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Summary. Inflammation in the brain has been
recognized to play an increasingly important
role in the pathogenesis of several neuro-
degenerative disorders, including Parkinson’s
disease and Alzheimer’s disease. Inflamma-
tion-mediated neurodegeneration involves ac-
tivation of the brain’s resident immune cells,
the microglia, which produce proinflammatory
and neurotoxic factors including cytokines,
reactive oxygen species (ROS), nitric oxide,
and eicosanoids that directly or indirectly
cause neurodegeneration. In this study, we
report that IL-10, an immunosuppressive cy-
tokine, reduced the inflammation-mediated
degeneration of dopaminergic (DA) neurons
through the inhibition of microglial activation.
Pretreatment of rat mesencephalic neuron–
glia cultures with IL-10 significantly attenu-
ated the lipopolysaccharide (LPS) induced
DA neuronal degeneration. The neuroprotec-
tive effect of IL-10 was attributed to inhibition
of LPS-stimulated microglial activation. IL-10
significantly inhibited the microglial produc-
tion of tumor necrosis factor a (TNF-a), nitric
oxide, ROS and superoxide free radicals after
LPS stimulation.

Introduction

The pathogenesis of several neurological
disorders, including Parkinson’s disease,

Alzheimer’s disease (Dickson et al., 1993;
Liu and Hong, 2003), is now thought to be
mediated by an inflammatory response by
resident cells in the brain. Microglia, the
resident immune cells of the brain, contribute
to this inflammation by serving the role
of immune surveillance and host defense
(Kreutzberg, 1996). Activated microglia pro-
duce a variety of pro-inflammatory factors
and reactive oxygen species (ROS), all of
which serve immune surveillance functions
by removing foreign microorganisms (Aloisi,
1999). Our previous results have shown that
over-activation of microglia and overproduc-
tion of pro-inflammatory factors may lead to
neuronal degeneration in the CNS (Liu et al.,
2002).

Interleukin (IL)-10 is a cytokine pro-
duced by a variety of cell types including
type 2 helper T cells, B cells, and macro-
phages. IL-10 has been shown to suppress
inflammation in many experimental models
of inflammatory disease. Mizuno et al.
(1994) have found that cells in the CNS also
produce IL-10. Microglia, which are cells in
the CNS very similar both phenotypically
and functionally to macrophages, express
IL-10 receptor mRNA, and consequently
they may be strongly regulated by IL-10.
IL-10 produced in the CNS, therefore, may
play an important role in the pathophysiology



of CNS disorders by inhibiting the function
of microglia.

The goal of the present study is to evalu-
ate the effects of IL-10 on LPS-induced neu-
rotoxicity in rat primary midbrain cultures.
Here, we show that IL-10 attenuate micro-
glial pro-inflammatory cytokine and ROS
production and protect DA neurons from
LPS-induced neurotoxicity.

Materials and methods

Reagents

The recombinant rat IL-10 (rrIL-10; R&D system,
Minneapolis, MN). LPS were purchased from Sigma-
Aldrich (St. Louis, MO). All the cell culture ingredients
were obtained from Invitrogen (Carlsbad, CA). The
[3H] DA (30Ci=mmol) was from Perkin-Elmer
Life Sciences (Boston, MA), The fluorescence probe
DCFH-DA was obtained from Calbiochem (La Jolla,
CA).

Rat mesencephalic neuron–glia cultures

Primary mesencephalic neuron–glia cultures were
prepared from the brains of embryonic day 14=15
Fischer 344 rats, following our previously described
protocol (Liu et al., 2002). Briefly, the ventral mesence-
phalic tissues were removed and dissociated by a
mild mechanical trituration. Cells were seeded at
5�105=well to 24-well culture plates pre-coated with
poly-D-lysine (20 ng=ml) and maintained at 37�C in a
humidified atmosphere of 5% CO2 and 95% air in
0.5ml=well maintenance medium. The medium con-
sisted of minimum essential medium containing 10%
heat-inactivated fetal bovine serum and 10% heat-inac-
tivated horse serum, 1 g=l glucose, 2mM [SCAP]L-
glutamine, 1mM sodium pyruvate, 100mM nonessen-
tial amino acids, 50U=ml penicillin, and 50 ng=ml
streptomycin. Three days after the initial seeding,
0.5ml of fresh maintenance medium was added to each
well. Seven-day-old cultures were used for treatment.
The composition of the cultures at the time of treatment
was approximately 48% astrocytes, 11% microglia,
40% neurons, and 1 to 1.5% TH-immunoreactive (ir)
neurons.

Primary microglia-enriched cultures

Rat microglia-enriched cultures, with a purity of>98%,
were prepared from whole brains of 1-day-old Fischer
344 rat pups, following our described protocol (Liu
et al., 2002). For superoxide assays, 105 cells=well=

0.2ml medium were grown overnight in 96-well
culture plates before use.

