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Abstract

A degree of brain inflammation is required for repair of
damaged tissue, but excessive inflammation causes
neuronal cell death. Here, we observe that IL-10 is ex-
pressed in LPS-injected rat cerebral cortex, con-
tributing to neuronal survival. Cells immunopositive
for IL-10 were detected as early as 8 h post-injection and
persisted for up to 3 d, in parallel with the expression
of IL-18, TNF-a, and iNOS. Double immunofluore-
scence staining showed that IL-10 expression was lo-
calized mainly in activated microglia. Next, we exam-
ined the neuroprotective effects of IL-10 using IL-10
neutralizing antibody (IL-10NA). Blockade of IL-10 ac-
tion caused a significant loss of neurons both 3 d and
7 d after LPS injection. Further, the induction of mMRNA
species encoding IL-13, TNF-a, and iNOS, reactive
oxygen species (ROS) production, and NADPH oxi-
dase activation, increased after co-injection of LPS and
IL-10NA, compared to the levels seen after injection of
LPS alone. Taken together, these results clearly sug-
gest that LPS-induced endogenous expression of
IL-10 in microglia contributes to neuronal survival by
inhibiting brain inflammation.
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Introduction

It is well known that brain inflammation is a double-
edged sword. When brain inflammation is con-
trolled and well-balanced, the inflammation signifi-
cantly contributes to repair of damaged tissue after
brain injury (Nguyen et al., 2002; Martino, 2004;
Glezer et al., 2007). However, excessive inflamma-
tion damages surrounding healthy tissue, and such
inflammation is now considered to be actively in-
volved in both acute and chronic neurological dis-
orders (Zipp and Aktas, 2006; Perry et al., 2007).
Inflammatory responses in the brain are associ-
ated mainly with microglia, which are major
immune effector cells in the CNS (Kreutzberg,
1996; Block et al., 2007). Activated microglia
release pro-inflammatory and cytotoxic factors,
including IL-1B, IL-6, TNF-a, nitric oxide (NO),
ROS, and arachidonic acid metabolites (Aloisi,
2001). These factors are necessary for the normal
functions of microglia in the immune responses of
the CNS, and also for CNS repair. It follows that
the extent of microglial activation should be strictly
controlled (Hanisch and Kettenmann, 2007). Thus,
understanding how the extent and duration of brain
inflammation are controlled in vivo is important
from the standpoint of pathophysiology.

IL-10, an immunosuppressive cytokine, is known
to be produced by both human and murine
microglia when these cells are stimulated with LPS
and/or IFN-y (Mizuno et al., 1994; Williams et al.,
1996; Lee et al., 2002; Seo et al., 2004), and IL-10
production in turn suppresses the production of
pro-inflammatory mediators such as IL-13, TNF-
a, and iNOS, in cell cultures (Aloisi et al., 1999a;
Ledeboer et al, 2000). IL-10 is therefore consi-
dered to be an important anti-inflammatory modu-
lator of glial activation, functioning to maintain a
balance between pro- and anti-inflammatory cyto-
kine levels in the CNS (Sawada et al, 1999).
Moreover, two recent studies have shown that
treatment with IL-10 inhibited LPS-induced dege-
neration of dopaminergic neurons either in culture,
or in the substantia nigra, by preventing microglial
activation (Qian et al., 2006; Arimoto et al., 2007).
Collectively, these observations suggest that IL-10
produced by microglia counteracts brain inflamma-
tion, and that such production leads to neuronal
survival. Little is known, however, regarding when



or how microglial activation is suppressed upon
inflammation of the brain parenchyma.

In the present study, we therefore examined
whether LPS injection into rat cerebral cortex
induces endogenous expression of IL-10 in micro-
glia in vivo. We also sought to determine whether
IL-10 contributes to the downregulation of inflam-
mation, and whether IL-10 might thus increase
neuronal survival.

