
miR-155 modulates microglia-mediated immune response by
down-regulating SOCS-1 and promoting cytokine and

nitric oxide production

Introduction

Inflammation is believed to play an important role in sev-

eral central nervous system (CNS) diseases of both acute

and chronic nature. Local inflammatory reactions are

early events following neuronal death as a consequence of

stroke, infection and traumatic brain injury,1 but can also

be a response to the accumulation of misfolded or aggre-

gated proteins in neurodegenerative disorders such as Alz-

heimer’s disease, Parkinson’s disease and multiple

sclerosis.2 As resident immune cells of the CNS, microglia

cells are responsible for monitoring the CNS environment

and sensing potential threats, through pattern recognition

receptors, such as Toll-like receptors (TLRs), capable of

binding highly conserved structural motifs present in dif-

ferent families of pathogens.3 Upon recognition of a

specific pathogen-associated pattern, microglia change to

an activated state and initiate both innate and adaptive

immune responses, by producing an array of pro-

inflammatory cytokines, free radicals and nitric oxide,

while simultaneously initiating the recruitment of other

immune-related cells.

Although microglia-mediated immune responses have

the major purpose of promoting pathogen clearance and

tissue regeneration, the resulting inflammatory state, if left

unchecked, can aggravate neuronal injury. It is now

believed that neuroinflammation is an important contribu-

tor to neurodegeneration in various CNS diseases, such as
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Summary

Innate immunity constitutes the first line of defence against both external

and endogenous threats in the brain, and microglia cells are considered key

mediators of this process. Recent studies have shown that microRNAs

(miRNAs) may play a determinant role in the regulation of gene expression

during innate immune responses. The major goal of this work was to inves-

tigate the contribution of a specific miRNA – miR-155 – to the modulation

of the microglia-mediated immune response. For this purpose, in vitro stud-

ies were performed in N9 microglia cells to evaluate changes in the levels of

this miRNA following microglia activation. A strong up-regulation of

miR-155 expression was observed following microglia exposure to lipopoly-

saccharide, which was consistent with a decrease in the levels of the suppres-

sor of cytokine signalling 1 (SOCS-1) protein, a key inhibitor of the

inflammatory process and a predicted target of miR-155. The miR-155

knockdown by anti-miRNA oligonucleotides up-regulated SOCS-1 mRNA

and protein levels and significantly decreased the production of nitric oxide

and the expression of inflammatory cytokines and inducible nitric oxide

synthase. Finally, treatment of neuronal primary cultures with conditioned

medium obtained from microglia cells, in which miR-155 was inhibited

before cell activation, decreased inflammatory-mediated neuronal cell death.

Overall, our results show that miR-155 has a pro-inflammatory role in mi-

croglia and is necessary for the progression of the immune response

through the modulation of SOCS-1, suggesting that, in a chronic inflamma-

tory context, miR-155 inhibition can have a neuroprotective effect.

Keywords: inflammation; innate immune response; microglia; miR-155;

neurodegeneration
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Alzheimer’s disease4 and multiple sclerosis.5 Neurons are

particularly susceptible to oxidative damage and to certain

inflammatory mediators, which are either themselves neu-

rotoxic or attract leucocytes with cytotoxic properties.6,7

This hypothesis has been supported by several studies

showing that inhibiting microglia activation or blocking

cytokine expression, cytokine receptor activation and the

production of oxidative species contributes to neuronal

survival in different models of brain injury.8–10

Compelling evidence now links small endogenous RNA

molecules, known as microRNAs (miRNAs), to the regula-

tion of many biological processes such as development, cel-

lular differentiation and disease. These small RNA

molecules exert their function by modulating mRNA half-

life or inhibiting its translation via co-operative binding to

the 30 untranslated region (UTR) of target genes. Recently,

miRNAs were shown to be directly involved in the control

of both innate and adaptive immune responses, by directly

interfering with TLR-mediated signal transduction mecha-

nisms11 and the ensuing cytokine response.12 Altered miR-

NA expression has also been observed in chronic

inflammatory diseases, such as psoriasis, atopic eczema and

rheumatoid arthritis,13 which suggests the involvement of

these RNA molecules in immune-mediated pathologies.

Among various miRNA, miR-155 has been associated

with the regulation of different immune-related processes,

such as haematopoiesis,14 B-cell and T-cell differentia-

tion,15 cancer16 and innate immunity.12 The miR-155 is

processed from an exon of a non-coding RNA transcribed

from the B-cell Integration Cluster located on chromo-

some 21, showing strong sequence homology among

humans, mice and hens, and is highly expressed in cells

of lymphoid and myeloid origin.17 Recently, miR-155 has

been identified and characterized as a component of mac-

rophage and monocyte response to different types of

inflammatory mediators, such as bacterial lipopolysaccha-

ride (LPS), interferon-b (IFN-b), tumour necrosis factor-

a (TNF-a) and polyriboinosinic-polyribocytidylic acid

[poly(I:C)].12,18,19

Many of the miR-155 target transcripts identified so far

are pro-apoptotic and anti-inflammatory proteins, such as

the Fas-associated death domain protein, IjB kinase e,

inositol 5-phosphatase 1 and the suppressor of cytokine

signalling-1 (SOCS-1). SOCS-1 belongs to a family of

proteins known to regulate the response of immune cells

to cytokines and other inflammatory stimuli, such as LPS,

through direct inhibition of the Janus tyrosine kinase

(JAK) and consequent inhibition of signal transducer and

activator of transcription factors (STAT), as a ‘classical’

negative feedback loop. In addition, the C-terminal SOCS

box domain interacts with components of the ubiquitin

ligase system and mediates proteasomal degradation of

associated proteins, including key elements of other pro-

inflammatory pathways, such as the nuclear factor-jB

and Jun N-terminal kinase pathways. Experimental evi-

dence suggests that miR-155 plays a pro-inflammatory

role and may be implicated in chronic inflammatory pro-

cesses, such as those contributing to cancer and to certain

neurodegenerative diseases.

Given the similarities between microglia and other cells

of the immune system, such as macrophages and den-

dritic cells, where miR-155 has been found to be up-regu-

lated upon activation,20 in this work we investigated the

contribution of miRNA-155 to microglia activation and

microglia-mediated immune responses. To our knowl-

edge, this is the first study providing evidence that miR-

155 has a strong pro-inflammatory role during microglia

activation and is required for SOCS-1 post-transcriptional

regulation and progression of the immune response in

these cells. Moreover, our results suggest that miR-155

inhibition induces neuronal protection from microglia-

induced damage, and miR-155 may therefore constitute

an interesting and promising target for the control of

neuronal inflammation.

Materials and methods

Materials

The cationic lipids 1,2 dioleoyl-3(trimethylammonium)

propane (DOTAP) and 1,2-dioleoyl-sn-glycero-3-succi-

nate (DOGS), and the helper lipid 1,2-dioleoyl-sn-glyce-

ro-3-phosphoethanolamine (DOPE) were purchased from

Avanti Polar Lipids (Alabaster, AL). The anti-miR-155

and negative control oligonucleotides were obtained from

Ambion (Austin, TX). The plasmid encoding miR-155,

the control plasmid and the plasmid encoding luciferase

and the 30 UTR of SOCS-1 were obtained from Origene

(Rockville, MD). The SOCS-1 and inducible nitric oxide

synthase (iNOS) antibodies were purchased from Cell Sig-

naling (Danvers, MA). The anti-miR-155 locked nucleic

acid (LNA) in situ hybridization probe, as well as all

quantitative reverse transcription (qRT-) PCR primers for

miRNA detection were purchased from Exiqon (Vedbaek,

Denmark). The a-tubulin and actin antibodies were

obtained from Sigma (St Louis, MO). All other chemicals

were obtained from Sigma, unless stated otherwise.