Uptake assay

[3H]DA uptake assays were performed as described
previously (Liu et al., 2002). Cultures were incubated
for 20min at 37�C with 1mM [3H]DA in Krebs-Ringer
buffer (16mM sodium phosphate, 119mM NaCl,
4.7mM KCl, 1.8mM CaCl2, 1.2mM MgSO4, 1.3mM
EDTA, and 5.6mM glucose; pH 7.4). After washing
three times with ice-cold Krebs-Ringer buffer, cells
were collected in 1N NaOH. Radioactivity was deter-
mined by liquid scintillation counting. Nonspecific DA
uptake observed in the presence of mazindol (10mM)
was subtracted.

Nitrite and TNF� assays

The production of NO was determined by measuring
the accumulated levels of nitrite in the supernatant
with the Griess reagent, and release of TNFa was
measured with a rat TNFa enzyme-linked immuno-
sorbent assay kit from R & D Systems (Minneapolis,
MN).

Superoxide assay

The production of superoxide was determined by
measuring the superoxide dismutase (SOD)-inhibita-
ble reduction of the tetrazolium salt WST-1. Micro-
glia-enriched cultures in 96-well culture plates were
washed twice with Hanks’ balanced salt solution
without phenol red (HBSS). Cultures were then incu-
bated at 37�C for 30min with vehicle control (water)
or IL-10 in HBSS (50 ml=well). Afterward, to each
well was added 50 ml of HBSS with and without
SOD (50U=ml, final concentration), 50 ml of WST-1
(1mM) in HBSS, and 50 ml of vehicle or LPS
(10 ng=ml). Thirty minutes later, absorbance at
450 nm was read with a SpectraMax Plus micro-
plate spectrophotometer (Molecular Devices Corp.,
Sunnyvale, CA). The difference in absorbance ob-
served in the absence and presence of SOD was
considered to be the amount of superoxide produced,
and results were expressed as percentage of vehicle-
treated control cultures.

Statistical analysis

The data were expressed as the mean� S.E.M. Statis-
tical significance was assessed with an analysis of
variance followed by Bonferroni’s t test using the
Stat View program (Abacus Concepts, Berkeley,
CA). A value of p<0.05 was considered statistically
significant.
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Results

Effect of IL-10 on LPS-induced
degeneration of DA neurons

Mesencephalic neuron–glia cultures were
pretreated with IL-10 for 1 h and then stimu-
lated with LPS for 7days. The degeneration
of DA neurons was then determined by [3H]
DA uptake assay. The [3H] DA uptake assay
showed that LPS treatment reduced the ca-
pacity of the cultures to take up DA to
approximately 40% of the vehicle control
(Fig. 1A). At 30 ng=ml IL-10, the LPS-
induced decrease in DA uptake was com-
pletely restored, and IL-10 alone at this
concentration range did not affect DA uptake
levels in the cultures.

IL-10 treatment inhibits LPS-induced
production of NO, TNF� and intracellular
and extracellular reactive oxygen species

The LPS-stimulated activation of microglia
was suppressed by pretreatment with IL-10
in neuron–glia cultures. Accumulation of
nitrite, an indicator of LPS stimulated pro-
duction of NO, was determined 24 hrs and
48 hrs after LPS stimulation. As shown in
Fig. 1B, pretreatment with 30 ng=ml IL-10,
completely blocked LPS-stimulated NO pro-
duction. As shown in Fig. 1C, pretreatment
with 30 ng=ml IL-10 significantly reduced
LPS-induced production of TNFa deter-
mined at 3 h after LPS stimulation.

To test the effect of IL-10 on the micro-
glial generation of ROS, enriched-microglial

Fig. 1. IL-10 is neuroprotective against LPS-induced neurotoxicity and inhibits LPS-induced microglia activa-
tion. Rat primary mesencephalic neuron–glia cultures seeded in a 24-well culture plate at 5�105 cells were
pretreated with IL-10 (30 ng=ml) for 1 h before the addition of 10 ng=ml LPS. Eight days later, the LPS-induced
dopaminergic neurotoxicity was quantified by the [3H] DA uptake assay (A); Effects of IL-10 on LPS-induced
production of nitrite oxide (B); TNF-a (C); superoxide and iROS (D) as % of control. The results are
the mean� SE of 4 individual experiments in triplicate in each experiment. *P<0.05, **P<0.01, compared

with LPS culture
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cultures were pretreated with IL-10, then
exposed to LPS. IL-10 significantly inhibited
intracellular ROS production and microglial
superoxide response to nearly control levels.
(Fig. 1D). Based on our previous data that
indicates a central role for ROS in micro-
glial-mediated destruction of DA neurons,
it appears that the neuroprotective effect of
IL-10 is at least partially due to a reduction
in LPS-induced oxidative stress.