Materials and Methods

Animal treatments

Female Sprague-Dawley rats (230-280 g) were
anesthetized with chloral hydrate (400 mg/kg i.p.),
positioned in a stereotaxic apparatus, and LPS
(Sigma, St. Louis, MO) was delivered unilaterally
into the right cerebral cortex (anteroposterior 1.4
mm, mediolateral 2.0 mm, dorsoventral 2.0 mm
from bregma). 5 ng of LPS was injected at a rate
of 0.2 ul/min with a 30-gauge Hamilton syringe
attached to an automated microinjector (Buwon,
Seoul, Korea). For neutralization of IL-10, some
animals received co-injection of LPS and anti-
murine IL-10 neutralizing antibody or nonspecific
murine IgG as a control (1 ng; R&D Systems, Min-
neapolis, MN).

Immunohistochemistry

Brain sections were incubated with the appropriate
primary antibodies against mouse OX-42 (1:400;
Serotec, Oxford, UK) for microglia, against mouse
glial fibrillary acidic protein (GFAP, 1:500; Sigma)
for astrocytes, and against NeuN (1:500; Chemi-
con International, Temecula, CA) for neurons. The
following day, sections were incubated with appro-
priate biotinylated secondary antibody followed by
avidin-biotin complex (Elite Kit from Vector Labora-
tories, Burlingame, CA). The bound antiserum was
visualized by incubating with 0.05% diaminobenzi-
dine-HCI (DAB) and 0.003% hydrogen peroxide in
0.1 M phosphate buffer (PB).

Double-immunofluorescence staining

For immunofluorescence staining, the brain sec-
tions were incubated with a combination of a
mouse OX-42 (1:400) and goat anti-IL-10 (1:150);
mouse anti-GFAP (1:400; Sigma) and goat anti-
IL-10; mouse anti-NeuN (1:400) and goat anti-IL-
10; mouse OX-42 and goat anti-IL-13 (1:200; R&D
Systems); mouse OX-42 and rabbit anti-iINOS
(1:200; Chemicon); mouse OX-42 and goat anti-
TNF-o (1:50; R&D Systems). After washing, the
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sections were subsequently incubated with FITC-
labeled anti-mouse IgG (1:200; Kirkegaard & Perry
Laboratories, Gaithersburg, MD) and Texas red-
labeled anti-rabbit 1IgG (1:200; Vector) or Texas
Red-labeled anti-goat IgG (1:200; Vector). Tissues
were mounted with Vectashield mounting medium
(Vector) and viewed using an Olympus IX71 con-
focal laser scanning microscope (Olympus; Tokyo,
Japan).

RT-PCR

Brains from the ipsilateral cortex after injection
were used for RNA isolation using Trizol (Life
Technology, MD). The reverse transcribed cDNA (2
ng of RNA) was subjected to PCR amplification
with following primer sets. For rat IL-10, 5-TGC-
CTTCAGTCAAGTGAAGAC-3' (sense) and 5-AAA-
CTCATTCATGGCCTTGTA-3' (antisense) and for
rat IL-1B, 5-CTCCATGAGCTTTGTACAAGG-3'
(sense) and 5-TGCTGATGTACCAGTTGGGG-3'
(antisense) and for rat TNF-o., 5-GTAGCCCAC-
GTCGTAGCAAA-3' (sense) and 5-CCCTTCTCC-
AGCTGGGAGAC-3' (antisense) and for rat iINOS,
5'-CACCTACTTCCTGGACATCACTAC- 3' (sense)
and 5-GTACTCTGAGGGCTGACACAAG-3' (anti-
sense). The PCR cycles consisted of denaturation
at 94°C for 30 s, annealing at 57°C for 30 s
(TNF-a., IL-10, IL-1B) or 60°C for 30 s (iNOS), and
extension at 72°C for 90 s for 25 cycles. GAPDH
was also amplified as an internal PCR control
using the following primers, 5-TCCATGACAACT-
TTGGCATCGTGG-3' (sense) and 5-GTTGCT-
GTTGAAGTCACAGGAGAC-3' (antisense). PCR
products were separated by electrophoresis,
stained with ethidium bromide, and then detected
using UV light.

