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MicroRNAs (miRNAs) have emerged as a class of small, endogenous, regulatory RNAs that exhibit the ability to
epigenetically modulate the translation of mRNAs into proteins. This feature enables them to control cell pheno-
types and, consequently, modify cell function in a disease context. The role of inflammatory miRNAs in
Alzheimer’s disease (AD) and their ability to modulate glia responses are now beginning to be explored. In
this study, we propose to disclose the functional role of miR-155, one of the most well studied immune-related
miRNAs in AD-associated neuroinflammatory events, employing the 3xTg AD animal model. A strong upregula-
tion of miR-155 levels was observed in the brain of 12-month-old 3xTg AD animals. This event occurred simul-
taneously with an increase of microglia and astrocyte activation, and before the appearance of extracellular
Abaggregates, suggesting that less complex Abspecies, such as Aboligomers may contribute to early neuroin-
flammation. In addition, we investigated the contribution of miR-155 and the c-Jun transcription factor to the
molecular mechanisms that underlie Ab-mediated activation of glial cells. Our results suggest early miR-155
and c-Jun upregulation in the 3xTg AD mice, as well as in Ab-activated microglia and astrocytes, thus contrib-
uting to the production of inflammatory mediators such as IL-6 and IFN-b. This effect is associated with a
miR-155-dependent decrease of suppressor of cytokine signaling 1. Furthermore, since c-Jun silencing
decreases the levels of miR-155 in Ab-activated microglia and astrocytes, we propose that miR-155 targeting
can constitute an interesting and promising approach to control neuroinflammation in AD.

INTRODUCTION

Alzheimer’s disease (AD), the most common form of elderly
dementia, is characterized at the cellular and molecular level
by pathological hallmarks that include the presence of extracel-
lular senile plaques, intraneuronal phosporylated-t aggregates,
neuronal death and both local and systemic inflammation. The
most important non-cellular component of senile plaques is
b-amyloid (Ab), a peptide resulting from the tandem cleavage
of the amyloid precursor protein (APP) by b-secretase and
g-secretase. This peptide is able to self-aggregate originating
Ab dimers, Ab oligomers and, at a more complex stage, Ab

fibrils. The cellular components of Abplaques include dystroph-
ic neuritis, cell debris and activated microglia and astrocytes (1).

In the last decade, the neuroinflammatory component of AD
has been subject of intense debate. The chronic deposition of
Ab in the brain stimulates the persistent activation of astrocytes
and microglia cells, leading to cell proliferation and overproduc-
tion of inflammatory mediators, such as cytokines, chemokines
and nitric oxide (NO), which are responsible for the attraction of
more astrocytes and microglia cells to the sites of Ab deposition
(2–4), as well as for the migration of peripheral mononuclear
phagocytes to the brain (5). Despite the intense investigation in
this field, the nature of astrocytes and microglia interaction
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with Ab remains controversial with respect to the strength of
cell response to different Ab forms and their neurotoxic or neu-
roprotective role in AD. On one hand, the excessive production
of proinflammatory mediators promotes chronic neuronal tox-
icity but, on the other hand, microglia and astrocytes have been
shown to help clear Ab deposits, delaying disease progression
(6,7). Nevertheless, all studies performed so far strongly sug-
gest an important involvement of inflammatory pathways in the
pathophysiology of AD (8,9) and reinforce the need to explore
inflammation-related genes in therapeutics and diagnosis.

Although it is well documented that microglia constitutes the
cellular type responsible for initiating the innate immune
response against Ab in the brain, it is becoming increasingly
clear that astrocytes also play a critical role in the amplification
of inflammatory and neurotoxic processes. The interaction
between astrocytes and microglia cells has been studied in a
physiological and pathological context, demonstrating that
astrocytes are activated by microglia-released factors (10,11)
and also by Ab (12), these serving as immunomodulators of
microglia-related immune responses. In glial cells, Ab is recog-
nized through Toll-like receptors (TLRs) 4 and 6 in the presence
of CD36 (13–15). The activation of TLR4 leads to: early nuclear
factor-kB(NF-kB) activation and tumornecrosis factor (TNF-a)
production; delayed Janus tyrosine kinase 1/signal transducer
and activator of transcription factors 1 (Jak1/Stat1) activation,
which is regulated by Jun N-terminal kinase (JNK), resulting
in the expression of the suppressor of cytokine signaling 1
(SOCS-1), which negatively regulates cytokines; and activation
of the signalingpathway involving the mitogen-activated protein
kinases (16). These intracellular signaling pathways are also
associated with activation of the activator protein-1 (AP-1) tran-
scription factor (which is composed of a dimer of c-Jun and
c-Fos) by JNK that is related with apoptosis and inflammation.
Neuronal apoptosis can be triggered by Ab through activation
of JNK (17) and, in glial cells, the inhibition of JNK activation
leads to the production of interleukin 10, an anti-inflammatory
cytokine (18). Interestingly, c-Jun was found to be activated in
AD brains (19) and our previous data have shown that silencing
of c-Jun resulted not only in a blockade of neuronal death, but
also in a decrease of brain inflammation in an excitotoxic
lesion model in vivo (20). These results suggest a clear involve-
ment of c-Jun in apoptosis and inflammatory responses in AD.