Microglia cell culture and activation

N9 cells (immortalized mouse microglia cells) were cul-

tured at 37� in a humidified atmosphere containing 5%

CO2 and maintained in RPMI-1640 medium (Gibco,

Paisley, UK) supplemented with 5% heat inactivated fetal

bovine serum (Gibco), 100 lg/ml streptomycin and 1 U/

ml penicillin. N9 microglia cells were plated 24 hr before

the beginning of each experiment at a density of

250 000 cells/cm2 in uncoated six-well multi-well plates

or at a density of 100 000 cells/cm2 in 12-well multi-well

plates.
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Primary microglia cells were obtained from 3-day-old

C57BL/6 newborn mice. After digestion and dissociation

of the dissected mouse cortices in Hanks’ buffered salt

solution (136�7 mM NaCl, 2�1 mM NaHCO3, 0�22 lM

KH2PO4, 5�3 mM KCl, 2�7 mM glucose, 10 mM HEPES,

pH 7�3) supplemented with trypsin (1 mg/ml), mixed

glial cultures were prepared by re-suspending the cell

suspension in Dulbecco’s modified Eagles’ medium : F12

Glutamax (Gibco), supplemented with 10% heat inacti-

vated fetal bovine serum (Gibco) and 10 lg/ml genta-

micin. Cells were plated at 20 · 106 cells/flask density

onto 75 cm2 cell culture flasks, previously coated with

poly-L lysine and maintained in culture at 37� in a

humidified atmosphere containing 5% CO2 for 2 weeks.

The cell medium was replaced each 5 days and, after

the first medium change, M-CSF 0�25 ng/ml (macro-

phage colony-stimulating factor; PeproTech, Rocky Hill,

NJ) was added to the flasks to promote microglia pro-

liferation. After achieving 90% confluence, mixed glial

cultures were subjected to shaking at 37� and 220 g for

2 hr, to promote microglia detachment from the flasks.

The cell medium, containing the released microglia

cells, was collected from each flask and centrifuged at

112 g for 5 min to promote cell sedimentation. Micro-

glia cells were ressuspended in Dulbecco’s modified

Eagles’ medium:F12 Glutamax, supplemented with 10%

fetal bovine serum and 10 lg/ml gentamicin, and plated

onto 12-well multi-well plates at a density of

100 000 cells/well for qRT-PCR experiments or onto

eight-well chamber slides at a density of 25 000 cells/

well for in situ hybridization experiments. Regular char-

acterization of primary microglia cultures indicated the

presence of over 90% microglia cells, as determined by

CD11b and GFAP immunostaining, so confirming the

purity of these cultures.

The N9 and primary microglia activation was achieved

by exposure to LPS at 0�1, 0�5 or 1 lg/ml, for different

periods of time, ranging from 30 min to 18 hr.

Liposome and lipoplex preparation

The delivery liposomal system (DLS) cationic liposomes

were prepared by mixing 1 mg DOGS with 1 mg DOPE

in 40 ll 90% ethanol, followed by the addition of 360 ll

H2O, as described previously.21 After homogenization, the

mixture was incubated for at least 30 min to allow lipo-

some formation. The final lipid concentration was 5 mg/

ml (2�5 mg DOGS and 2�5 mg DOPE). The DLS lipoplex-

es were prepared by gently mixing 10 lg anti-miRNA oli-

gonucleotides with 190 lg total lipid in HEPES-buffered

saline solution (HBS: 20 mM HEPES, 100 mM NaCl, pH

7�4) at a final volume of 1300 ll, followed by incubation

for 30 min at room temperature.

Cationic liposomes composed of DOTAP : DOPE

(1 : 1 molar ratio) were prepared as previously described

by Campbell.22 Briefly, a mixture of 1 ml DOTAP and

1 ml DOPE in chloroform (from stock solutions of

25 mg/ml DOTAP and 26�6 mg/ml DOPE) was dried

under nitrogen to obtain a thin lipid film. The film was

dissolved in 100 ll ultrapure ethanol and the resulting

ethanol solution was injected with a Hamilton syringe

into 900 ll pre-heated (40�) HBS buffer, maintained con-

tinuously under vortex. The resulting multi-lamellar vesi-

cles were briefly sonicated to obtain small uni-lamellar

vesicles and diluted with HBS to a final DOTAP concen-

tration of 1 mg/ml. Folate-associated lipoplexes (FA-lipo-

plexes) were prepared by incubating 41�9 lg DOTAP with

320 lg folate (32 lg/lg pDNA) for 15 min, followed by

addition of 10 lg pDNA at a final volume of 1 ml in

HBS. The mixture was further incubated for 30 min at

room temperature. Both liposome formulations were

stored at 4� until use and the lipoplexes were used imme-

diately after preparation.

Transfection

Inhibition or over-expression of miR-155 was achieved by

delivery of anti-miR-155 oligonucleotides or plasmid

DNA encoding miR-155, respectively, to N9 cells. Imme-

diately before transfection, cells were washed and the

medium was replaced with Optimem (900 ll/well), free

of serum and antibiotics. For inhibition of miR-155,

100 ll DLS lipoplexes containing 14�6 lg lipid and

0�1 nmol (0�772 lg) anti-miR-155 oligonucleotides were

delivered to N9 cells, to obtain a final oligonucleotide

concentration of 100 nM/well. Parallel experiments were

performed using a negative control oligonucleotide

sequence to ensure that the modulation of miR-155 tar-

gets could be attributed only to the specific anti-miR-155

oligonucleotide and not to the transfection process per se.

Delivery of plasmid DNA to N9 cells was achieved

through the use of FA-lipoplexes. One hundred microli-

tres of FA-lipoplexes, containing pmiR-155 were delivered

to N9 cells to obtain a final plasmid concentration of

1 lg/well. In parallel experiments, a reporter plasmid,

encoding the green fluorescent protein (GFP) was used as

a control. Co-transfection experiments designed to vali-

date the miR-155 binding site present in the 30UTR of

SOCS-1 were also performed using FA-associated lipo-

somes. Two hundred microlitres of FA-lipoplexes, con-

taining pmiR-155 and a plasmid encoding the reporter

gene luciferase and the 30UTR of SOCS-1 (pSOCS-1

30UTR) were delivered to N9 cells to obtain a final plas-

mid concentration of 1 lg/well for each plasmid. In par-

allel experiments, plasmid (p) GFP was used in addition

to pSOCS-1 30UTR to serve as a control. In all transfec-

tion protocols, after 4 hr of incubation, the medium was

replaced by new RPMI-1640 medium and N9 microglia

cells were incubated for different periods of time, before

further analysis.
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Luciferase assay

Luciferase expression following co-transfection of pSOCS-

1 30UTR and pmiR-155 or pGFP was evaluated by assess-

ing luciferase activity. Briefly, 48 hr after transfection,

cells were washed twice with PBS and 100 ll lysis buffer

(1 mM dithiothreitol, 1 mM EDTA, 25 mM Tris–phos-

phate, 8 mM MgCl2, 15% glycerol, 1% [volume/volume

(v/v)] Triton X-100, pH 7�8) were added to each well.

After cell lysis at )80�, 50 ll of each lysate were incu-

bated with luciferin and ATP and light production was

determined in a luminometer (Lmax II384; Molecular

Devices, San Jose, CA). The protein content of the lysates

was evaluated through the DC Protein Assay reagent

(Bio-Rad, Hercules, CA), using BSA as the standard. Data

were expressed as relative light units of luciferase per mg

of total cell protein and presented as fold change with

respect to control (untransfected cells).

