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microRNA-155 Regulates Alpha-Synuclein-Induced
Inflammatory Responses in Models of Parkinson Disease

X Aaron D. Thome, X Ashley S. Harms, X Laura A. Volpicelli-Daley, and X David G. Standaert
Center for Neurodegeneration and Experimental Therapeutics, Department of Neurology, The University of Alabama at Birmingham, Birmingham,
Alabama 35294

Increasing evidence points to inflammation as a chief mediator of Parkinson’s disease (PD), a progressive neurodegenerative disorder
characterized by loss of dopamine neurons in the substantia nigra pars compacta (SNpc) and widespread aggregates of the protein
�-synuclein (�-syn). Recently, microRNAs, small, noncoding RNAs involved in regulating gene expression at the posttranscriptional
level, have been recognized as important regulators of the inflammatory environment. Using an array approach, we found significant
upregulation of microRNA-155 (miR-155) in an in vivo model of PD produced by adeno-associated-virus-mediated expression of �-syn.
Using a mouse with a complete deletion of miR-155, we found that loss of miR-155 reduced proinflammatory responses to �-syn and
blocked �-syn-induced neurodegeneration. In primary microglia from miR-155 �/� mice, we observed a markedly reduced inflamma-
tory response to �-syn fibrils, with attenuation of major histocompatibility complex class II (MHCII) and proinflammatory inducible
nitric oxide synthase expression. Treatment of these microglia with a synthetic mimic of miR-155 restored the inflammatory response to
�-syn fibrils. Our results suggest that miR-155 has a central role in the inflammatory response to �-syn in the brain and in �-syn-related
neurodegeneration. These effects are at least in part due to a direct role of miR-155 on the microglial response to �-syn. These data
implicate miR-155 as a potential therapeutic target for regulating the inflammatory response in PD.
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Introduction
Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder and is characterized by the progressive loss of
dopamine-producing neurons in the substantia nigra pars com-
pacta (SNpc) along with widespread intracellular aggregates of
the protein �-synuclein (�-syn). Increasing evidence points to
neuroinflammation as a chief mediator in the pathogenesis and
progression of PD (McGeer et al., 1988; Hirsch and Hunot, 2009;
Appel, 2012). Analysis of postmortem brain and CSF from PD

patients showed increased proinflammatory cytokines such as
TNF, IL-1�, IL-6, and IFN-� (Mogi et al., 1994a; Mogi et al.,
1994b). Along with these findings, extensive microgliosis
(McGeer et al., 1988; Gerhard et al., 2006) and T-cell infiltration
(Brochard et al., 2009) are present, indicating a proinflammatory
microenvironment. Genome-wide association studies implicate
polymorphisms in the MHC class II cell surface receptor
HLA-DR in late-onset, idiopathic PD (Hamza et al., 2010). Stud-
ies in acute and chronic animal model systems of PD replicate
many of these same findings. Viral [adeno-associated virus 2
(AAV2)-SYN], neurotoxin, and transgenic models of PD in
mouse, rat, and nonhuman primates recapitulate the reactive
microgliosis, elevated cytokine expression, lymphocyte invasion,
and gradual loss of dopaminergic (tyrosine hydroxylase-positive,
TH�) cells in the SNpc (Ramsey and Tansey, 2014; Allen Reish
and Standaert, 2015). We have reported previously that the in-
flammatory and neurodegenerative effects of �-syn can be atten-
uated by blockade of several components of the inflammatory
cascade, including components of the MHCII, fractalkine recep-
tor (CX3CR1) signaling, and the microglial signaling molecule
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Significance Statement

The main feature associated with Parkinson’s disease (PD) is the accumulation of �-synuclein in the brain accompanied by signs
of inflammation and immune activation. Our studies suggest that microRNA-155 is a key inflammation-initiating molecule that
could be a viable target for PD therapeutics.
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Fcgamma (Cao et al., 2010; Cao et al., 2012; Harms et al., 2013;
Thome et al., 2015). As a result of these and other observations,
immunomodulatory strategies have emerged as a potentially
valuable class of therapeutic interventions in PD.