Small endogenous non-coding RNAs, also known as micro-
RNAs (miRNAs) regulate gene expression primarily at the
post-transcriptional level, exerting their function by targeting
complementary mRNA molecules and inhibiting their transla-
tion through binding to the 3′UTR. Their involvement in almost
all biological functions and their capacity to promote the fine
regulation of intracellular processes by targetingmultiplemRNAs
simultaneously make them a class of emerging molecules with
potential to be used in therapy and diagnostics. Several miRNA
networks, including miRNAs related with innate immunity and
neuroinflammation have been found to be deregulated in AD
(21–23). MiR-155 is considered a pro-inflammatory miRNA
and has been shown to play a central role in the regulation of the
innate immune response, through modulation of cytokine and
chemokine production (24–26). In 2007, O’Connel et al. (27)
first described miR-155 as a key player in macrophage inflam-
matory response following TLR activation and suggested that
its upregulation was dependent on the JNK pathway. Moreover,

in 2013, Onyeagucha et al. (28) suggested that miR-155 expres-
sion is regulated by the AP-1 transcription factor. In fact, these
authors observed that attenuation of AP-1 activation through
pharmacological inhibitionof MEK activationor genetic inhibition
of c-Jun activation, using dominant negative c-Jun (TAM67),
suppressed miR-155 induction. Interestingly, our laboratory
showed that miR-155 also increases in microglia, following lipo-
polysaccharide (LPS) stimulation (25), and regulates SOCS-1
levels, as well as cytokine and NO production, thus providing
evidence that this miRNA can exert a pro-inflammatory role
both in the peripheral immune system and the brain. Moreover,
some observations suggest that miR-155 also plays a role in gene
regulatory networks in astrocytes, due to its increased expression
upon astrocyte activation (29), and is involved in proinflamma-
tory cytokine upregulation in these cells by targeting SOCS-1
mRNA (30).

Given the importance of miR-155 and c-Jun in inflammatory
responses, in this work we proposed to investigate the role of
these two cell modulators in Ab-mediated neuroinflammation
in the context of AD.

RESULTS

Inflammation precedes senile plaque deposition
in the 3xTg AD model

Studies showing the co-localization of activated microglia and
astrocytes with Ab plaques in the post-mortem AD brain sug-
gest the involvement of inflammatory pathways in disease pro-
gression (31). However, these evidences do not clarify the role
of the immune system in the early stages of AD. The lack of
human brain samples at early stages that could provide informa-
tion on the inflammatory molecular mechanisms that precede the
deposition of Abplaques led us to study the involvement of these
signaling pathways in the 3xTg mice model of AD. Although
human studies have been essential to establish inflammation as
an AD hallmark, experiments using transgenic AD mice allow
associations between chronic inflammation and cognitive defi-
cits, as well as the opportunity to test in vivo inflammation-based
therapeutic strategies. The 3xTg mouse model of AD, developed
in LaFerla’s laboratory, progressively develops Ab and t path-
ology, with a temporal- and regional-specific profile that closely
mimics its development in the human AD brain (32). According
to Janelsins et al. (33), this mouse model also presents brain
inflammation at early stages of the disease, as revealed by the
increase in the number of F4/80+ microglia/macrophages. At 6
months, 3xTg AD mice already displayed elevated levels of
intraneuronal Ab, hyperphosporylated-t and microglia activa-
tion. However, only at 12 months it was possible to observe an
increase of TFN-a receptor II-related mRNAs, which correlated
with neuronal death (34).

Based on the above findings, our studies were performed in
both 3- and 12-month-old (3 and 12 months) 3xTg AD mice.
These time points allowed studying the involvement of microglia
and astrocytes, two different cell types implicated in neuroinflam-
mation, at different stages of disease progression. Moreover, since
studies in humans and mice have established an early inflamma-
tory component in AD, we aimed to disclose the contribution of
miR-155 to this process. In order to correlate temporarily the
appearance of Ab plaques and neuroinflammation hallmarks,
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such as microglia activation, astrocyte proliferation and produc-
tion of inflammatory cytokines, we performed immunohisto-
chemistry studies in coronal brain sections of 3- and 12-months
3xTg AD animals, which were labeled both for microglia and
astrocyte protein markers, ionized calcium-binding adapter mol-
ecule 1 (IBA-1)and glial fibrillary acidic protein (GFAP) (Fig.1),
respectively, and also for the Ab peptide (Fig. 2). No significant
changes were observed in 3xTg AD animals with respect to
age-matched wild-type (WT) animals at 3 months (Supplemen-
tary Material, Fig. S1) in what concerns the number and pheno-
type of microglia and astrocytes. However, at 12 months, we
observed extensive microglia and astrocyte proliferation in the
hippocampus and cortex of 3xTg AD mice. These two brain
regions are known to be strongly involved in AD and suffer the
first loss of neuronal circuits in this disease (35). As shown in

Figure 1, microglia from both the prefrontal cortex (Fig. 1B)
and hippocampus (Fig. 1C) of 3xTg AD mice acquired an
ameboid phenotype, characteristic of the transition from a
resting to an activated state. This change was not observed in age-
matched WT mice (Fig. 1D–F). Moreover, the number of micro-
glia cells was highly increased in 3xTg AD animals with respect
to WT mice. The same was true for astrocytes (Fig. 1G–I), espe-
cially in the hippocampus region.Since the presence of these neu-
roinflammatory features was only observed at 12 months, we
further investigated if they were a consequence of the formation
of intracellular or extracellular Ab deposits. As expected, since
intracellular human Ab overproduction is one of the first neuro-
pathological events in AD, intraneuronal Ab immunostaining,
using the WO-2 anti-human Ab peptide, was found to be signifi-
cantly enhanced in the hippocampus and prefrontal cortex of