Discussion

Degeneration of the nigrostriatal DA path-
way is a hallmark of Parkinson’s disease.
LPS-induced degeneration of DA neurons
in mesencephalic neuron–glia cultures is a
useful in vitro model for the identification
of potential therapeutic agents. Our data con-
firms that microglia play an important role in
Parkinson’s disease by secreting pro-inflam-
matory mediators such as TNFa, nitric oxide,
and ROS. And this inflammatory response
can be inhibited by the anti-inflammatory
cytokine, IL-10. Concomitantly, IL-10 also
can protect the DA neurons from LPS-
induced DA neuronal degeneration. This
further supports the notion that pro-inflam-
matory products from micorglia are respon-
sible for all or most of the neurodegenerative
phenotype seen in Parkinson’s patients.

IL-10 is predominantly an immuno-
suppressive and anti-inflammatory cytokine,
and plays a critical role in limiting tissue
injury during infections by limiting the dura-
tion and intensity of immune and inflamma-
tory reactions (Moore et al., 2001; Berg et al.,
1995), including the response to LPS. LPS
has been shown to activate macrophages and
microglial cells through the TLR-4-mediated
signaling pathway (Olson and Miller, 2004),
leading to the production of pro-inflammatory
mediators such as cytokines, reactive oxygen
species, reactive nitrative species, NO, and
eicosanoids. IL-10 has been shown to strongly
regulate that pathway in macrophages, also
to predominantly inhibit the NF-kB pathway

through interference in transcriptional regu-
lation (Schottelius et al., 1999), and it is
likely that activation of this pathway is a
major player in the inflammatory response
seen in Parkinson’s patients. Therefore, it is
likely that this pathway could serve as an
excellent target for therapy directed at de-
creasing neuronal destruction in Parkinson’s
disease.

We show here that IL-10 regulates a large
number of pro-inflammatory mechanisms
in microglia that may have a role in the
destruction of DA neurons, including TNFa,
NO, and ROS. However, the exact mecha-
nism by which the neuroprotective effect
of IL-10 on activated microglia is unclear,
since each of these neurotoxic factors may
have similar effects on DA neurons. Our pre-
vious results have shown that microglial
NADPH oxidase plays a crucial role in
causing DA neuronal death by over-acti-
vated microglia through the direct or indirect
induction of ROS and TNFa production
(Qin et al., 2004). Therefore, it appears
that IL-10 may mediate its neuroprotective
effect either directly or indirectly through
the inhibition of NADPH oxidase activity,
perhaps by regulating the NF-kB-dependent
activation or function of PHOX. Experi-
ments to test these hypotheses are currently
underway.

References

Aloisi F (1999) The role of microglia and astrocytes in
CNS immune surveillance and immunopathology.
Adv Exp Med Biol 468: 123–133

Berg DJ, Kuhn R, Rajewsky K, Muller W, Menon S,
Davidson N, Grunig G, Rennick D (1995) Inter-
leukin-10 is a central regulator of the response to
LPS in murine models of endotoxic shock and the
Shwartzman reaction but not endotoxin tolerance.
J Clin Invest 96: 2339–2347

Dickson DW, Lee SC, Mattiace LA, Yen SH, Brosnan
C (1993) Microglia and cytokines in neurological
disease, with special reference to AIDS And
Alzheimer’s disease. Glia 7: 75–83

Kreutzberg GW (1996) Microglia: a sensor for patho-
logical events in the CNS. Trends Neurosci 19:
312–318

370 L. Qian et al.



Liu B, Hong JS (2003) Role of microglia in inflamma-
tion-mediated neurodegenerative diseases: mech-
anisms and strategies for therapeutic intervention.
J Pharmacol Exp Ther 304: 1–7

Liu B, Gao HM, Wang JY, Jeohn GH, Cooper CL,
Hong JS (2002) Role of nitric oxide in inflamma-
tion-mediated neurodegeneration. Ann NY Acad
Sci 962: 318–331

Mizuno T, Sawada M, Marunouchi T, Suzumura A
(1994) Production of interleukin-10 by mouse glial
cells in culture. Biochem Biophys Res Commun
205: 1907–1915

Moore KW, de Waal Malefyt R, Coffman RL,
O’Garra A (2001) Interleukin-10 and the interleu-
kin-10 receptor. Annu Rev Immunol 19: 683–765

Olson JK, Miller SD (2004) Microglia initiate central
nervous system innate and adaptive immune re-

sponses through multiple TLRs. J Immunol 173:
3916–3924

Qin L, Liu Y, Wang T, Wei SJ, Block ML, Wilson B,
Liu B, Hong JS (2004) NADPH oxidase mediates
lipopolysaccharide-induced neurotoxicity and
proinflammatory gene expression in activated
microglia. J Biol Chem 279: 1415–1421

Schottelius AJ, Mayo MW, Sartor RB, Baldwin AS Jr
(1999) Interleukin-10 signaling blocks inhibitor of
kappaB kinase activity and nuclear factor kappaB
DNA binding. J Biol Chem 274: 31868–31874

Author’s address: Dr. P. M. Flood, The Comprehen-
sive Center for Inflammatory Disorders, The University
of North Carolina at Chapel Hill, CB#7455, Chapel
Hill, NC 27599-7455; USA, e-mail: Pat_Flood@
dentistry.unc.edu

IL-10 neuroprotection 371




