fig. 3B) showed a
clear decrease in the number of NeuN-positive neurons in the
GCL compared with nontreated controls (Fig, 3A) 72 h after
treatment. However, pretreatment of the cells with IL-1 sig-
nificantly increased the number of surviving neurons (Fig. 3C
and D). Addition of a MAPK inhibitor, SB203580, to the
retinal explants at the same time as glutamate and 1L-1 abol-
ished the neuroprotective effect of IL-1 (Fig. 3D). Consistent
with our in vitro study (Fig. 2D), IL-1 thus seemed to protect
retinal neurons from glutamate neurotoxicity via the p38
MAPK pathway. We also examined the effect of IL-1 on RGC
apoptosis in vivo. Intraocular injection of glutamate (8.8 pg
eye) increased the number of TUNEL-positive cells in the
GCL (Fig. 3F) compared with nontreated controls (Fig. 3E)
IL-1 pretreatment (100 ng/eye) significantly suppressed apop-
totic cell death due to glutamate neurotoxicity in vivo (Fig. 3G
and H).
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FlG, 2. IL-1 increases glutamate uptake by Muller glial cells
(A) Concentration dependency of glutamate transport activity in Mal-
ler cells treated with IL-1 for 24 h. =, P < 0.05. (B) Time dependency
of glutamate transport activity in Miller cells treated with 50 ng/ml of
IL-1. =, P < 0.03. (C) Activation of p38 MAPK and JNK in Miiller cells
treated with 50 ng/ml of IL-1 for indicated times. Two micrograms of
proteins was separated on an SDS-polyacrylamide gel followed by
immunoblot analysis using anti-p38 MAPK, anti-phospho-p38 MAPK,
anti-JNK, and anti-phospho-JNK antibodies. (D) Effect of p38 MAPK
or INK inhibition on IL-1-induced glutamate uptake activity in Muller
cells, showing suppression by the p38 MAPK inhibitor but not by the
INK inhibitor. (E) GLAST expression levels in Miller cells treated
with 50 ng/ml of IL-1 for 24 h. The data are means = standard errors
of three samples for each group

IL-1 suppres:
intracellular Na

s intracellular Na™ accumulation by altering
*/K"-ATPase expression pattern. Glutamate

transport is coupled to the cotransport of 3Na™; thus, glu-
tamate uptake by Miller cells may be influenced by intra-
cellular Na” concentrations (34, 48). To address this possi-
bility, we used a sodium channel inhibitor, QX-314, or an
Na ' /K" -ATPase inhibitor, ouabain. The intracellular Na*