Figure 1. Microgliosis and astrogliosis in 3xTg AD animals. In order to identify astrocytes and microglia in the mouse brain, slices of 12-month 3xTg AD animals or
their WT littermates were mounted in FluorSaveTM Reagent on microscope slides and incubated with anti-IBA-1 or anti-GFAP antibodies to stain microglia and astro-
cytes, respectively. Following incubation with a biotinylated secondary antibody and visualization with 3,3′-diaminobenzidine tetrahydrochloride, pictures were
taken under a Zeiss Axiovert microscope. Representative microscopy images of hippocampus (A and D) and cortex (G and J) are presented at ×200 magnification.
A specific area of each image was zoomed 3× to obtain close-up images showing the ameboid (B and C) or ramified (E and F) morphology of microglia in each brain
region. Astrocyte proliferation in the 3xTg AD animals (H and I) with respect to their WT littermates (K and L) can be observed at ×400 magnification for both brain
regions. n ¼ 6 animals for each experimental group.
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3xTg animals with both 3 (Supplementary Material, Fig. S1) and
12 months (Fig. 2A–C), whereas human Ab positive cells were
not detected in age-matched WT littermates (Fig. 2D–F), con-
firming the selectivity of the Ab antibody and the presence of
this hallmark of the disease. In this study, 12-month 3xTg AD
mice did not present large extracellular deposits of Ab in the
cortex and hippocampus, as was observed in the hippocampus
of 18-month 3xTg AD (Fig. 2G–I), where such deposits exhib-
ited the characteristic round and diffuse Ab brown stains.
However, at 12 months, small immunoreactive dots could
already be observed in the extracellular space. Therefore, our
study suggests the existence of an early inflammatory response
of both microglia cells and astrocytes in 3xTg AD mice, which
precedes the formation of extracellular Ab plaques but not intra-
neuronal Ab accumulation or the presence of proto-fibrillary Ab.

Taking into consideration the increase in the number of
microglia cells and astrocytes observed in 3xTg AD mice, we
investigated if the levels of molecular mediators of the immune
response werealso upregulated in these animals (Fig. 3). A signifi-
cant increase in the mRNA levels of both interleukin-6 (IL-6)
(Fig. 3A) and interferon beta (IFN-b) (Fig. 3B) was detected by
qRT-PCR in 3xTg AD animals at 12 months, whereas no signifi-
cant differences were found for TNF-a and IL-1b, between 3xTg
AD animals and their WT littermates (data not shown). Since no

extracellular Ab plaques were visible in the 3xTg AD animals
at 12 months, the age-dependent increase observed in IL-6 and
IFN-b mRNA levels may be a response to the accumulation of
intraneuronal Ab or to the production of less complex extracellu-
lar Ab species, such as Abdimers, oligomers and proto-fibrils that
are not so easily detected by immunohistochemistry. Further-
more, at 3 months, the levels of both IL-6 and IFN-b were
found to be downregulated in the 3xTg AD animals with respect
to their WT littermates. These levels can be explained, in part,
by our observation of miR-125b upregulation in 3-month 3xTg
animals (Supplementary Material, Fig. S2). This miRNA is
highly expressed in the brain and is considered an anti-
inflammatory miRNA in macrophages (36), as well as a regulator
of astrocyte proliferation (37). Interestingly, at 12 months,
miR-125b expression is decreased in 3xTg AD animals compared
with WT mice (Supplementary Material, Fig. S2), which corre-
lates with astrogliosis and with the strong inflammatory pheno-
type found at this age.

MiR-155 is upregulated in the brain of the 3xTg AD model

As discussed before, miRNAs regulate gene expression at a post-
transcriptional level and have been shown to be directly involved
in the regulation of inflammatory pathways. MiRNAs have also

Figure 2. Intraneuronal and extracellular Ab accumulation in 3xTg AD mice. In order to visualize Ab deposition, brain slices of 3xTg AD animals and WT littermates
were mounted in FluorSaveTM Reagent on microscope slides and incubated with an anti-human Ab peptide antibody to stain Ab plaques. Following incubation with a
biotinylated secondary antibody and visualization with 3,3′-diaminobenzidine tetrahydrochloride, pictures were taken under a Zeiss Axiovert microscope. Micros-
copy images of the hippocampus and cortex of 12-month 3xTg AD and WT animals and 18-month 3xTg AD animals (A, D and G) are presented at ×50 magnification
and are representative of n ¼ 6 animals for each experimental group. A specific area of each image was zoomed 4× to obtain close-up images of the cortex (B, E and H)
and hippocampus (C, F and I). It is possible to observe the intracellular accumulation of Ab in pyramidal CA1 and cortical neurons of 12-month 3xTg AD animals, but
not in their WT aged-matched littermates. Extracellular senile plaques were only observed in 18-month 3xTg AD animals (I).

Human Molecular Genetics, 2014, Vol. 23, No. 23 6289

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/23/23/6286/2900902 by guest on 23 April 2024

http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu348/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu348/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu348/-/DC1


been directly related with neurodegeneration and global expres-
sion studies have revealed the deregulation of specific miRNAs
in AD (38,39). These non-coding small RNA molecules are
essential for neuronal survival and control of innate immune
responses triggered by brain lesions or accumulation of aggre-
gated proteins. MiR-155 is a proinflammatory miRNA, widely
described in the peripheral immune system, which has been
recently shown, by us and others, to be associated with neuroim-
munity (25,40,41). Taking into consideration its important role
in microglia (25) and astrocyte (40) function and our observation
that both these cell types are activated in the 3xTg AD mouse
model, we investigated the contribution of this miRNA to the
Ab-dependent inflammatory response in AD.

In order to analyze miR-155 expression in 3- and 12-month
animals, total RNA was extracted from brain homogenates
(brain without the olfactory bulb and cerebellum) and miR-155
levels were quantified by qRT-PCR. MiR-155 was found to be
significantly upregulated in 3xTg AD mice at 12 months,

these animals presented a 3-fold increase in miR-155 levels
with respect to their WT littermates (Fig. 4A). In addition, we
observed that 3-month 3xTg AD animals already exhibited
increased expression of miR-155, albeit not statistically signifi-
cant, and that the levels of this miRNA presented an age-
dependent increase in 3xTg AD animals but not in WT
animals. These results were consistent with in situ hybridization
studies performed in coronal brain sections of 3- and 12-month
3xTg AD animals and WT littermates (Fig. 3B). In these experi-
ments, a DIG-labelled (digoxigenin-labelled) locked nucleic
acid (22) probe specific for the 5′ terminal of miR-155 was
used to label miR-155. A specific U6 snRNA probe was used
as positive control (data not shown). As expected, miR-155 la-
beling was strongly increased in brains slices of 12-month
3xTg AD mice when compared with 3-months transgenic
animals and WT littermates. Nevertheless, 3-months 3xTg AD
mice already presented a visible increase in miR-155 labeling
in the hippocampus region, with respect to 3-month WT
animals. Interestingly, the increase in miR-155 labeling was
restricted almost exclusively to the cortex and hippocampus
(Fig. 4B), the two regions where microglia and astrocyte activa-
tion had been previously observed.