MicroRNAs are important regulators of gene expression and
modulators of inflammatory responses. They act at the posttran-
scriptional level by targeting the 3� untranslated region of mes-
senger RNAs (mRNAs), resulting in translational repression or
degradation of the target. Several different microRNAs have been
implicated as important regulators and fine tuners of immune
system activation and neuroinflammation. Sustained aberrant
microRNA expression levels have been described in inflamma-
tory and immune-related neurodegenerative disorders including
multiple sclerosis (MS) (Junker et al., 2009; Moore et al., 2013),
amyotrophic lateral sclerosis (ALS) (Butovsky et al., 2012; Koval
et al., 2013), and Alzheimer’s disease (AD) (Femminella et al.,
2015). To date, there have been few studies of the role microR-
NAs in PD patients or models of PD.

One of the key microRNA modulators of neuroinflammation is
microRNA-155 (miR-155), which has been shown to have strong
proinflammatory effects. miR-155 is induced by stimuli such as LPS,
IFN-�, and TNF and contributes to proinflammatory signaling cas-
cades and effector functions by inhibiting FADD, SOCS1, IKK,
IL13R�1, and SMAD2, which collectively result in upregulation of
the proinflammatory molecules IL-1, IL-6, TNF-�, and inducible
nitric oxide synthase (iNOS) (Louafi et al., 2010; Liu and Abraham,
2013; Ponomarev et al., 2013; Yang et al., 2015). MiR-155 also acts to
suppress anti-inflammatory targets such as CEBP� and SHIP1,
which leads to decreases in the IL-10, Arg1, IL13R, and TGF�R
pathways (O’Connell et al., 2009).

In this study, we used a PCR-based screening method to ex-
amine the expression of microRNAs related to immune function
in the AAV2-SYN mouse model of PD and discovered that there
is upregulation of miR-155 in this model. This led to a more
detailed examination of the role of miR-155 in �-syn-induced
neuroinflammation and neurodegeneration using mice with ge-
netic deletion of miR-155. Our data show that miR-155 is indeed
centrally related to the inflammatory processes triggered by
�-syn and that blockade of miR-155 can protect against �-syn-
mediated neurodegeneration.

Materials and Methods
Animals. C57BL/6 (catalog #000664; Jackson Laboratories) and miR-
155 �/� mice (B6.Cg-Mir155tm1.1Rsky/J, catalog #007745; Jackson Lab-
oratories) (Thai et al., 2007) maintained on a congenic background were
used for these studies.

AAV2 virus construction and purification. Construction and purifica-
tion of the rAAV vectors rAAV-CBA-IRES-EGFP-WPRE (CIGW) and
rAAV-CB�-SYN UCLEIN-IRES-EGFP-WPRE (CSIGW) have been de-
scribed previously (St Martin et al., 2007; Theodore et al., 2008; Cao et al.,
2012). AAV2-SYN injection into the mouse SNpc results in a marked
increase in both �-syn mRNA (St Martin et al., 2007) and protein expres-
sion (Harms et al., 2013). Both monomeric species and high-molecular-
weight forms are seen in nigral tissue in vivo (Harms et al., 2013).

Stereotaxic surgery. Male C57BL/6 (WT) and miR-155 �/� mice (8 –12
weeks of age) were anesthetized with isoflurane and unilaterally injected
with 2 �l of AAV2-SYN or AAV2-GFP (4.0 � 10 12 viral genome/ml
diluted in sterile PBS) into the right SNpc. Coordinates were anterior–
posterior �3.2 mm from bregma, mediolateral �1.2 mm from midline,
and dorsoventral �4.6 mm from dura. All research conducted on ani-
mals was approved by the Institutional Animal Care and Use Committee
at the University of Alabama at Birmingham.