Extraction of total RNA and cDNA synthesis

Total RNA, including small RNA species, was extracted

from N9 microglia cells or primary microglia cultures

using the miRCURY� Isolation Kit – Cells (Exiqon),

according to the manufacturer’s recommendations for

cultured cells. Briefly, after cell lysis, the total RNA was

adsorbed to a silica matrix, washed with the recom-

mended buffers and eluted with 35 ll RNase-free water

by centrifugation. After RNA quantification, cDNA con-

version for miRNA quantification was performed using

the Universal cDNA Synthesis Kit (Exiqon). For each

sample, cDNA for miRNA detection was produced from

20 ng total RNA according to the following protocol:

60 min at 42� followed by heat-inactivation of the reverse

transcriptase for 5 min at 95�. The cDNA was diluted

80 · with RNase-free water before quantification by qRT-

PCR. Synthesis of cDNA for mRNA quantification was

performed using the iScript cDNA Synthesis Kit (Bio-

Rad) and employing 1 lg total RNA for each reaction, by

applying the following protocol: 5 min at 25�, 30 min at

42� and 5 min at 85�. Finally, the cDNA was diluted 1 : 4

with RNase free water.

Quantitative real-time PCR

Quantitative PCR was performed in an iQ5 thermocycler

(Bio-Rad) using 96-well microtitre plates. For miRNA

quantification the miRCURY LNA� Universal RT micr-

oRNA PCR system (Exiqon) was used in combination

with pre-designed primers (Exiqon) for miR-155 and

sRNA U6 (reference gene). A master mix was designed

for each primer set, according to the recommendations

for the real-time PCR setup of individual assays suggested

in this kit. For each reaction, 12 ll master mix was added

to 8 ll template cDNA. All reactions were performed in

duplicate (two cDNA reactions per RNA sample) at a

final volume of 20 ll per well, using the iQ5 Optical Sys-

tem Software (Bio-Rad). The reaction conditions con-

sisted of polymerase activation/denaturation and well-

factor determination at 95� for 10 min, followed by 40

amplification cycles at 95� for 10 s and 65� for 1 min

(ramp-rate 1�6�/s).

For mRNA quantification, the iQ SYBR Green Super-

mix Kit (Bio-Rad) was used. The primers for the target

genes [SOCS-1, IFN-c, interleukin-1b (IL-1b), IL-6, TNF-

a and iNOS] and for the reference gene (HPRT) were

pre-designed by Qiagen (QuantiTect Primer, Qiagen, Hil-

den, Germany). A master mix was prepared for each pri-

mer set, containing a fixed volume of SYBR Green

Supermix and the appropriate amount of each primer to

yield a final concentration of 150 nM. For each reaction,

20 ll master mix was added to 5 ll template cDNA. All

reactions were performed in duplicate (two cDNA reac-

tions per RNA sample) at a final volume of 25 ll per

well, using the IQ5 OPTICAL SYSTEM software (Bio-Rad).

The reaction conditions consisted of enzyme activation

and well-factor determination at 95� for 1 min and 30 s,

followed by 40 cycles at 95� for 10 s (denaturation), 30 s

at 55� (annealing), and 30 s at 72� (elongation).

For both miRNA and mRNA quantification, a melting

curve protocol was started immediately after amplification

and consisted of 1 min heating at 55� followed by 80

steps of 10 s, with a 0�5� increase at each step. Threshold

values for threshold cycle determination (Ct) were gener-

ated automatically by the IQ5 OPTICAL SYSTEM software.

The miRNA and mRNA fold increase or fold decrease

with respect to control samples was determined by the

Pfaffl method, taking into consideration different amplifi-

cation efficiencies of all genes and miRNAs in all experi-

ments. The amplification efficiency for each target or

reference RNA was determined according to the formula:

E = 10()1/S))1, where S is the slope of the obtained stan-

dard curve.

In situ hybridization

Fluorescence in situ hybridization was performed in cul-

tured adherent cells as described by Lu and Tsourkas,23

with some modifications. Briefly, microglia primary cells

were seeded onto multi-chambered coverglass slides (Lab-

Tek; Nalge Nunc, Rochester, NY) appropriate for confocal

microscopy imaging. Following treatment with LPS, the

cells were washed with PBS, fixed with 4% paraformalde-

hyde for 30 min at room temperature and permeabilized

at 4� in 70% ethanol for 4 hr. Cells were then incubated

with fresh acetylation solution [0�1 M triethanolamine and

0�5% (v/v) acetic anhydride] for 30 min at room temper-

ature, rinsed twice in Tris-buffered saline (TBS) and

pre-hybridized in the absence of the LNA probe in

hybridization buffer [50% formamide, 5 · SSC, 5 ·
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Denhardt’s solution, 250 lg/ml yeast tRNA, 500 lg/ml

salmon sperm DNA, 2% (w/v) blocking reagent, 0�1%

CHAPs, 0�5% Tween) for 2 hr at a temperature 22–25�
below the melting temperature (TM) of the probe. The

hybridization step was carried out using the DIG-labelled

(digoxigenin-labelled) LNA probes for miR-155 at the

same temperature overnight. A scrambled probe (negative

control) and U6snRNA (positive control) were also used

in this experiment (data not shown). Three stringency

washes were performed at the same temperature as probe

hybridization to completely remove the non-hybridized

probe. Endogenous peroxidase activity was inactivated by

incubation in 3% hydrogen peroxide in TBS with 0�1%

Tween-20 (TBS-T) for 30 min, followed by three washes

with TBS-T. The slides were then placed in blocking solu-

tion (TBS-T, 10% heat-inactivated goat serum, 0�5%

blocking agent) for 1 h at room temperature and incu-

bated for the same period of time with an anti-DIG anti-

body (Roche, Amadora, Portugal) conjugated with the

hydrogen peroxidase. To amplify the antibody signal,

slides were further incubated with a TSA plus Cy3 (Perk-

inElmer, Waltham, MA) solution for 10 min in the dark,

in accordance with the manufacturer’s protocol. The cells

were finally stained with the fluorescent DNA-binding

dye Hoechst 33342 (Invitrogen Life Technologies, Paisley,

UK) (1 lg/ml) for 5 min in the dark, washed with cold

PBS, and mounted in Mowiol (Fluka; Sigma). Confocal

images were acquired in a point scanning confocal micro-

scope Zeiss LSM 510 Meta (Zeiss, Göttingen, Germany),

with a 60 · oil objective. Digital images were acquired

using the LSM 510 META software. All instrumental

parameters pertaining to fluorescence detection and image

analyses were held constant to allow sample comparison.

ELISA

The secretion of TLR-induced cytokines to the cell med-

ium was determined using a Multi-Analyte ELISArray Kit

(SA Biosciences Corporation, Frederik, MD). Briefly,

50 ll cell medium, collected from each well, was added to

the ELISArray plate and incubated for 2 hr before the

addition of the detection antibody. Following 1 hr of

incubation, the samples were exposed to an avidin–horse-

radish peroxidase conjugate and to the development solu-

tion. After 15 min of incubation in the dark, the

development reaction was stopped with the Stop solution

and the optical density was measured at 450 nm in a

microplate reader. Cytokine production was determined

by comparison with both negative and positive controls

present in the Multi-Analyte ELISArray.

Western blot analysis

Total protein extracts were obtained from N9 cells

homogenized at 4� in lysis buffer (50 mM NaCl, 50 mM

EDTA, 1% Triton X-100) supplemented with a protease

inhibitor cocktail (Roche), 10 lg/ml dithiothreitol and

1 mM PMSF. Protein content was determined using the

Bio-Rad Dc protein assay (Bio-Rad). Twenty micrograms

total protein was resuspended in loading buffer (20%

glycerol, 10% SDS and 0�1% bromophenol blue), incu-

bated for 2 min at 95� and loaded onto a 10% polyacryl-

amide gel. After electrophoresis, the proteins were blotted

onto a PVDF membrane according to standard protocols.