In situ detection of O, and O, -derived oxidants

Hydroethidine histochemistry was performed for in
situ visualization of O, and O; -derived oxidants
(Wu et al., 2003). After injection, hydroethidine (1
mg/ml; Molecular Probes, Eugene, OR) was ad-
ministered intraperitoneally. The brain sections with
oxidized hydroethidine product, ethidium, were
examined by confocal microscopy (Olympus).

Western blot analysis

For subcellular fractionation, protein extracts of
both the cytosolic and membrane factions were
prepared. Protein (30 ng) were separated by SDS-
PAGE and transferred to polyvinylidene difluoride
membranes (Millipore, Bedford, MA). The mem-
branes were incubated with following primary anti-
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bodies: mouse anti-Rac1 (1:1,000; BD Biosciences,
San Diego, CA), mouse anti-p67phox (1:1,000; BD
Biosciences), mouse anti-p47phox (1:1,000; BD
Biosciences), and mouse anti-B-actin (1:5,000;
Sigma), and rabbit anti-calnexin (1:1,000; Santa
Cruz Biotechnology, Santa Cruz, CA). After wash-
ing, the membranes were incubated with secon-
dary antibodies (1:2,000; Amersham Pharmacia,
Buckinghamshire, UK). Finally, the blots were de-
veloped with enhanced chemiluminescence detec-
tion reagents (Amersham Pharmacia).

Statistical analysis

All values are represented as mean £ SEM.
Statistical significance (P < 0.05 for all analyses)
was assessed by ANOVA using Instat 3.05 (Graph-
Pad Software, San Diego, CA), followed by Stu-
dent-Newman-Keuls analyses.

Results

LPS induces microglial activation and expression of
pro-inflammatory mediators in rat cerebral cortex

After unilateral microinjection of LPS or PBS (as a
control) into the cerebral cortex of rats, brain
sections were processed for immunostaining using
0X-42, which detects CR3 complement receptors.
In PBS-injected cortex (24 h post-injection), most
OX-42-immunopositive (OX-42-ip) microglia exhi-
bited a resting morphology of small cell bodies and
long ramified processes. In contrast, 24 h after
intracortical injection of LPS, the morphology of
OX-42-ip microglia changed to the activated form,
consisting of enlarged cell bodies with short pro-
cesses, and this morphology was maintained for
up to 3 d after LPS injection (Figure 1A). Next, we
examined the expression of pro-inflammatory
mediators such as IL-1B, TNF-a, and iNOS, in
LPS-injected rat cerebral cortex. The mRNAs en-
coding these factors were induced as early as 4 h
after LPS injection, and peaked at 12 h, returning
to normal levels 7 d post-injection (Figure 1B and
C), indicating that inflammation was subject to
endogenous control.

IL-10 is expressed in LPS-injected cerebral cortex in
parallel with the expression of pro-inflammatory
mediators

Next, we examined whether LPS might induce IL-
10 expression in vivo by unilateral injection of LPS
into rat cerebral cortex. Expression of IL-10 mRNA
was detected as early as 4 h after LPS injection
and this expression was maintained for up to 3 d