Quantitative PCR and mouse inflammatory miRNA PCR array. At 2
and 4 weeks after transduction, animals were deeply anesthetized and
SNpc were dissected (n � 6 per group), flash frozen using liquid nitro-

gen, and stored at �80C for processing. Total RNA was isolated using the
Qiagen miRNeasy mini kit (catalog #217004) according to the manu-
facturer’s protocol. RNA concentrations were determined using the
Nanodrop ND1000 Spectrophotometer. RNA was then transcribed
into cDNA using Qiagen miScript RT kit (catalog #218161). miR-155
specific probes (Applied Biosystems, catalog #4427975) were used
and samples were run on the Applied Biosystems 7900HT Fast Real-
Time PCR System with snoRNA-135 as the control. For the PCR
array, the extraction of the SNpc, RNA isolation, and cDNA was
generated as described above (n � 6 per group). Reaction mixes were
pooled according to their specific group and added into the Inflam-
matory Response and Autoimmunity miScript PCR Array (Qiagen,
MIMM-105Z). The reaction was run according to the manufacturer’s
protocol. The plate allowed us to assess changes in gene expression of
84 different microRNAs relative to inflammation and immune re-
sponse pathways (n � 4 per microRNA per pooled sample). Abun-
dant controls are included in the plate including six snoRNA/
snRNAs, three mature miRNAs that are ubiquitously expressed, and
an exogenously spiked Syn-cel-miR-39 for alternative data normal-
ization. Data were analyzed using software provided by Qiagen spe-
cific to these assays (http://pcrdataanalysis.sabiosciences.com/mirna).

Immunohistochemistry. At 4 weeks and 6 months after transduction,
animals were deeply anesthetized, killed, and brains were removed and
processed. Briefly, animals were transcardially perfused with heparinized
0.01 M PBS, pH 7.4, followed by 4% paraformaldehyde and then cryo-
protected in 30% sucrose solution in PBS. Brains were frozen on dry ice
and cryosectioned coronally on a sliding microtome (cut thickness: 40
�m); sections were collected serially throughout the striatum and SNpc,
placed into tissue collection solution (50% glycerol in 0.01 M PBS), and
stored at �20°C for immunohistochemical analysis.

Fluorescent analyses of free-floating sections were labeled as described
previously (Harms et al., 2013). Sections were labeled with anti-MHCII
(1:100, M5/114.15.2; eBiosciences), anti-GFP (1:1000; Rockland), anti-
CD68 (1:500; AbD Serotec), or anti-TH (1:2000; Millipore) overnight at
4°C. Respective Alexa Fluor-conjugated secondary antibodies diluted at
1:1000 (Invitrogen) or Cy3-conjugated antibodies (1:500; Jackson Im-
munoResearch) were used at room temperature for 2.5 h. Sections were
mounted onto glass slides and coverslipped using Vectashield Hard Set
mounting medium.

For diaminobenzadine (DAB) staining, sections were washed and
stained with Tris-buffered saline (TBS), pH 7.4, and labeled as described
previously (Harms and Tansey, 2013). Briefly, anti-MHCII (, 1:100, M5/
114.15.2; eBiosciences) or anti-TH (1:2000; Millipore) were diluted in
TBS-Triton (TBST) � 1% normal serum and incubated overnight at
4°C. Biotinylated secondary antibody (1:500; Vector Laboraties) was
added in TBST � 1% serum and incubated for 2 h at room temperature.
R.T.U. Vectastain ABC reagent (Vector Laboratories) and the DAB kit
from (SK-4100; Vector Laboratories) were used according to the manu-
facturer’s instructions. Sections were mounted onto glass slides and cov-
erslipped using Vectashield Hard Set mounting medium.