In order to further investigate if astrocytes and microglia could
be responsible for the observed upregulation of miR-155 in 3xTg
AD animals, we measured the levels of this miRNA in in vitro
cultures of both cell types upon exposure to Ab. Since the con-
tribution of different Ab forms to neuroinflammation remains
poorly understood, both N9 microglia and astrocyte primary cul-
tures were incubated with two different species of the Ab
peptide, Ab fibrils and Ab oligomers. These Ab species were
prepared as described in the Materials and Methods, and the
different aggregate sizes were confirmed using 4–16% Tris–
Tricine SDS-PAGE gel electrophoresis. As can be observed in
the Supplementary Material, Figure S8, the Ab oligomers prep-
aration did not present Ab fibrils and only a small percentage of
Ab oligomers could be detected in the Ab fibrils preparation
(Supplementary Material, Table S1). The levels of miR-155
were quantified by qRT-PCR following a 24 h incubation
period and LPS was used as a positive control in this experiment
on the basis of our previous results showing that LPS is able to
increase significantly miR-155 levels in both microglia (25)
and astrocytes (unpublished data). We observed that miR-155
is upregulated upon incubation with Ab fibrils in both microglia
(Fig. 5A) and astrocytes (Fig. 5B). Regarding microglia, the
exposure of N9 microglia cells to Ab fibrils, at a concentration
of 20 mM, triggered an overexpression of miR-155 similar to
that obtained with LPS (8-fold). The same concentration of Ab
oligomers promoted a small increase in miR-155 levels, al-
though this increase was not found to be statistically significant.
In what concerns astrocytes, higher amounts of Ab fibrils were
necessary to promote a significant increase in miR-155. Thirty
micromolar of Ab fibrils promoted a 4-fold increase in
miR-155 levels, while LPS induced a 10-fold increase. Once
again, Ab oligomers showed a tendency to promote miR-155
upregulation, but the results were not statistically significant. Im-
portantly, no upregulation of miR-155 was detected in primary
hippocampal neurons incubated with Ab fibrils at the same con-
centrations (data not shown), confirming that the upregulation of
miR-155 observed in 3xTg AD animals must originate in the
phenotypic changes observed in microglia and astrocytes.

Figure 3. Cytokine production in 3xTg AD animals. Total RNA extracts contain-
ing hippocampal and cortical brain regions of 3xTg AD animals, at 3 and 12
months, or their WT littermates were used to quantify IL-6 (A) and IFN-b (B)
mRNA levels by qRT-PCR. Results are expressed as mRNA fold change as com-
pared with 3 or 12-month WT mice and are representative of n ¼ 6 animals per
experimental group. ∗P , 0.05 and ∗∗P , 0.01 with respect to age-matched
WT littermates.
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These results also suggest that Abfibrils are more efficient in pro-
motingmiR-155expression invitro than lesscomplexAb species,
such as oligomers.

Following our previous observation of an upregulation of IL-6
and IFN-b in 12-month 3xTg AD mice and, since it has been
reported that miR-155 can influence cytokine production by
interfering with the levels of several important immune modula-
tors, such as SOCS-1, we measured the mRNA levels of these
cytokines in N9 microglia cells and astrocyte primary cultures,
following cell incubation with Ab fibrils or oligomers (Fig. 5).

As shown, both IL-6 and IFN-bwere upregulated in Ab-stressed
microglia and astrocytes with respect to non-activated cells. N9
microglia cells presented an upregulation of IL-6, following a
24 h incubation period with Ab fibrils or with the highest con-
centration of Ab oligomers (Fig. 6A). However, the IL-6 expres-
sion peak occurs 30 min following N9 microglia cells exposure
to Ab fibrils, suggesting a fast inflammatory response to this
stimulus, which is maintained during at least a 24 h period (Sup-
plementary Material, Fig. S3A). IL-6 mRNA expression is
slower and less prominent following microglia activation with

Figure 4. MiR-155 levels in 3xTg AD mice. Total RNA extracts containing hippocampal and cortical brain regions of 3xTg AD animals, at 3 and 12 months, or
their age-matched WT littermates were used to quantify (A) miR-155 by qRT-PCR. Results are expressed as miRNA fold change with respect to 3-month WT
mice. ∗∗∗P , 0.001 with respect to age-matched WT littermates and #P , 0.05 with respect to 3-month 3xTg AD mice. (B) In situ hybridization was used to visualize
miR-155 expression in brain slices of 3xTg AD animals and their WT littermates. The slices were labeled with a DIG-bound LNA probe specific for miR-155 detection
(red), followed by nuclei labeling with Hoechst 33342 (blue) and mounted in microscope slides. Confocal images from the cortical and hippocampal regions of
3- and 12-months-old 3xTg AD animals and their WT littermates were acquired with a confocal Zeiss LSM 510 Meta microscope, using the ×60 oil objective.
Both qRT-PCR and confocal results are representative of n ¼ 6 animals per experimental group.
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Ab oligomers than with Ab fibrils, showing only a 2-fold in-
crease at 6 h and remaining constant until 24 h (Supplementary
Material, Fig. S3A). Interestingly, and in contrast to IL-6, IFN-b
was found to be more expressed in the presence of Ab oligomers
(Fig. 6C), presenting an expression peak at 18 h (Supplementary
Material, Fig. S3C), although being also significantly increased
in microglia cells stimulated with 20 mM of Abfibrils.The upregu-
lation of IL-6 and IFN-b mRNAs in N9 microglia cells, in the