After blocking in 5% non-fat milk, the membrane was

incubated with the appropriate primary antibody (anti-

iNOS, 1 : 500 or anti-SOCS-1 1 : 1000) overnight at 4�,

and with the appropriate secondary antibody (1 : 10 000)

(GE Healthcare, Waukesha, WI) for 2 hr at room temper-

ature. Equal protein loading was shown by re-probing the

membrane with an anti-actin antibody (1 : 10 000)

(Sigma) and with the appropriate secondary antibody.

After this incubation period, the blots were washed sev-

eral times with saline buffer (TBS/T – 25 mM Tris–HCl,

150 mM NaCl, 0�1% Tween) and incubated with ECF

substrate (enhanced chemifluorescence substrate) (alkaline

phosphatase substrate; 20 ll ECF/cm2 of membrane) for

5 min at room temperature and then submitted to fluo-

rescence detection at 570 nm using a Molecular Imager

Versa Doc MP 4000 System (Bio-Rad). For each mem-

brane, the analysis of band intensity was performed using

the QUANTITY ONE software (Bio-Rad).

Nitrite quantification

Nitric oxide production was assessed by the Griess

Reagent System (Promega Corporation, Madison, WI), a

colorimetric assay that detects the presence of nitrite

(NO�2 ), a stable reaction product of nitric oxide (NO)

and molecular oxygen. Briefly, 50 ll cell medium, col-

lected from each well, was incubated for 5 min with 50 ll

sulfanilamide, followed by a further incubation of 5 min

with 50 ll of N-1-napthylethylenediamide. The optical

density of the samples was measured at 540 nm in a

microplate reader and the nitrite concentration was deter-

mined by comparison with a standard curve obtained for

a solution of sodium nitrite prepared in RPMI-1640.

Immunocytochemistry

Immunocytochemistry studies were performed in N9

microglia cells according to established protocols. Briefly,

following transfection and LPS exposure, cells were

washed twice with PBS and fixed with 4% paraformalde-

hyde in PBS for 20 min at room temperature. The cells

were then permeabilized for 2 min with 0�2% Triton X-

100 and non-specific binding epitopes were blocked by

incubating the cells for 30 min with a 5% BSA solution

prepared in PBS. Cells were incubated overnight at 4�
with primary antibodies against the CD11b integrin
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(1 : 500) and a-tubulin (1 : 1000) prepared in PBS con-

taining 1% BSA. Following two washing steps with PBS,

cells were incubated for 2 hr at room temperature with

the respective secondary antibodies (anti-rat Alexa Fluor-

594 conjugate and anti-rabbit Alexa Fluor-488 conjugate;

Molecular Probes, Leiden, the Netherlands) diluted

1 : 500 in PBS containing 1% BSA. Finally, all coverslips

containing the samples were rinsed twice in PBS and

incubated in the dark with DAPI (1 lg/ml) for 5 min,

before being mounted on glass slides using Moviol

(Sigma). The samples were then observed by epifluores-

cence microscopy under a Zeiss Axiovert microscope,

equipped with a 20 · objective and the rhodamine, DAPI

and FITC filters. Representative images were taken for

each condition, using the same exposure time for each

filter, to allow comparison of fluorescence intensity

between different fields and conditions.

Neuronal primary cultures and evaluation of cell
viability

Primary cultures of cortical neurons were obtained from

C57BL/6 mice, at day 16 of gestation. After dissociation

and centrifugation of the dissected cortices, the tissue was

resuspended in Neurobasal medium (Invitrogen, San

Diego, CA), supplemented with 2% (v/v) B27 supplement

(Invitrogen) and 100 U/ml penicillin/streptomycin (Invi-

trogen). Cells were plated at a density of 500 000 cells/

well in six-well multi-well plates previously coated with

poly-L-lysine. Characterization of the embryonic neuronal

cultures confirmed the presence of 95% neurons, as deter-

mined by GFAP and NeuN-immunostaining. Primary cul-

tures were kept at 37� in a humidified atmosphere

containing 5% CO2. After 8 days in culture, neurons were

incubated for 24 hr with a 1 : 1 mixture of Neurobasal

medium (500 ll) and conditioned medium (500 ll). The

conditioned medium was obtained from untreated N9

cells, N9 cells exposed to LPS (0�1 lg/ml) for 24 hr, and

N9 cells transfected with anti-miR-155 or control oligo-

nucleotides 24 hr before exposure to LPS. In parallel

experiments neurons were incubated with LPS (0�1 lg/

ml) for 24 hr.

Cell viability of primary neuronal cultures was deter-

mined by a modified Alamar Blue assay. This assay mea-

sures the redox capacity of neurons and allows the

determination of cell viability without the detachment of

the cells, so cell integrity is maintained. Briefly, 1 ml Neu-

robasal medium supplemented with 10% (v/v) of Alamar

Blue dye was added to each well following the 24-hr incu-

bation period with conditioned medium or LPS. After

3 hr of incubation at 37�, 150 ll supernatant was col-

lected from each well and transferred to 96-well plates.

The optical density of the supernatant was measured at

570 and 600 nm in a microplate reader and cell viability

was calculated as a percentage of control cells, using the

formula: (A570–A600) of treated cells · 100/(A570–A600) of

control cells.

Statistical analysis

All data are presented as mean ± standard deviation (SD)

and are the result of three independent experiments, each

performed at least in triplicate. One-way analysis of vari-

ance combined with Tukey post-hoc test was used for

multiple comparisons in cell culture experiments. Statisti-

cal differences are presented at probability levels of

P < 0�05 (*), P < 0�01 (**) and P < 0�001 (***). Calcula-

tions were performed with standard statistical software

(GRAPHPAD PRISM 5, GraphPad Software, La Jolla, USA).

Results

LPS-mediated induction of miR-155 in microglia cells

Since miR-155 has been described as being up-regulated

in various cells of myeloid origin upon their activation

and as contributing to the modulation of the immune

response mediated by these cells, we first investigated the

expression of this miRNA in mouse N9 microglia cells

and primary microglia cultures employing qRT-PCR. To

activate and compare miR-155 levels in both resting and

active microglia, N9 cells and primary microglia cultures

were incubated with LPS, a specific ligand of TLR4, for

18 hr. Treatment of N9 cells with increasing concentra-

tions of LPS (0�1, 0�5 and 1 lg/ml) showed a significant

dose-dependent induction of miR-155 expression, which

reached a 25-fold increase in miR-155 levels for the high-

est LPS concentration tested (Fig. 1a). A similar result

was obtained in primary microglia cultures, where it was

possible to observe a 12-fold or 21-fold increase in the

expression of miR-155 following incubation with 0�1 or

1 lg/ml LPS, respectively (Fig. 1b).

To establish a time–course for this event, changes in

miR-155 levels were monitored by qRT-PCR at different

time-points (30 min, 1, 2, 4, 18 and 24 hr), following

stimulation of N9 cells with the lowest concentration of

LPS (0�1 lg/ml). The levels of miR-155 remained con-

stant until 4 hr after the beginning of the stimulus, when

a significant increase was observed with respect to control

levels (Fig. 1c). Levels of miR-155 continued to increase,

reaching a maximum at 18 hr, but showed a tendency to

decrease after an incubation period of 24 hr.

To confirm the results obtained by qRT-PCR, in situ

hybridization studies were performed in primary micro-

glia cultures exposed to 0�1 or 1 lg/ml LPS, using an

LNA probe specific for the mature form of miR-155

(Fig. 2). The miR-155 labelling was significantly more

intense in the cytoplasm of microglia cells incubated with

LPS than in control cells. Since the probe only recognizes

the mature form of this miRNA, these results further vali-
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date the qRT-PCR data presented in Fig. 1(b) and con-

firm that, under inflammatory conditions, miR-155

expression increases not only in N9 microglia cells but

also in microglia primary cells.