For TH neuron quantification using unbiased stereology, sections were
stained with anti-TH (Millipore, 1:2000), coded, and analyzed with an
Olympus BX51 with MicroBrightfield software. Five sections covering the
rostrocaudal extent of the SNpc of ipsilateral and contralateral to the injec-
tion site were quantified using the optical fractionator method and Stereo-
Investigator software. Neurons that stained positive for TH were counted
and weighted section thickness was used to correct for variations in tissue
thickness.

Imaging and quantification. Images were captured using a Leica TCS-
SP5 laser scanning confocal microscope. For quantification of MHCII
Ni-DAB staining, slides were coded and scored using a numerical scale of
0 (no staining) to 4 (most intense staining) by a single observer blind to
the treatment paradigm. Only MHCII staining surrounding the SNpc
composed of TH � neurons (DAB-brown) were scored; nonspecific
staining surrounding the needle tract was ignored. Scores were obtained
from five to six mice per group. Statistics were analyzed using Kruskal–
Wallis and Dunn’s multiple-comparisons tests.

Primary microglia cultures. Primary murine microglia were isolated
from postnatal day 0 –2 pups according to previously published proto-
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cols (Harms et al., 2013) with a few modifications. Briefly, brains were
isolated and meninges were removed and dissociated for 10 min at 37°C
with frequent agitation. Mixed glial populations were filtered through a
0.2 �m filter and plated in T75 flasks in DMEM/F12 supplemented with
20% heat inactivated fetal bovine serum (Sigma-Aldrich), 1% penicillin/
streptomycin, 1% L-glutamine (Sigma-Aldrich), and 10 ng/ml granulo-
cyte monocyte colony stimulating factor (PeproTech) for 10 –14 d.
Microglia were isolated from the astrocyte bed by mechanical shaking at
195 rpm for 1 h at 37°C.

�-syn fibril preparation. Preparations of human �-syn preformed fi-
brils were produced and purified as described previously (Volpicelli-
Daley et al., 2014) and then stored at �80°C. Each preparation of was
analyzed using thioflavin T fluorimetry, sedimentation at 100,000 � g,
and electron microscopy as described previously (Luk et al., 2009; Luk et
al., 2012a; Volpicelli-Daley et al., 2014). Average thioflavin T binding was
8706 � 540 AU for fibrils and 1275 � 52 AU for monomer. To make the
working solution of preformed fibrils, 20 �l of 5 mg/ml stock solution
was diluted into 980 �l of sterile PBS. The fibrils were sonicated using a
Fisher Scientific Sonic Dismembrator Model 500 with a program con-
sisting of sonication at 10% power for 30 s at intervals of 0.5 s on/off. The

control used for the experiment was human �-syn monomer that is
stored at �80°C to prevent aggregation and then maintained on ice until
addition into media. Monomer was centrifuged at 4°C at 30,000 � g for
10 min and supernatant was added to the cells.

�-syn fibril and miR-155 mimic experiments. Dissected microglia were
plated in chamber slides (Lab-Tek II Chamber Slides) at 100,000 cells per
well with serum-free medium. Before assays, microglia were allowed to
settle onto chamber slide for 2 h, followed by replenishing chambers with
fresh medium. Sonicated, preformed �-syn fibrils (200 ng/ml) or �-syn
monomer was added into media in the chambers for 2 h. Mature sequence
miR-155 oligonucleotide mimic was obtained from Qiagen (Syn-mmu-
miR-155-5p, MSY0000165). The miR-155 mimic was added to the medium
at 1 pM with the addition of HiPerFect transfection reagent (Qiagen, catalog
#301705) per the manufacturer’s protocol. After incubation overnight with
miR-155 mimic (18 h), preformed �-syn fibrils or �-syn monomer was
added into media in the chambers for 2 h. Cells were then fixed with 2%
paraformaldehyde in 0.01 PBS and washed with PBS 3 times.