presence of Ab fibrils and Ab oligomers, respectively, fully cor-
relates with the secreted levels of both cytokines measured by
ELISA (Supplementary Material, Fig. S4A and B). Furthermore,
IL-4 and TNF-a release was also upregulated in N9 microglia
incubatedwithAbfibrils, but notwithAboligomers (Supplemen-
tary Material, Fig. S4), suggesting that Ab fibrils elicit a more
robust inflammatory response. In what concerns astrocytes, only
Ab fibrils were able to upregulate IL-6 expression (Fig. 6B),
with a 50-fold change with respect to non-activated cells, while
IFN-b was only overexpressed upon cell incubation with 30 mM

of Ab oligomers (Fig. 6D). An interesting observation is that, al-
though different Ab forms lead to production of different levels of
immune modulators in microglia and astrocytes, the pattern of the
triggered immune responses is the same in both cell types. Indeed,
while the pro-inflammatory cytokine IL-6 is upregulated in the
presence of Ab fibrils, the levels of the immunomodulatory cyto-
kine IFN-b increase after exposure to Ab oligomers.

Although we did not find differences in the levels of TNF-a and
IL-1b in 3xTg AD mice, with respect to their WT littermates (data
not shown), we were able to find a strong and early upregulation of
both TNF-a and IL-1b in N9 microglia cells activated with Ab
fibrils or Ab oligomers, at 2 h and 30 min, respectively (Supple-
mentary Material, Fig. S3B and D). However, 24 h after Ab
exposure, we could only detect an increase in TNF-a secretion
following incubation with Ab fibrils (Supplementary Material,
Fig. S4C). The observed increase in the mRNA levels of IL-1b
and TNF-a did not translate in increased cytokine secretion for
N9 cells exposed to Ab oligomers. Moreover, the mRNA expres-
sion of both these cytokines was also found to be increased in
astrocytes incubated with Ab fibrils, but not in astrocytes
exposed to Ab oligomers (Supplementary Material, Fig. S5).

SOCS-1 is downregulated in the brain of the 3xTg AD model

The strong overexpression of miR-155 in the 3xTg AD mice led
us to search for molecular targets of this miRNA involved in
inflammatory signaling, whose downregulation could help
explain the upregulation of IL-6 and IFN-b observed in the
brain of 3xTg AD animals. As we and others have previously
reported, SOCS-1 is a molecular target of miR-155 and its ex-
pression is decreased upon miR-155 upregulation (25,42). This
protein is also considered to be an important protagonist in the
regulation of the innate immune response. The activation of
TLRs or cytokine receptors induces SOCS-1 expression,
which acts in a negative feedback loop to allow the return of
immune cells to basal conditions and avoid the overstimulation
of the immune response (43). Moreover, SOCS-1 has already
been proposed to play a role in CNS immunity and several
studies have pointed its involvement in different neuropatho-
logical conditions (44).

Based on the above findings, we determined the levels of
SOCS-1 in the 3xTg AD animals at 3 and 12 months and found
that both mRNA and protein (Fig. 7) levels were dramatically
decreased in 12-month 3xTg AD animals with respect to their
WT littermates. As observed, the levels of SOCS-1 mRNA were
already slightly decreased in 3-month 3xTg AD animals
(Fig. 7A). Although this decrease was not statistically significant,
it correlates with the small increase in miR-155 expression
observed at this age (Fig. 4A). Furthermore, we observed a de-
crease inSOCS-1mRNAlevelswhenmiR-155wasoverexpressed

Figure 5. MiR-155 expression in Ab-activated microglia and astrocyte cultures.
N9 microglia cells or astrocyte primary cultures were plated and maintained in
culture for 1 day before incubation with Ab oligomers or Ab fibrils. (A) N9
microglia cells were incubated with 5, 10 and 20 mM of Ab for 24 h, while (B)
astrocyte primary cultures were incubated with 10 and 30 mM of Ab for the
same period of time. Both cell types were incubated with LPS as a positive
control (0.1 mg/ml in microglia and 10 mg/ml in astrocytes). Following the incu-
bation period, total RNA was extracted from each condition and miR-155 levels
were quantified by qRT-PCR. Results are expressed as miRNA fold change
with respect to control (cells in the absence of stimulus) and are representative
of three independent experiments performed in duplicate. ∗∗P , 0.01 and
∗∗∗P , 0.001with respect to control.
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in astrocyte primary cultures and an increase in SOCS-1 mRNA
levels when astrocytes were transfected with a LNA-modified
oligonucleotide complementary to miR-155 (anti-miR-155)
(Supplementary Material, Fig. S6). Thus, we can conclude that
in astrocytes, as well as previously shown in microglia,
SOCS-1 is a direct target of miR-155 and its expression can be
regulated by the levels of this miRNA. Therefore, and taking
into consideration the activation of both microglia and astrocytes
in 3xTg AD animals, it stands to reason that the observed
increase in miR-155 expression in this mouse model is at least
partially responsible for the downregulation of SOCS-1.

C-Jun is responsible for miR-155 upregulation in the
presence of the Ab peptide

Although in the context of inflammation, miR-155 upregulation
has been addressed multiple times in different pathological

settings, the mechanisms regulating miR-155 expression have
not been completely elucidated and different authors have pro-
posed the involvement of the JNK or NF-kB signaling pathways
in the control of the non-protein coding BIC gene (gene encoding
miR-155) (27,45). In order to explore which transcription factor is
responsible for the increase in the miR-155 levels observed
in 3xTg AD mice, we evaluated the total protein levels of c-Jun,
the transcription factor downstream of JNK, and NF-kB in 3xTg
AD mice at 3 and 12 months and in their age-matched WT litter-
mates. Western blot analysis revealed an early upregulation of
c-Jun levels in 3-month 3xTg AD animals that was still present
at 12 months (Fig. 8). As shown, a 2- and 2.5-fold increase in
c-Jun expression was observed in 3xTg AD mice at 3 and 12
months, respectively, with respect to WT mice. However, no
significant differences were observed in the expression of
NF-kB between 3xTg AD and WT mice (Supplementary Mater-
ial, Fig. S7).