Primary microglia cells are not easily obtained with

high yield, are extremely difficult to transfect and are eas-

ily activated by cell culture procedures, also, the responses

of N9 cells and primary microglia cultures to LPS treat-

ment are similar, so the subsequent studies were per-

formed in N9 cells. This cell line, which comprises

immortalized mouse-derived microglia cells, has been

described as mimicking the behaviour of primary micro-

glia regarding TLR expression, cytokine release and NO

production, and has been employed in several studies as

an in vitro model to study microglia activation.24–26

SOCS-1 is a target of miR-155 in microglia cells

The miRNAs exert their regulatory effects mainly at the

post-transcriptional level, by targeting complementary or

partly complementary mRNAs and inducing mRNA

cleavage or translation repression. To identify potential

targets of miR-155 that might be relevant in the microglia

immune response, we screened the mouse and human

miR-155 sequences using the MIRBASE and PICTAR MIRNA

target identification programmes. Among other important

targets, such as inositol 5-phosphatase 1, IjB kinase e, c/

ebp b and receptor-interacting protein kinase, this analy-

sis allowed the identification of the SOCS-1 protein as a

potential target of miR-155 in both human and mouse

cells (Fig. 3a).

Because SOCS-1 is expressed in microglia, acting as a

negative regulator of several inflammatory pathways trig-

gered by cytokines and LPS, we investigated the contribu-

tion of miR-155 to the regulation of SOCS-1 expression

in these cells. A recent study, using a luciferase reporter

assay, has provided functional evidence that miR-155 is

able to bind to the 30UTR of SOCS-1 mRNA in HEK293T

cells.27 Using a similar assay, which comprises the co-

transfection of pmiR-155 and a plasmid encoding both

the luciferase gene and the 30UTR sequence of SOCS-1

(pSOCS-1 30UTR), followed by the evaluation of lucifer-

ase activity 48 hr after transfection, we were also able to

validate miR-155 binding to the untranslated repeat of

this protein in N9 cells (Fig. 3b). With this experiment, it

was possible to observe the expected increase in luciferase

Figure 1. Quantification of microRNA-155 (miR-155) expression following microglia activation with lipopolysaccharide (LPS). N9 microglia cells

(a) or primary microglia cultures (b) were incubated with LPS at 0.1, 0.5 or 1 lg/ml for 18 hr. Alternatively, N9 cells were incubated with LPS at

0.1 lg/ml for different periods of time (30 min, 1 hr, 2 hr, 4 hr, 18 hr and 24 hr) (c). Following cell incubation with LPS, total RNA was

extracted and miR-155 levels were determined by quantitative real-time RT-PCR using specific LNA probes for the mature form of this miRNA.

Results are presented as miR-155 fold change with respect to control (untreated cells). **P < 0.01 and ***P < 0.001 compared with control.

Results are representative of three independent experiments performed in triplicates.
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Figure 2. Evaluation of microRNA-155 (miR-155) expression in primary microglia cultures using in situ hybridization. Primary microglia cul-

tures were incubated with lipopolysaccharide (LPS) at 0.1 or 1 lg/ml for 18 hr before miR-155 labelling using a DIG-conjugated LNA-based

probe, specific for the mature form of this miRNA. Expression of miR-155 (red) was detected using an anti-DIG antibody and the TSA Cy3 sig-

nal amplification system (a), (d) and (g). In parallel studies, the levels of miR-155 were also analysed in untreated microglia cells. The cell nuclei

were labelled with DAPI (blue) (b), (e) and (h). Representative confocal microscopy images of all experimental conditions are presented at a

600 · magnification. (c), (f) and (i) show merged images of all three channels.

Figure 3. Modulation of suppressor of cytokine signalling 1 (SOCS-1) mRNA and protein levels by microRNA-155 (miR-155). (a) SOCS-1 was

found to be a predicted target of miR-155 in both humans and mice and (b) validation of miR-155 binding to the 30UTR of SOCS-1 was

achieved using a luciferase reporter assay. N9 cells were transfected with pmiR-155 and pSOCS-1 30UTR for 4 hr. Forty-eight hours after transfec-

tion, luciferase activity and protein levels were determined in all samples. Cell co-transfection with pGFP and pSOCS-1 30UTR was used as a

positive control in this experiment. Results are presented as the fold increase in luciferase activity/mg protein with respect to control (non-trans-

fected cells). ###P < 0.001 compared with cells transfected with pGFP and pSOCS-1 30UTR (c) The time–course of SOCS-1 expression was deter-

mined by quantitative real-time (q) RT-PCR. N9 cells were incubated with lipopolysaccharide (LPS) at 0.1 lg/ml for different periods of time

(30 min, 1 hr, 2 hr, 4 hr and 18 hr). Results are presented as SOCS-1 mRNA fold change with respect to control (untreated cells). *P < 0.05 and

***P < 0.001 compared with control. SOCS-1 (d) mRNA and (e) protein levels were determined by qRT-PCR and Western blot, respectively. N9

cells were transfected with anti-miR-155 oligonucleotides (anti-miR155 oligo) or miR-155-encoding plasmid (p155) for 4 hr. Alternatively, N9

cells were transfected with non-targeting oligonucleotides (control oligo) or a plasmid encoding GFP (pGFP). Twenty-four hours after transfec-

tion, cells were incubated with LPS at 0.1 lg/ml for 4 hr and RNA and protein extractions were performed. Representative Western blot images

illustrate the reduction or increase in SOCS-1 protein levels, following miR-155 (f) down-regulation or (g) up-regulation, respectively. Results are

expressed as SOCS-1 mRNA or protein fold change with respect to control (non-transfected and untreated cells). ##P < 0.01 and ###P < 0.001

compared with control (untreated and non-transfected cells) and **P < 0.01 and ***P < 0.001 compared with LPS-treated cells in the absence of

transfection. All results are representative of three independent experiments performed in triplicate.
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activity following the delivery of both pSOCS-1 30UTR

and the pGFP plasmids. However, delivery of pmiR-155

in addition to pSOCS-1 30UTR resulted in reduced lucif-

erase activity levels, which were significantly lower than

those obtained following transfection with the control

plasmid (pGFP) and pSOCS-1 30UTR. These results indi-

cate that, similar to what was reported in HEK293T cells,

miR-155 expression in N9 cells is able to block luciferase

expression through binding to the 30UTR sequence of

SOCS-1, which precedes the luciferase gene. The miR-

155–mRNA pairing leads to post-transcription repression

or mRNA degradation, decreasing luciferase expression

and hence luciferase activity, so validating SOCS-1 as a

target of miR-155.