Immunocytochemistry. Microglia cells treated with �-syn fibrils or
�-syn monomer were stained as described previously (Harms et al.,
2013) with either anti-MHCII (1:100, M5/114.15.2; eBiosciences) or

Figure 1. AAV2-SYN overexpression induces microRNA-155 in the SNpc. A, B, Multiple microRNAs are increased at 2 weeks and 4 weeks after transduction of AAV2-SYN compared with
AAV-GFP-injected animals. miR-155 was found to be increased at both time points. microRNAs were measured and quantified using the Qiagen Inflammatory Response and Autoimmunity miScript
miRNA PCR array and miScript PCR Array Data Analysis Tool. Samples were pooled from n � 6 animals per group with four replicates of each group per plate. C, D, Increased miR-155 expression
confirmed at 2 weeks after transduction of AAV2-SYN using probes designed for the mature miR-155 sequences. Animals were studied individually using n � 6 animals per group. At 2 weeks,
miR-155 was significantly increased ( p � 0.0144, Student’s t test). At 4 weeks, there was a trend for increased miR-155 that did not reach significance ( p � 0.0688, Student’s t test).
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anti-iNOS (ab3523, 1:100; Abcam). Imaging
was performed using a Leica TCS-SP5 laser
scanning confocal microscope. Images were
captured for a total of four pictures per cham-
ber well per slide with 	30 – 40 microglia per
image. Quantification was taken with the inde-
pendent variable being the individual chamber
(n � 4 per slide/treatment) using ImageJ soft-
ware to quantify the mean fluorescence of the
individual cell staining.

Results
Overexpression of �-syn via AAV2-SYN
induces expression of miR-155 in vivo
We began our investigation by studying
the expression of 84 inflammation- and
autoimmune-associated microRNAs using
a miScript PCR Array and the AAV2-SYN
mouse model of PD. Two and 4 weeks after
transduction with either AAV2-SYN or an
AAV2-GFP control vector, we isolated total
RNA from the ipsilateral SNpc. Several of
the microRNAs demonstrated enhanced
expression at either the early or later time
point; however, miR-155 demonstrated en-
hanced expression at both 2 and 4 weeks.
(Fig. 1A,B). To validate this result, we per-
formed quantitative PCR with TaqMan
probes targeted at mature miR-155. We
found that, at 2 weeks after AAV-SYN ad-
ministration, miR-155 was upregulated by
30% (p � 0.0144, n � 6 per group). At 4
weeks, this method demonstrated a trend
toward increased expression of miR-155,
but the variance among animals was greater
and the increase did not reach statistical sig-
nificance (p � 0.0688, n � 6 per group;
Fig. 1C,D).

miR-155 is critical for MHCII
expression and microgliosis in response
to overexpression of �-syn in vivo
The observation that miR-155 was elevated
early after �-syn expression led us to inves-
tigate whether miR-155 participates in the
inflammation and neurodegeneration seen
in this model. For these studies, we used a
mouse with genetic deletion of miR-155, as
described previously (Thai et al., 2007). After injection of either
AAV2-GFP or AAV2-SYN, we used immunohistochemistry for
MHCII and CD68, markers of reactive microgliosis. Four weeks
after transduction, we observed a significant increase of MHCII ex-
pression (Fig. 2A,C) in WT mice infected with AAV2-SYN, but not
in mice transfected with AAV2-GFP (n � 6 per group). In contrast
to this, we found no increase in MHCII expression in miR-155�/�

mice after either AAV2-GFP or AAV2-SYN transduction. Similarly,
staining for CD68 was also increased in WT animals transduced with
AAV2-SYN, but no enhancement of CD68 was seen in the
miR-155�/� mice (Fig. 2B).

miR-155 knock-out prevents �-syn-associated
neurodegeneration
To test the effect of miR-155 on neurodegeneration, we examined
the effects of AAV2-SYN on dopamine neuron number in the