post-injection, returning to normal levels 7 d post-
injection (Figure 2A). IL-10-specific immunohisto-
chemistry revealed that IL-10-immunopositive cells
were detected as early as 8 h after LPS injection,
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Figure 1. Microglial activation and expression of proinflammatory cyto-
kine after unilateral injection of LPS. (A) LPS (5 ng/3 ul) or PBS was in-
jected into the cerebral cortex. Animals were killed at 1 d or 3 d after in-
jection, brains were removed, and coronal sections (40 um) were cut us-
ing sliding microtome. Every sixth serial sections were selected and proc-
essed for OX-42 immunostaining for microglia. Note morphological
changes in microglia from resting (small cell bodies and thin, long, or
ramified processes) to activated state (larger cell bodies with no proc-
esses). Scale bar, 150 um. (B) RT-PCR analysis of LPS-induced mRNA
expression of proinflammatory cytokines, TNF-a., IL-18, and iNOS in the
cerebral cortex. Animals were decapitated after injection of LPS, and to-
tal RNA was isolated in the injected area of cortex at indicated time
points. (C) Error bars represent the mean £ SEM from three samples
per each time point. *P < 0.001 compared with control according to
ANOVA and Student- Newman-Keuls analyses.
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Figure 2. LPS-induced IL-10 expression and co-localization within activated microglia and astroyctes. (A) RT-PCR analysis of LPS-induced mRNA ex-
pression of IL-10 in the cerebral cortex. Animals were decapitated after injection of LPS, and total RNA was isolated in the injected area of cortex at in-
dicated time points. (B) PBS or LPS (5 ng/3 ul) was unilaterally injected into the rat cerebral cortex. Animals were sacrificed at various time points, brains
were removed, and coronal sections (40 um) were cut with a microtome. Every sixth serial section was selected and processed for immunostaining with
IL-10 antibody at 8 h, 12'h, 1 d, 3 d, and 7 d post-injection. (C) Double-immunofluorescence staining with antibodies to OX-42 for microglia and IL-10, glial
fibrillary acidic protein (GFAP) for astrocytes and IL-10, or NeuN for neurons and IL-10 at 24 h after intracortical injection of LPS. Images from the dou-

ble-labled tissue were merged. Scale bar, 10 um.

were detectable for up to 3 d post-injection, but
were no longer seen 7 d post injection (Figure 2B),
indicating that IL-10 expression in LPS-injected
cerebral cortex occurred in parallel with the ex-
pression of pro-inflammatory mediators. In PBS-
injected control tissue, IL-10 protein expression
was not detected.

To identify the specific cell types expressing
IL-10 in the cerebral cortex, double immunofluores-
cence staining for IL-10 and OX-42 (a microglia-
specific stain), for IL-10 and GFAP (an astrocyte-
specific stain), or for IL-10 and NeuN (a neuron-
specific stain) was performed 24 h after LPS injec-
tion. Fluorescence images from each channel of
the double-labeled sections were merged. The
results showed that LPS-induced IL-10 expression
was localized mainly in activated microglia, and in
a few astrocytes, but not in neurons (Figure 2C).

Blockade of IL-10 action exacerbates neuronal cell
death in the cerebral cortex

To confirm that IL-10 endogenously produced in
microglia prevented LPS-induced neurodegenera-
tion in the rat cerebral cortex in vivo, we measured
neuronal cell death 1 d, 3 d, and 7 d after co-injec-
tion of LPS and IL-10NA, using animals injected
with LPS only as controls. We observed significant
losses of NeuN-ip neurons 3 d and 7 d after LPS

and IL-10NA co-injection, compared to losses seen
after injection of LPS only (Figure 3A). Injection of
nonspecific murine 1gG had little effect (data not
shown). To delineate the site and extent of injury
induced by injection of LPS alone or LPS and
IL-10NA together into the cortex, a schematic
drawing was made from cortical tissue immuno-
stained with the NeuN antibody using a camera
lucida microscope attachment. This showed that
NeuN-ip cells disappeared in approximately 18% of
the cortex in animals injected with both LPS and
IL-10NA, whereas the corresponding figure in
animals injected with LPS only was 2% compared
to the PBS injected tissues (Figure 3B). These
results clearly showed that IL-10 produced by
microglia in LPS-injected cerebral cortex blocked
neuronal cell death.