Aiming at ascertaining a possible temporal relation

between miR-155 and SOCS-1 expression levels, we per-
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formed a qRT-PCR time–course study to identify changes

in SOCS-1 levels following microglia incubation with LPS

(0�1 lg/ml). The results displayed in Fig. 3(c) show that

following 2 hr of incubation with LPS, SOCS-1 mRNA

levels present a sharp increase of fivefold, but decrease

afterwards, approaching only a twofold increase after 4 hr

of incubation and reaching basal levels at 18 hr. These

results correlate temporally with those shown in Fig. 1(c)

and support the hypothesis that miR-155 may contribute

directly to the observed decrease in SOCS-1 levels by tar-

geting SOCS-1 mRNA. To confirm this possibility we

determined whether over-expression or inhibition of

miR-155 would lead to significant changes in SOCS-1

mRNA and protein levels. For this purpose, N9 microglia

cells were transfected with a plasmid encoding miR-155

(p155) or with anti-miR-155 oligonucleotides, which bind

with high affinity to miR-155 and avoid miRNA–target

mRNA interactions. N9 cells were exposed 24 hr later to

LPS (0�1 lg/ml). A non-inhibitory oligonucleotide (con-

trol oligonucleotide) and a plasmid encoding GFP (pGFP)

were used as negative controls, to detect possible transfec-

tion-related unspecific changes in SOCS-1. The SOCS-1

mRNA and protein levels were determined by qRT-PCR

and Western blot, respectively, after 4 hr of incubation

with LPS (Fig. 3d–g). The SOCS-1 mRNA and protein

levels in N9 cells stimulated with LPS increased following

miRNA inhibition and decreased upon miR-155 over-

expression. Furthermore, under resting conditions, a

decrease in SOCS-1 protein levels was observed following

over-expression of miR-155 (Fig. 3e) and a similar result

was observed in mRNA levels (data not shown). However,

no increase in SOCS-1 mRNA or protein levels was

observed following transfection with anti-miR-155 oligo-

nucleotides, probably because of the low levels of miR-155

in resting cells. As no significant changes were observed in

cells transfected with the control oligonucleotide or with

pGFP, the results presented in Fig. 3 validate miR-155 as a

specific modulator of SOCS-1 in microglia cells.

Expression of miR-155 is necessary for the production
of inflammatory cytokines following microglia
activation

To assess the effects of miR-155 and SOCS-1 modulation

on microglia activation and on the production of inflam-

matory mediators, initial studies addressed the time-

dependent expression of IFN-b, a classical target of

SOCS-1 negative feedback regulation, following microglia

activation with LPS (0�1 lg/ml). Results in Fig. 4(a)

clearly show that although IFN-b levels start to increase

quickly after LPS exposure, achieving a twofold increase

after 1 hr of incubation, this effect becomes much more

pronounced following a 4-hr incubation period. These

results correlate with our previous observations of an

increase in miR-155 levels (Fig. 1a) and a decrease in

SOCS-1 expression levels (Fig. 3a) at this same time

point, suggesting that the observed IFN-b response is

dependent on both miR-155 and SOCS-1 expression. To

confirm the relation among IFN-b, miR-155 and SOCS-1,

we evaluated the functional consequences of miR-155

inhibition or over-expression in IFN-b mRNA levels fol-

lowing microglia activation. For this purpose, N9 micro-

glia cells were transfected again with a plasmid encoding

miR-155 or with anti-miR-155 oligonucleotides 24 hr

before N9 exposure to LPS (0�1 lg/ml). Interferon-b
mRNA levels were determined by qRT-PCR following an

18-hr incubation with LPS (Fig. 4b). A very strong

increase in IFN-b mRNA levels was observed following

over-expression of miR-155 and incubation with LPS,

whereas an inhibition of this miRNA reduced IFN-b
expression levels to basal levels even in the presence of

LPS. These data indicate that changes in miR-155 levels

are sufficient to modulate IFN-b production in activated

microglia cells. No significant changes in IFN-b expres-

sion levels were observed in cells transfected with control

oligonucleotides or with the control plasmid (pGFP),

which further attests that the observed effect is specific

for miR-155 modulation.

Following the demonstration of the effect of miR-155

and SOCS-1 manipulation on the IFN response, the

mRNA levels of other pro-inflammatory cytokines, such

as TNF-a, IL-1b and IL-6, were also determined in N9

cells after miR-155 inhibition and LPS exposure, using a

similar experimental protocol (Fig. 5). As observed, TNF-

a and IL-6 mRNA levels (Fig. 5a,b) were also significantly

decreased following miR-155 inhibition. Although a

decrease was observed for IL-1b (Fig. 5c), this effect was

not statistically significant. As mRNA levels reflect cellular

gene expression but not protein secretion, medium was

collected from N9 cells following transfection with anti-

miR-155 or control oligonucleotides and LPS treatment,

and analysed by an ELISA to determine the levels of nine

cytokines/chemokines expressed following microglia acti-

vation (Fig. 5d). This assay confirmed that miR-155 inhi-

bition decreases the secretion of TNF-a and IL-6, but has

no effect on IL-1b or any other of the tested cytokines,

with the exception of TARC (thymus and activation regu-

lated chemokine), whose levels although significantly

lower compared with those of TNF-a and IL-6, were also

found to be decreased. No significant differences were

found between non-transfected N9 cells treated with LPS

and cells transfected with control oligonucleotides

before LPS exposure (data not shown), which further

confirms the specificity of the effects observed with the

anti-miR-155 oligonucleotides. Taken together, these

results indicate that miR-155 can act as a strong indu-

cer of cytokine production following microglia activa-

tion and that miR-155 inhibition decreases both the

expression and the secretion of specific pro-inflamma-

tory cytokines.
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Inhibition of miR-155 reduces NO production and
iNOS expression following microglia activation

Nitric oxide is an inflammatory mediator whose produc-

tion by iNOS is a well-described hallmark of microglia

activation. Although NO is a volatile gas, it is possible to

monitor its release to the cell culture medium by measur-

ing the levels of nitrites, the sub-products of NO oxida-

tion, through the Griess reaction. Aiming at assessing the

contribution of miR-155 for NO production, N9 micro-

glia cells were transfected with anti-miR155 oligonucleo-

tides or a plasmid encoding miR-155, before LPS

treatment (0�1 lg/ml for 18 hr). As expected, cells

exposed to LPS presented a strong increase in nitrite

production (Fig. 5a). However, miR-155 inhibition

before LPS treatment led to a significant decrease in

nitrite release to the medium (40%), with respect to

LPS-treated untransfected cells, whereas miR-155 over-

expression had the opposite effect, increasing nitrite lev-

els. These results could not be reproduced using a con-

trol oligonucleotide or a control plasmid, which

indicates that the changes in NO and nitrite production

are a specific response to miR-155 modulation. More-

over, a decrease in iNOS mRNA, as assessed by qRT-

PCR (Fig. 6b), and in protein levels, as assessed by Wes-

tern blot (Fig. 5c,d), was observed following miR-155

inhibition, but not following transfection with the con-

trol oligonucleotides. Western blot analysis also showed

an increase in iNOS levels after miR-155 over-expres-

sion, which further confirms the contribution of miR-

155 to the regulation of NO synthesis by modulating

iNOS expression.

Both LPS-mediated TLR activation and NO produc-

tion have been related to an increase in the expression

and activation of the CD11b integrin b, a surface mar-

ker whose expression is increased in activated microglia

cells.28,29 To assess the consequences of miR-155 inhibi-

tion, and the resulting decrease in NO production, on

CD11b expression, we performed immunocytochemistry

to evaluate CD11b labelling in N9 cells. For this pur-

pose, N9 microglia cells were transfected with anti-miR-

155 or control oligonucleotides 24 hr before exposure to

LPS (0�1 lg/ml). Following 18 hr of incubation with

LPS, cells were fixed and labelled with the nuclear dye

DAPI, with a specific anti-CD11b antibody and an anti-

body against the structural protein tubulin (Fig. 7).

Results in Fig. 7 clearly show that exposure to LPS

increases CD11b labelling in N9 cells (Fig. 7e), with

respect to control cells (Fig. 7a). In this regard, it was

also possible to observe striking differences in cell mor-

phology, because LPS-treated cells lose the characteristic

star shape of resting N9 cells and become round and

amoeboid, a common feature of activated microglia

cells. Similar results were observed in N9 cells transfect-

ed with control oligonucleotides followed by LPS expo-

sure (Fig. 7m). These cells present the same intense

CD11b labelling and round shape of untransfected, LPS-

treated cells. However, cells transfected with the anti-

miR-155 oligonucleotides before LPS treatment showed

less intense CD11b labelling and a morphology closer to

that of control cells (Fig. 7i), indicating lower levels of

CD11b.