SNpc 6 months after transduction with the viral vector in WT and
miR-155�/� mice. We injected both WT and miR-155�/� mice
(n � 10 per group). TH� neurons were counted using unbiased
stereology to assess �-syn-induced neurodegeneration (Fig.
3A,B). In WT mice, we observed a 29.7 � 6.6% loss of TH�

neurons in WT animals transduced with AAV2-SYN compared
with AAV2-GFP (p 
 0.001, one-way ANOVA with Bonferroni
post hoc analysis). This loss was markedly attenuated in miR-
155�/� mice, in which we observed no statistically significant loss
of TH� neurons in AAV2-SYN-injected animals.

miR-155 is required for �-syn-induced MHCII and iNOS
expression in microglia in vitro
Because our studies pointed to an important role of miR-155 in
�-syn-induced neuroinflammation and subsequent neurodegen-
eration in vivo, we wanted to examine the role of miR-155 specifically

Figure 2. Knock-out of miR-155 attenuates AAV2-SYN induced microgliosis in vivo. A, Increased expression of MHCII (red) in
surrounding AAV2-SYN (green- infected TH � neurons (blue) in the SNpc at 4 weeks after transduction of the virus. This increase in
MHCII is absent in miR-155 �/� animals. Representative images were captured using a Leica TPS-SP5 laser scanning confocal
microscope and processed using Adobe Photoshop. Scale bar, 100 �m. B, Increased CD68 (red) in WT animals at 4 weeks after
transduction of AAV2-SYN (green) into the SNpc (TH, blue) compared with WT AAV2-GFP. miR-155 �/� reduces CD68 � micro-
gliosis in response to overexpression of �-syn. Scale bar, 50 �m. C, Quantification of MHCII intensity assessed after DAB staining
of sections for MHCII and TH. Coded slides were assessed a score of 0 (no staining)- 4 (most intense staining) based on the
expression of MHCII in the SNpc. Quantification performed with n � 6 per group and statistical significance assessed using a
Kruskal–Wallis test with Dunn’s multiple-comparisons test ( p � 0.0146).
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in the response of microglia to fibrillary �-syn and to determine
whether these effects were cell autonomous. Several different forms
of aggregated �-syn have been described as activators of microglial
cells in vitro (Reynolds et al., 2008a; Reynolds et al., 2008b; Cao et al.,
2010; Lee et al., 2010; Harms et al., 2012).We used �-syn fibrils made
from recombinant WT human �-syn (Volpicelli-Daley et al., 2011;
Luk et al., 2012b). Two hours after addition of sonicated fibrils (200
ng/ml), WT microglia became activated and increased their expres-
sion of MHCII and iNOS, as seen by immunocytochemistry (Fig.
4A–D). miR-155�/� microglia showed no increase in either MHCII
or iNOS expression 2 h after similar treatment with �-syn fibrils. To
determine whether restoration of miR-155 alone was sufficient to
restore the inflammatory response, we treated the miR-155�/� mi-
croglia with an oligonucleotide mimic of miR-155 (Divekar et al.,
2011; Long et al., 2013). At a concentration of 1 pM, miR-155 mimic
alone did not activate miR-155�/� microglia directly, but did recon-
stitute the inflammatory response to �-syn fibrils (Fig. 4E).

Discussion
In this study, we examined the role of miR-155 signaling in
�-syn-mediated inflammation and neurodegeneration. Using an
in vivo model in which �-syn is overexpressed, we found early
upregulation of miR-155 expression. Mice with deletion of miR-
155 showed markedly attenuated inflammatory responses to
AAV-SYN and protection against dopaminergic neuron loss. The
effects of miR-155 on microglial inflammatory responses to
�-syn fibrils are at least partly cell autonomous: they are absent in
microglia with deletion of miR-155 and restored by molecular
mimics of miR-155. These results suggest that miR-155 is in-
volved early in PD pathogenesis and is important for initiating
the inflammatory response to �-syn.