Figure 6. IL-6 and IFN-b expression in Ab-activated microglia and astrocyte cultures. N9 microglia cells or astrocyte primary cultures were plated and maintained in
culture for 1 day before incubation with Ab oligomers or Abfibrils. (A and C) N9 microglia cells were incubated with 5, 10 and 20 mM, of Ab for 24 h, while (B and D)
astrocyte primary cultures were incubated with 10 and 30 mM of Ab for the same period of time. Both cell types were incubated with LPS as a positive control (0.1 mg/
ml in microglia and 10 mg/ml in astrocytes). Following the incubation period, total RNA was extracted from each condition and IL-6 and IFN-b levels were quantified
by qRT-PCR. Results are expressed as mRNA fold change with respect to control (cells in the absence of stimulus) and are representative of three independent experi-
ments performed in duplicate. ∗P , 0.05, ∗∗P , 0.01 and ∗∗∗P , 0.001with respect to control.
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Based on the results obtained in vivo concerning the levels
of c-Jun in AD transgenic animals, we hypothesized that this
transcription factor could contribute to miR-155 overexpression
upon Ab activation in microglia and astrocytes. In order to test
this hypothesis, a siRNA sequence targeting c-Jun (siRNA
c-Jun) was used to silence c-Jun translation in N9 microglia
cells and astrocyte primary cultures. Twenty-four hours after
transfection, both cell types were exposed to Ab fibrils (20 mM

in the case of microglia or 30 mM in astrocytes), since this Ab

species was previously shown to increase miR-155 expression.
The levels of this miRNA were evaluated by qRT-PCR and in
situ hybridization and a siRNA with a scrambled sequence
(siRNA Mut) was used as control in this experiment, in order
to detect the presence of unspecific effects related with the trans-
fection process per se. We observed that in both N9 microglia
cells (Fig. 9A) and astrocytes (Fig. 9B), the expression of
miR-155 was decreased in cells where c-Jun had been silenced
prior to Ab fibrils exposure, with respect to cells transfected

Figure7. SOCS-1mRNA and protein levels in 12-month3xTg AD mice. Proteinand RNA extractsof hippocampal and corticalbrain regionswere obtained from3xTg
AD animals at 3 and 12 months and their age-matched WT littermates. (A) SOCS-1 mRNA levels were quantified by qRT-PCR. Results are expressed as mRNA fold
change with respect to 3-month WT mice. (B) SOCS-1 protein levels were quantified by western blot and are expressed as protein fold change with respect to 3-month
WT mice. (C) Representative gel showing decreased levels of SOCS-1 in 3xTg AD mice at 12 months compared with age-matched WT littermates. All results are
representative of n ¼ 6 animals per experimental group. ∗P , 0.05 and ∗∗P , 0.01 with respect to 12-month WT mice.

Figure 8. C-Jun expression in 3xTg AD mice. Protein extracts of hippocampal and cortical brain regions were obtained from 3xTg AD animals at 3 and 12 months and
their age-matched WT littermates. (A) C-Jun protein levels were quantified by western blot and are expressed as protein fold change with respect to 3-month WT mice.
(B) Representative gel showing increased c-Jun levels in 3xTg AD mice at 3 and 12 months with respect to WT littermates. All results are representative of n ¼ 6
animals for each experimental group. ∗P , 0.05 and ∗∗P , 0.01 compared with age-matched WT littermates.
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with the siRNA Mut. Similar results were observed in parallel
experimentsperformed with cells activated with LPS. Moreover,
upon c-Jun silencing, miR-155 expression was similar in
Ab-activated microglia and astrocytes, with respect to trans-
fected or non-transfected non-activated cells. These results
were corroborated by in situ hybridization studies, which also
revealed a significant reduction in miR-155 labeling in astrocyte
primary cultures. As can be observed in Figure 9C, the intensity
and number of red dots inside astrocytes where c-Jun was
silenced prior to cell activation with Ab fibrils or LPS were
much lower than those detected in astrocytes transfected with
the siRNA Mut. Since c-Jun silencing per se did not reduce
miR-155 levels, these findings allowed us to conclude that the
observed reduction in miR-155 expression was strictly depend-
ent on cell activation. Although altogether these results do not
exclude the contribution of other transcription factors to
miR-155 regulation, they strongly suggest that the JNK
pathway and its terminal transcription factor c-Jun play an
important role in miR-155 upregulation following microglia and
astrocyte exposure to Ab, and unveil the interesting possibility
of using an inflammatory approach based on c-Jun silencing to
decrease neuroinflammation in the context of AD.

DISCUSSION

Neuroinflammation is a physiological response to brain injury as
well as to the accumulation of protein aggregates, which charac-
terizes several neurodegenerative disorders. In the last decade, a
number of studies have reported genetic variations in immune-
related genes associated with a high risk of Parkinson’s disease
and AD (46–48) and showed that the products of some of
these genes, including inflammatory cytokines and chemokines,
have the potential to be used as peripheral biomarkers of AD
(49,50). These studies also contributed to clarify, once and for
all, the important contribution of the immune response in the
context of AD.