Figure 4. Modulation of interferon-b (IFN-b) expression by micr-

oRNA-155 (miR-155). (a) N9 microglia cells were incubated with

lipopolysaccharide (LPS) at 0.1 lg/ml for different periods of time

(30 min, 1 hr, 2 hr, 4 hr and 18 hr). Results are presented as IFN-b
mRNA fold change with respect to control (untreated cells).

*P < 0.05 and **P < 0.01 compared with control. (b) The IFN-b
expression levels were determined by quantitative real-time RT-PCR.

N9 cells were transfected with anti-miR-155 oligonucleotides (anti-

miR155 oligo) or miR-155-encoding plasmid (p155) complexed with

cationic liposomes for 4 hr. Alternatively, N9 cells were transfected

with non-targeting oligonucleotide (control oligo) or a plasmid

encoding GFP (pGFP). Twenty-four hours after transfection, cells

were incubated with LPS at 0.1 lg/ml for 18 hr and RNA extraction

was performed. Results are expressed as IFN-b mRNA fold change

with respect to control (untranfected and untreated cells).

**P < 0.01 and ***P < 0.001 compared with LPS-treated cells in the

absence of transfection. Results are representative of three indepen-

dent experiments performed in triplicate.
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Inhibition of miR-155 prevents neuronal death
following microglia activation

In view of the pro-inflammatory role of miR-155 in acti-

vated microglia, as evidenced by our results on N9 cells,

we evaluated the potential of miR-155 modulation as an

anti-inflammatory and neuroprotective strategy. For this

purpose, N9 microglia cells were transfected with anti-

miR-155 or control oligonucleotides 24 hr before expo-

sure to LPS (0�1 lg/ml). Following 18 hr of incubation

with LPS, the medium of N9 cells was collected and

mixed with Neurobasal medium at a ratio of 1 : 1 (v/v).

Primary cultures of cortical neurons were incubated with

this mixture (conditioned medium) for 24 hr before

assessment of cell viability using the Alamar Blue assay

(Fig. 8). In parallel, cortical cultures were exposed directly

to the same concentration of LPS (0�1 lg/ml). Figure 8

shows that neurons exposed to conditioned medium col-

lected from N9 cells, previously incubated with LPS in the

absence of transfection, presented a reduction in viability

of 40%. Similar results were observed in neurons incu-

bated with conditioned medium collected from cells

transfected with control oligonucleotides. However, neu-

rons treated with medium conditioned by N9 cells, in

which miR-155 had been inhibited before LPS treatment,

presented only a slight decrease in viability (10%) with

respect to control neuronal cells. Moreover, neurons

exposed directly to LPS or to medium collected from

untransfected and untreated N9 cells did not show

significant changes in viability, suggesting that the

observed neuronal death was caused by inflammatory

mediators secreted by N9 cells rather than as a direct con-

sequence of the presence of LPS.

Taken together, the results obtained in this study

clearly demonstrate the important role of miR-155 in the

regulation of different aspects of the immune response

mediated by microglia, such as cytokine expression, NO

production and neurotoxicity, and reveal a new and

promising therapeutic application of miRNA modulation

strategies.

Figure 5. Modulation of cytokine expression and secretion by microRNA-155 (miR-155). The mRNA of (a) tumour necrosis factor-a (TNF-a),

(b) interleukin-6 (IL-6) and (c) IL-1b mRNA were quantified by quantitative RT-PCR. (d) The secretion of several inflammatory cytokines in

response to relation with Toll-like receptor (TLR) activation was determined by ELISA. N9 cells were transfected with anti-miR-155 oligonucleo-

tides (anti-miR155 oligo) or with a non-targeting oligonucleotide (control oligo) complexed with cationic liposomes for 4 hr. Twenty-four hours

after transfection, cells were incubated with lipopolysaccharide (LPS) at 0.1 lg/ml for 18 hr. The cell culture medium was then collected to deter-

mine cytokine protein levels by ELISA and the RNA was extracted from the cells. Results are expressed as fold change in cytokine mRNA or pro-

tein levels with respect to control (untranfected and untreated cells). *P < 0.05 and **P < 0.01 compared with LPS-treated cells in the absence of

transfection. Results in (a), (b) and (c) are representative of three independent experiments performed in triplicate. Results in (d) are representa-

tive of two independent experiments performed in triplicate.
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Discussion

Recent studies have shown a role for specific miRNAs in

the control of adaptive and innate immune responses,

and the deregulation of these miRNAs has been associated

with several pathologies that present an inflammatory

component, including cancer,27 rheumatoid arthritis13

and neurodegenerative disorders such as Alzheimer’s dis-

ease. The miR-155 belongs to this group of miRNAs and

has been found to be expressed in several cells of the

immune system, such as macrophages, monocytes,

dendritic cells and haematopoietic progenitors/stem

cells.12 In the present work we provide evidence, for the

first time, that miR-155 is also significantly up-regulated

in both primary microglia cells and N9 microglia cells fol-

lowing cell activation upon exposure to the TLR4 ligand

LPS (Figs 1 and 2). The observed time–course for miR-

155 up-regulation was similar to what was previously

described in other cells.27 Although it was initially

detected at very low levels in N9 microglia cells, upon cell

activation the levels of this miRNA increased rapidly,

starting to rise 4 hr after LPS exposure.

Figure 6. Effect of microRNA-155 (miR-155) modulation on nitrite production and inducible nitric oxide synthase (iNOS) expression. (a)

Nitrite production was quantified by the Griess Assay. The effect of miR-155 modulation on (b) iNOS mRNA was determined by quantitative

RT-PCR and on (c) protein expression levels was determined by Western blot. N9 cells were transfected with anti-miR-155 oligonucleotides

(anti-miR155 oligo) or miR-155-encoding plasmid (p155) complexed with cationic liposomes for 4 hr. Alternatively, N9 cells were transfected

with non-targeting oligonucleotides (control oligo) or a plasmid encoding GFP (pGFP). Twenty-four hours after transfection, cells were incu-

bated with lipopolysaccharide (LPS) at 0.1 lg/ml for 18 hr. The extracellular cell medium was then collected to quantify nitrite secretion through

the Griess reaction and RNA and protein were extracted from the cells. (d) Representative Western blot images illustrate the increase or reduc-

tion in iNOS protein levels following miR-155 up-regulation or down-regulation, respectively. Results in (a) are expressed as % of nitrite produc-

tion/mg protein in LPS-treated cells, in the absence of transfection. Results in (b) and (c) are expressed as mRNA or protein fold change with

respect to control (untransfected and untreated cells). ##P < 0.01 and ###P < 0.001 compared with control (untreated and untransfected cells) and