microRNA-155 has been identified previously as a key regu-
lator of several other neuroinflammatory disorders. In MS, miR-
155 is upregulated in brain lesions of patients postmortem, in
peripheral blood mononuclear cells from living patients, and in
experimental autoimmune encephalomyelitis (EAE), a mouse
model for multiple sclerosis (Lopez-Ramirez et al., 2014; Devier
et al., 2015). miR-155 also plays a significant role in the T-cell
differentiation associated with MS and EAE, which affects the
course and severity of disease directly (Zhang et al., 2014). AD is

associated with increased miR-155 in
CSF (Alexandrov et al., 2012). In the
SOD1 G93A mouse model of ALS, inhibi-
tion of miR-155 signaling with oligonu-
cleotides causes widespread upregulation
of miR-155 targets and extends survival
by 38% (Koval et al., 2013). Genetic
knock-out of miR-155 in the SOD1 G93A

mice restores microglial molecular signa-
tures and also increases survival of the
mice (Butovsky et al., 2015). Knock-out of
miR-155 also attenuates injury and mi-
croglial activation after intrahippocampal
injection of LPS (Woodbury et al., 2015).
These studies demonstrate the impor-
tance of miR-155 in regulating inflamma-
tory cascades in a broad spectrum of
neurodegenerative disorders, specifically
highlighting its involvement in immune
cell reactivity and dysfunction.

In these studies, we examined the role
of miR-155 in �-syn-elicited inflamma-
tion in vivo. We have shown previously
that overexpression of �-syn via AAV

elicits an inflammatory response, characterized by increased
proinflammatory cytokine production, MHCII activation, mi-
crogliosis, IgG deposition, and lymphocyte infiltration (Theo-
dore et al., 2008; Cao et al., 2010; Harms and Tansey, 2013). Using
a mouse in which miR-155 is knocked out and prevents the gen-
eration of mature miR-155 sequences from acting on immune
signaling pathways, we observed attenuation of �-syn-induced
MHCII expression and reactive microgliosis at 4 weeks after
transduction (Fig. 2A–C) and prevention of IgG deposition in the
ipsilateral hemisphere (data not shown). We also observed that
deletion of miR-155 led to inhibition of microglial responses to
aggregated �-syn in vitro. These data indicate that miR-155 is
critical for immune activation by aggregated �-syn and works at
least in part by modulating the response of microglia directly.

Our study also investigated whether miR-155�/� would at-
tenuate �-syn-induced neurodegeneration. At 6 months after
transduction, WT mice transduced with AAV2-SYN reproduc-
ibly exhibit an 	30% loss of TH� dopaminergic neurons in the
ipsilateral SNpc. In this study, in contrast to a 29.7% loss of TH�

neurons in WT mice injected with AAV2-SYN, mice lacking
miR-155 demonstrated near complete neuroprotection with only
a 2.97% loss of TH� neurons in the injected SNpc 6 months after
transduction. This is a very striking degree of neuroprotection,
similar to what we have observed previously with knock-out of
the MHCII signaling pathways (Harms et al., 2013).

In these studies, we used an in vitro approach to study directly
the role of miR-155 in the microglial response to aggregated
�-syn. Aggregated �-syn has been shown to activate microglia
through binding of surface receptors of immune cells, particu-
larly microglial cells (Zhang et al., 2005; Reynolds et al., 2008a;
Lee et al., 2010; Cao et al., 2012; Harms et al., 2012). Our previous
studies used large, aggregated species of �-syn to activate primary
microglia cells in culture (Cao et al., 2010; Harms et al., 2013).
Others have reported that various modified forms of �-syn, in-
cluding nitrated and fibrillar preparations, can elicit an inflam-
matory response (Klegeris et al., 2008; Reynolds et al., 2008b;
Codolo et al., 2013; Roodveldt et al., 2013). In the current studies,
we used sonicated �-syn fibrils (Volpicelli-Daley et al., 2014)
because we have found these to be a particularly potent and reli-