Due to the ability of immune-derived brain cells to phagocyte
not only foreign organisms but also endogenous particles, some
authors have proposed an important role of these cells in regulat-
ing the levels of Ab in the CNS. The expression of key receptors
of the innate immune system, such as CD14, TLR2, TLR4 and
TLR9, by immune-derived brain cells can be considered as a
defense mechanism to prevent Ab accumulation, since these
receptors contribute to the modulation of Ab fibrillar levels by
increasing Ab uptake by local microglia (51,52). However,

Figure 9. MiR-155 expression in microglia and astrocytes following c-Jun silencing and Ab exposure. N9 microglia cells and astrocyte primary cultures were plated
and maintained in culture for 1 day before cell transfection with anti-c-Jun siRNA (siRNA c-Jun) or a non-targeting siRNA (siRNA Mut) at 50 nM. Four hours after
transfection, the cell medium was replaced by fresh RPMI-1640 5% FBS (N9 microglia) or DMEM 10% FBS (astrocytes) and 24 h later, N9 microglia cells were
exposed to 20 mM of Ab fibrils or 0.1 mg/ml of LPS, while primary astrocytes were stimulated with 30 mM of Ab fibrils or 10 mg/ml of LPS for 24 h. Following
this period of time, total RNA was extracted from each condition and miR-155 levels were quantified by qRT-PCR in (A) N9 microglia cells or (B) astrocytes.
Results are expressed as miRNA fold change with respect to control (untransfected cells). (C) In situ hybridization was used to visualize miR-155 expression in astro-
cyte cultures. Cells were labeled with a DIG-bound LNA probe specific for miR-155 detection (red), followed by nuclei labeling with Hoechst 33342 (blue). Confocal
images from all experimental conditions were acquired with a confocal Zeiss LSM 510 Meta microscope, using the ×60 oil objective. All results are representative of
three independent experiments performed in duplicate. ∗P , 0.05 and ∗∗P , 0.01 with respect to N9 microglia cells or astrocytes transfected with siRNA Mut and
exposed to similar stimulus.
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these results must be considered carefully. In this regard, a recent
study of in vivo two-photon microscopy revealed a strong im-
pairment of microglial function (motility and phagocytic activ-
ity) in two different mouse models of AD, which correlated
spatially and temporarily with the deposition of Ab plaques
(53). These findings, together with other studies showing a shift
of chronic Ab-exposed microglia to more pro-inflammatory
phenotypes (M1) instead of pro-phagocytic phenotypes (M2)
(54), suggest that a shift in the type of immune response mediated
by these cells in the AD brain may halt the translation into effect-
ive Ab clearance at a certain stage of the disease, and even
contribute to disease progression in the long run. Although the
importance of immune cells within the CNS is now fully recog-
nized, the question whether their function can be restored to
promote a decrease in the amyloid burden remains. We believe
that a complete disclosure of the molecular pathways underlying
neuroinflammation prior to Ab plaque deposition will be of
utmost importance to resolve this issue.

Recently, the role of Ab fibrils in neuronal toxicity was chal-
lenged and several reports have revealed that other levels of Ab
oligomerization, such as soluble oligomers, can be responsible
for the early pathologic events in AD (55), such as early LTP def-
icits (56). In our experimental model, the 3xTg AD mice, it was
possible to identify a pro-inflammatory phenotype of microglia
and astrocytes in 12-month-old animals, which preceded the
appearance of Ab deposits in the form of insoluble plaques
(Figs 1 and 2). Although glial response to intraneuronal or pre-
plaque Ab is still poorly understood, in light of the new ‘toxic
beta-amyloid hypothesis’, our results suggest that the activation
of glial cells in the 3xTg AD mice is initiated by the accumulation
of intraneuronal Ab, as well as extracellular oligomeric and pro-
tofibrillar Ab, and it may reflect the early stages of disease patho-
genesis. These findings corroborate, at least in part, the results of
Rebeck et al., who suggested that intracellular Ab triggers
inflammation prior to extracellular Ab accumulation (57).

In what concerns the molecular outcomes of microglia and
astrocyte activation, such as cytokine expression, we observed
an upregulation of both IL-6 and IFN-b mRNA levels in
12-month-transgenic animals (Fig. 3). Although these cytokines
are described as having opposite effects regarding their immuno-
modulatory properties, since basal IFN-b expression is essential
to trigger a proper inflammatory IL-6 cell response (58), they can
be secreted by glia cells simultaneously, and, IL-6 expression in
particular, has been observed as a characteristic of Ab-induced
gliosis (59). While recently Zaheer et al. (60) observed IL-6
increased expression in 3xTg AD mice at 16 months, we demon-
strated that this inflammatory mediator is already elevated at 12
months (Fig. 3). Moreover, our in vitro experiments revealed
that, when in the presence of Ab fibrils, glial cells overexpress
IL-6 (Fig. 6A and B, Supplementary Material, Fig. S3A and
Supplementary Material, Fig. S4A), one of the strongest inflam-
matory mediators, which is suggestive of an uncontrolled
inflammatory response at late stages of Ab-triggered neuroin-
flammation. These results are in agreement with the strong upre-
gulation of miR-155 observed in 12-month 3xTg AD mice
(Fig. 4A and B) and in microglia or astrocytes following expos-
ure to Ab fibrils (Fig. 5A and B), since to overexpress an inflam-
matory cytokine such as IL-6, these cells need to block the
activity of SOCS-1, a protein usually responsible for suppressing
cytokine expression and a direct target of miR-155.

Our in vitro results show that IFN-b, considered to be an
immunomodulatory cytokine due to its ability to enhance other
cytokine signaling, is more expressed when glial cells are
exposed to Ab oligomers than to Ab fibrils (Fig. 6C and D, Sup-
plementary Material, Fig. S3C and Supplementary Material, Fig.
S4B). This observation suggests that at early stages of Ab aggre-
gation, microglia and astrocytes try to control neuroinflamma-
tion caused by Ab, which induces the release of cytokines that
propagate inflammation throughout the brain. However, the sig-
nificance of Ab oligomer-induced IFN-b in vivo remains to be
fully elucidated. In light of its immunosuppressive nature, IFN-b
also induces the expression of SOCS-1 in human primary macro-
phages and in murine primary microglia, through STAT-1a tran-
scription factor activation, leading to the inhibition of IFN-b
signaling in a negative feedback loop (61). However, one of
the most described membrane-bound Ab receptor includes
TLR4, and the activation of this receptor induces the expression
of miR-155, whose levels are significantly elevated in 3xTg AD
mice at 12 months (Fig. 4A and B). Consequently, being a direct
target of miR-155, SOCS-1 protein is downregulated at this age
(Fig. 7B and C). Based on these results, we suggest that IFN-b
signaling is overactivated in AD, since the SOCS-1 negative
feedback loop necessary to control IFN-b is abolished due to
miR-155 upregulation.