Blockade of IL-10 action upregulates expression of
pro-inflammatory mediators and ROS production in
LPS-injected cerebral cortex

To further explore the mechanisms responsible for
the neuroprotective effects of IL-10, we examined
whether blockade of IL-10 action might result in the
expression of higher levels of pro-inflammatory and
cytotoxic factors than seen in animals injected with
LPS only. As expected, prolonged induction of IL-
1B, TNF-a, and iNOS mRNA expression was ob-
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Figure 3. Neutralization of IL-10 exacerbated the death of
cortical neurons after LPS injection in vivo. (A) 1d, 3 d, and
7 d after injection of LPS, or LPS plus IL-10NA, brain sec-
tions were processed for NeuN. Scale bar, 250 um (B)
Schematic drawing of a representative coronal section from
rat brain showing distribution of NeuN-ip neurons traced
using a camera lucida microscope attachment 7 d after

served for up to 3 d after co-injection of LPS and
IL-10NA, compared to the levels seen after injec-
tion of LPS only (Figure 4A and B). In parallel with
the prolonged induction of these pro-inflammatory
factors, blockade of IL-10 action enhanced ROS
production 3 d after LPS injection (Figure 4C).
Further, we confirmed that the amounts of p47°"*,
p67°" and Rac 1 in the membrane fraction in-
creased at 24 h, and were maintained to 72 h, after
co-injection of LPS and IL-10NA, compared to the
protein levels seen after injection of LPS only
(Figure 4D). These results suggested that the
neuroprotective effects of IL-10 may be mediated
by downregulation of pro-inflammatory mediators
and inhibition of ROS production.

Discussion

In this study, we examined the endogenous ex-
pression of IL-10 in LPS-injected rat cerebral
cortex, and found evidence of an association
between IL-10 expression and downregulation of
brain inflammation, leading to neuronal protection.
IL-10 was expressed mainly in activated microglia,
and blockade of IL-10 action resulted in upregula-
tion of pro-inflammatory factors and ROS, exacer-
bating neuronal cell death.

PBS, LPS, or LPS plus IL-10 NAinjection.

It has been believed that inflammatory condi-
tions created either in vivo or in vitro cause neuro-
degeneration through the release of inflammatory
mediators and neurotoxic factors (Allan and
Rothwell, 2001; Lucas et al., 2006). However, the
control of neurotoxic functions under pathological
conditions remains unexplained. In fact, brain
parenchyma itself is able to control the extent of
brain inflammation. In support of this, our results
showed that upregulation of pro-inflammatory
mediators in LPS-injected rat cerebral cortex was
transient, and a return to normal levels was quickly
attained. Although the mechanisms underlying the
ability of the brain to control inflammation are
poorly understood, it has been reported that
microglia in culture expressed IL-10 following
exposure to LPS (Williams et al., 1996; Seo et al.,
2004), and that IL-10 could exert immunosuppres-
sive properties by downregulating the expression
of pro-inflammatory cytokines such as TNF-a and
IL-12 by microglia (Aloisi et al., 1997, 1999b). Fur-
ther, several studies have demonstrated neuropro-
tective effects of IL-10 against glutamate-mediated
cerebellar granule cell death, hypoxic-ischemic
neuronal cell death, and traumatic brain injury
(Knoblach and Faden, 1998; Dietrich et al., 1999;
Grilli et al., 2000; Bachis et al., 2001). These data
strengthen the notion that the anti-inflammatory
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Figure 4. Neutralization of IL-10 led to the expression of proinflammatory cytokines and NADPH oxidase mediated production of ROS. (A) RT-PCR analy-
sis of LPS-induced expression of proinflammatory cytokines, IL-1B, iNOS, and TNF-o. mRNA in the cerebral cortex in the absence or presence of
IL-10NA in the rat cortex after LPS injection. (B) Error bars represent the mean £ SEM from three samples per each time point. P < 0.01,*P < 0.001
compared with samples treated with LPS post 72 h. (C) In situ visualization of O, and O, -derived oxidant production. Animals were injected with hydro-
ethidine 3 d after intracortical injection of PBS or LPS (5 pg/3 pl) in the absence or presence of IL-10NA (1 pg/ml). Confocal micrographs show ethidium
fluorescence (red). Nuclei were counterstalned with Hoechst33258 (blue). Scale bar, 20 um. (D) NADPH oxidase is activated by LPS, as evidenced by
the translocation of the p67°"™, p47"™ and Rac 1 subunit from the cytosol to the plasma membrane; this translocation was sustained by IL-10NA. Tissue
lysates from injected area were prepared 24 h or 72 h after injection of PBS or LPS (5 ug/3 ul) |n the absence or presence of IL-10 NA (1 ug/ul).
Fractionated proteins were analyzed by SDS-PAGE and subjected to immunoblotting with anti-p67°"™, p47""™, and Rac 1 antibody. The blots were re-
probed with antibodies against the calnexin membrane protein as loading controls and to exhibit fractlonatlon efﬂmency