Figure 3. miR-155 knock-out blocks neurodegeneration induced by AAV2-SYN in vivo. Six months after transduction of virus,
dopaminergic, TH � neurons were quantified using unbiased stereology to assess neurodegeneration. A, Representative images
ipsilateral to the injection of either AAV2-GFP or AAV2-SYN that are stained with DAB for the TH � neurons in both WT and
miR-155 �/� mice. B, Quantification of TH � neurons in the SNpc using unbiased stereology. There was a 29.72% loss of TH �

neurons in the SNpc of WT mice at 6 months after transduction of AAV2-SYN compared with AAV2-GFP (***p 
0.0001, n �8 –10
mice per treatment group). miR-155 �/� mice showed only a slight loss (2.97%) that did not reach statistical significance. Counts
are expressed as a percentage of neurons in each ipsilateral SNpc compared with neurons in the contralateral SNpc of the same
animal. Data were analyzed using one-way ANOVA with Bonferroni’s multiple-comparison post hoc test.
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Figure 4. miR-155 is required for upregulation of microglial MHCII and iNOS in response to fibrillized �-syn. Using primary microglia derived from postnatal day 0 –3 mouse pups, proinflam-
matory markers were assessed in �-syn-reactive microglia from WT and miR-155 �/� mice. Scale bar, 25 �m. A, B, Primary microglia were treated with �-syn fibrils (200 ng/ml) for 2 h. Increases
in MHCII expression (green) were captured using immunocytochemistry. Microglial fluorescence showed increased MHCII expression in response to the addition of �-syn fibrils and this finding was
ablated in microglia lacking miR-155. C, D, Imaging and quantification of iNOS staining (red) in microglia after the addition of �-syn fibrils (200 ng/ml) for 2 h in WT and miR-155 �/� microglia.
Increased iNOS staining was seen in WT microglia after the addition of �-syn and this increased expression of iNOS was not seen in miR-155 �/� microglia. E, Independent experiment quantifying
iNOS staining in microglia after �-syn fibrils (200 ng/ml) for 2 h in WT and miR-155 �/� microglia, along with pretreatment overnight (18 h) of 1 pM miR-155 mimic into miR-155 �/� microglia.
Quantification of the fluorescence was performed using ImageJ to analyze the mean fluorescence of individual microglia. Four images were taken per chamber of a chamber slide that contains four
chambers and quantification is reported as the mean value with SEM. Statistics were run using ***p 
 0.001, ****p 
 0.0001, one-way ANOVA with Tukey’s multiple-comparisons test.
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able activator of microglia in vitro. Upon stimulation with 200
ng/ml �-syn fibrils, primary microglia exhibited a proinflamma-
tory response characterized by a robust induction of iNOS ex-
pression and an increase in surface MHCII expression. As a
control, we used �-syn monomer, which did not elicit a micro-
glial response (data not shown). The inflammatory reaction to
�-syn fibrils was completely absent in primary microglia derived
from miR-155�/� mice (Fig. 4A–D). We also found that the
inflammatory response to �-syn fibrils was restored by addition
of a synthetic mimic of miR-155, suggesting that activation of this
pathway is not only necessary, but also sufficient for cell-
autonomous effects on microglia. It will be important to extend
these studies with miR mimics and other modulators to the in
vivo setting.

These studies suggests that miR-155 plays a key role in the
early response to abnormal forms of �-syn in the brain and mod-
ulates the response of innate immune cells to synuclein-related
antigens. Previously, we have described the importance of MH-
CII in �-syn-induced neuroinflammation and neurodegenera-
tion (Harms et al., 2013). The miR-155 signaling described here
likely lies upstream of MHCII antigen presentation because, by
knocking out miR-155, we were able to prevent the induction of
MHCII expression both in vivo and in vitro. Although we have
focused on the intrinsic microglia of the brain, miR-155 also has
a central role in regulating the inflammatory states of peripheral
monocytes and may be important in modulating the migration
and activation of these in neuroinflammatory and neurodegen-
erative disorders. microRNAs may be important both as targets
for therapeutic intervention of PD and as a biomarkers for disease
activity.
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