**P < 0.01 and ***P < 0.001 compared with LPS-treated cells in the absence of transfection. Results are representative of three independent

experiments performed in triplicate.
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While much has been discovered concerning miR-155

expression patterns and basic functions through the study

of miR-155)/)mice, the molecular pathways and targets

affected by this miRNA are poorly characterized, particu-

larly in the CNS. To further clarify the role of this miR-

NA in CNS inflammatory processes, we searched for

miR-155 candidate targets that could be involved in

microglia activation and microglia-mediated innate

immune responses in the brain. Using bioinformatic

tools, and based on the information already available in

the literature, we identified SOCS-1 as a possible target of

miR-155 in human and mice cells and confirmed that

miR-155 is able to bind to the 30UTR of this protein

(Fig. 3b). SOCS-1 has been described as having a short

half-life (1–2 hr) and its expression levels are reported to

increase rapidly following macrophage exposure to

inflammatory cytokines and TLR ligands.30 The stability

of this protein can be regulated by its association with

other proteins, including PIM 1 (Proto-oncogene serine/

threonine-protein kinase 1) and ubiquitin, although these

mechanisms are not sufficient to explain the quick modu-

lation of SOCS-1 protein levels upon cell activation.30 In

this work, we were able to observe the expected rapid

increase in SOCS-1 levels following microglia exposure to

LPS. The SOCS-1 mRNA levels peaked 2 hr after the

beginning of the stimulus and decreased rapidly thereaf-

ter, approaching basal levels at 4 hr (Fig. 3c). Interest-

ingly, the time course of changes in SOCS-1 mRNA

levels, following LPS exposure, correlated closely with the

time–course observed for miR-155 increase, suggesting

that this miRNA may be involved in the post-transcrip-

tional regulation of SOCS-1. Using approaches involving

the inhibition or over-expression of miR-155, we demon-

strated that miR-155 is indeed able to repress SOCS-1

upon microglia activation, at both the mRNA and protein

levels (Fig. 3). Our results are consistent with the hypoth-

esis that miR-155 constitutes a new and important modu-

lator of SOCS-1 in microglia and can, therefore, act as a

key intervenient in the regulation of several inflammatory

pathways triggered in these cells, by promoting the post-

transcription repression of SOCS-1 mRNA. Our findings

also correlate with recent studies showing increased miR-

Figure 7. Effect of microRNA-155 (miR-155) modulation on CD11b protein levels and cell morphology. The expression levels of CD11b and

morphology of N9 cells were assessed by immunocytochemistry. N9 cells were transfected with anti-miR-155 oligonucleotides (anti-miR155 oli-

go) or non-targeting oligonucleotides (control oligo) for 4 hr. Twenty-four hours after transfection, cells were incubated with lipopolysaccharide

(LPS) at 0.1 lg/ml for 18 hr before fixation and immunocytochemistry. N9 cells were labelled with anti-CD11b antibody (red) (a), (e), (i) and

(m) or anti-tubulin antibody (green) (c), (g), (k) and (o). The nuclei were labelled with DAPI (blue) (b), (f), (j) and (n). Representative fluores-

cence microscopy images of all experimental conditions are presented at a 200 · magnification. (d), (h), (l) and (p) show merged images of all

three channels.
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155 expression and a decrease in SOCS-1 levels in other

cell types, such as mature dendritic cells,20 which further

reflects the important role of miRNAs in the fine tuning

of gene regulation in the context of innate immunity.

It is considered that miR-155 is a pro-inflammatory

miRNA, because miR-155-deficient mice present defects

in germinal centre formation and in antibody isotype

class switching, being unable to produce significant levels

of IL-2 and IFN-c, following immunization.31 Moreover,

up-regulation of miR-155 following exposure to LPS has

been shown to enhance TNF-a production in macrophag-

es, both in vitro and in vivo, and such over-expression has

been reported in rheumatoid arthritis patients with

respect to healthy controls.32 These results strongly sug-

gest that miR-155 is involved in protective immunity

when properly regulated, yet it can also contribute to

malignant conditions upon its deregulated expression.

In microglia cells, miR-155 increase upon cell activa-

tion seems to be necessary for the progression of the

immune response and the production of inflammatory

mediators. A decrease in miR-155 levels, following trans-

fection with anti-miR-155 oligonucleotides, led to a sig-

nificant reduction in the expression of IL-6, IFN-b and

TNF-a and in the secretion of both IL-6 and TNF-a
(Figs 4 and 5). In addition, a decrease in the production

of NO and in the expression of iNOS (Fig. 6) was

observed following miR-155 inhibition. In contrast, the

over-expression of miR-155 before exposure of microglia

cells to LPS had the opposite effect, increasing the expres-

sion of IFN-b (Fig. 4) and iNOS (Fig. 6b–d) and the pro-

duction of NO (Fig. 6a). Although iNOS is not a

predicted target of miR-155, these results suggest a possi-

ble role for miR-155 in regulating the production of NO,

an important mediator of microglia immune response,

probably by directly interfering with proteins that act

upstream of iNOS, such as SOCS-1 and elements of the

nuclear factor-jB pathway. Our results also showed an

LPS-induced up-regulation in the expression of the

microglia surface marker CD11b, a molecule that binds

the intracellular adhesion molecule-1 and complement

C3b. A change in cell morphology was also observed

under the same conditions, with N9 cells adopting a

round shape characteristic of activated microglia. How-

ever, a strong decrease in CD11b immunolabelling was

observed upon miR-155 inhibition, even following LPS

stimulation (Fig. 7), as well as a small number of round

cells. Our findings clearly show that inhibition of

miR-155 recapitulated almost completely the resting phe-

notype of microglia cells, even in the presence of LPS,

suggesting that miR-155 has a pro-inflammatory role in

microglia cells, and further supporting what has been pre-

viously described in other cells of the immune system.

Although microglia activation, in the presence of an

external or internal threat, can be beneficial in the CNS,

it is now believed that the failure to terminate microglia-

mediated immune responses at the appropriate moment

can lead to the over-expression of inflammatory media-

tors and to the establishment of a chronic inflammatory

state with deleterious consequences to the surrounding

neurons. Our results establish a direct link among miR-

155 expression, SOCS-1 inhibition and the production of

inflammatory mediators, suggesting that the deregulation

of miR-155 can constitute a contributing factor to inflam-

matory processes in the CNS, by disturbing the normal

function of SOCS-1 and increasing cytokine and NO pro-

duction. Of note, we found that this miRNA is up-regu-

lated in the brain of mice transgenic for Alzheimer’s

disease, with respect to their wild-type littermates, in an

age-dependent manner (manuscript in preparation),

which further supports the hypothesis that miR-155 may

play a role in neurodegenerative pathologies. If this is the

case, miR-155 inhibition in microglia cells may constitute

a new and promising anti-inflammatory approach to

decrease microglia-mediated neuronal damage. Our find-

ings suggest that miR-155 inhibition in N9 microglia cells

before activation with LPS is sufficient to reduce neuronal

damage induced upon cell exposure to microglia-condi-

tioned medium (Fig. 8). The observed increase in neuro-

Figure 8. Neuronal viability in the presence of microglia conditioned

medium. Neuronal viability was assessed by the Alamar Blue Assay

after exposure to conditioned medium obtained from N9 cells. N9

cells were transfected with anti-microRNA-155 (miR-155) oligonu-

cleotides (anti-miR155 oligo) or non-targeting oligonucleotides (con-

trol oligo) for 4 hr. Twenty-four hours after transfection, cells were

incubated with lipopolysaccharide (LPS) at 0.1 lg/ml for 18 hr and

the N9 conditioned medium (CM) was collected. CM was also col-

lected from untransfected and untreated N9 cells (control CM), or

from untransfected LPS-treated cells (LPS 0.1 lg/ml CM). Primary

cortical neurons were obtained at day 16 of gestation and cultured

in Neurobasal medium (NBM) for 10 days before incubation with a

mixture of CM and NBM at a ratio of 1 : 1 (v/v) for 24 hr. Alterna-

tively, neuronal cultures were incubated directly with LPS at 0.1 lg/

ml for the same period of time. Results are presented as a % of neu-

ronal viability with respect to control cells. **P < 0.01 compared

with neurons incubated with LPS 0.1 lg/ml CM. Results are repre-

sentative of three independent experiments performed in triplicate.
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nal viability is most probably the result of a decrease in

the levels of inflammatory cytokines and NO present in

the conditioned medium, because direct treatment of

neuronal cultures with LPS did not decrease cell viability.

Overall, our results demonstrate that miR-155 silencing

is able to decrease microglia-mediated neurotoxicity and

may, therefore, represent a valuable therapeutic strategy

in the context of chronic inflammation.
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