function of IL-10 can prevent inflammation- ediated
neuronal degeneration under pathological condi-
tions.

Importantly, in the present study, we showed that
IL-10 was expressed in LPS-injected cerebral
cortex, and that blockade of IL-10 action both
exacerbated the expression of pro-inflammatory
and cytotoxic factors, and increased neuronal cell
death. A recent study demonstrated that osmotic
pump infusion of recombinant IL-10 protected LPS-
induced dopaminergic neuronal cell death in the
substantia nigra, by inhibiting microglial activation
(Arimoto et al., 2007). Further, our study found that

IL-10 was endogenously expressed in microglia,
which in turn prevented LPS-induced neurodege-
neration in the rat cerebral cortex in vivo, and that
the time course of IL-10 expression paralleled
those of the pro-inflammatory mediators IL-13,
TNF-a, and iNOS. Because microglial cells are
major pro-inflammatory cytokine-producing cells,
microglia may control the production of inflamma-
tory mediators in an autocrine manner by pro-
ducing IL-10, resulting in neuroprotection even
from the early stage of acute brain inflammation.
Although the mechanisms responsible for
neuronal cell death in brain inflammation remain
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largely unknown, increasing evidences have
shown that oxidative stress plays an important role
in inflammation-mediated neurodegeneration (Qin
et al., 2004; Mander and Brown, 2005; Wu et al,,
2006). In the present study, we showed that
blockade of IL-10 action upregulated LPS-induced
NADPH oxidase activation and ROS production,
indicating that the neuroprotective effects of IL-10
are mediated by inhibition of NADPH oxidase
activation in brain inflammation. Our results are
comparable to those of a recent report indicating
that IL-10 treatment reduced both LPS-induced
production of pro-inflammatory mediators and
neurotoxicity, in mesencephalic neuron-glia cul-
tures, through inhibition of NADPH oxidase activity
(Qian et al.,, 2006). Apart from NADPH oxidase,
pro-inflammatory mediators may be involved in
LPS-induced neurotoxicity. It has been shown that
the levels of IL-1B, TNF-a, and iNOS are upre-
gulated under neuropathological conditions (Allan
and Rothwell, 2001; Lucas et al., 2006). Our
present data show that blockade of IL-10 action
caused LPS-mediated prolonged induction of IL-
1B, TNF-a, and iNOS, indicating that the neuro-
protective role of IL-10 in LPS-induced neurotoxi-
city is mediated through downregulation of pro-
inflammatory mediators in the rat cerebral cortex in
vivo.

In conclusion, our study provides evidences that
IL-10 endogenously produced in microglia pre-
vents LPS-induced neurodegeneration in the rat
cerebral cortex in vivo. The finding that blockade of
IL-10 action upregulated both LPS-induced
NADPH oxidase activation and the expression of
pro-inflammatory mediators supports the novel
concept that microglia can act in an autocrine
manner to limit potentially deleterious effects of
inflammation under neuropathological conditions.
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