Overall, our results point to an important contribution of
miR-155 upregulation, and consequent SOCS-1 downregula-
tion, to the immune response triggered by excessive production
of the Ab peptide in AD. Since miR-155 expression has been
largely associated with the maintenance of a pro-inflammatory
M1 phenotype in both macrophages and microglia (26,41) our
findings also corroborate the hypothesis that prolonged exposure
to Ab peptide may promote chronic neuroinflammation, thus
contributing to disease progression. In light of these results, we
consider that miR-155 can constitute an interesting and promis-
ing molecular target in AD. Recently, our group has developed
targeted stable nucleic acid lipid particles (SNALPs) that
exhibit excellent features for systemic in vivo administration
of LNAs in order to modulate miRNA expression in the brain
(62). This strategy could be explored in the context of AD by tar-
geting glia cells with the purpose of decreasing the levels of
miR-155.

It is known that miR-155 is encoded within the BIC gene and
its expression can be induced in response to LPS and other TLR
ligands, such as poly(I:C), IFN-b or TNF-a, and in negative
feedback loops associated with miR-155 direct targets, such as
transcription factors c/ebp Beta (63) and PU.1 (64). Nevertheless,
miR-155 regulation processes are still relatively unknown, espe-
cially in a disease context. Some studies have suggested that
miR-155 is induced after NF-kB activation (45), but other tran-
scription factors have also been associated with the expression of
the primary transcript BIC, including the transcription factor
AP-1 (27), which is composed of homo- or heterodimers of
c-Jun and c-Fos. The results obtained in our study indicate
that, in the context of AD, miR-155 expression is regulated, at
least in part, by the c-Jun transcription factor (Fig. 9). Moreover,
this study revealed that this transcription factor, but not NF-kB,
is upregulated at an early time point in this AD animal model
(3-month 3xTg AD mice) (Fig. 8), long before Ab extracellular
deposition in the nervous tissue, suggesting a possible relation
between c-Jun upregulation and intracellular Ab production.
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Of note, c-Jun has also been previously shown to be an important
regulator of Ab-induced neuronal apoptosis (17). Importantly, in
this work, we disclosed another function of c-Jun, which takes
place prior to neuronal death and is related with the regulation
of Ab-associated inflammation in microglia and astrocytes.
Taking into consideration these results and our previous work
on c-Jun contribution to acute excitotoxic lesion, which showed
that c-Jun silencing using siRNAs was able to reduce neuronal
loss and microglia activation in the hippocampus (20), we
propose that a similar silencing strategy can also be applied to
control neuroinflammation at early stages of AD.

MATERIALS AND METHODS

Materials

The anti-miR-155 locked nucleic acid in situ hybridization probe
as well as the quantitative reverse transcription (qRT) PCR
primers for detection and determination of miR-155 were
obtained from Exiqon (Vedbaek, Denmark). The qRT-PCR pri-
mers for mRNA quantification were purchased from Qiagen
(Hilden, Germany). The anti-c-Jun siRNA (5′-AGTCATGAAC-
CACGTTAAC-3′) (siRNA c-Jun) and the non-silencing siRNA
(siRNA Mut) used as control were purchased from Shangai
GenePharma (Shanghai, P.R. China). The LipofectamineTM

RNAiMAX Transfection Reagent was purchased from Invitrogen
(Carlsbad, CA, USA). The ionized calcium-binding adapter mol-
ecule1 (IBA-1) antibody for immunohistochemistrywas obtained
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and
the GFAP and Ab antibodies were purchased from Chemicon
International, Inc. (Temecula, CA, USA). The SOCS-1 and the
c-Jun antibodies for western blot were purchased from Cell Sig-
naling (Danvers, MA, USA) and the actin antibody was obtained
from Sigma (Saint Louis, MO, USA). The Ab1-42 peptide was
obtained from American Peptide (Sunnyvale, CA, USA). All
the other chemicals were obtained from Sigma, unless stated
otherwise.

Animals

All efforts were made to minimize suffering and the number of
animals used in this study, according to the guidelines of the Por-
tuguese National Authority for Animal Health. The AD triple
transgenic animals (3xTg AD mice) were obtained from Dr
Frank LaFerla laboratory at the Department of Neurobiology
and Behaviour and Institute for Brain Aging and Dementia, Uni-
versity of California at Irvine. The animals were found to have
the same phenotypic and behavioral characteristics, as previous-
ly described by Dr Frank LaFerla group (32,56). Briefly, human
APP cDNA harboring the Swedish double mutation (KM670/
671NL) and human four-repeat tau harboring the P301L muta-
tion were co-microinjected into single-cell embryos of homozy-
gous PS1M146V knock-in mice. The PS1 mice were originally
generated on a hybrid 129/C57BL6 background (65). The
animals (n ¼ 6 for each experimental group) were maintained
under controlled light and environmental conditions (12 h
dark/light cycle, 23+ 18C, 55+ 5% relative humidity), having
free access to food and water. Age- and gender-matched non-
transgenic animals were used as controls. The animals were
killed at 3 or 12 months of age and the brains were removed

following transcardial perfusion with 20 ml of an ice-cold
0.9% NaCl solution. One hemisphere of each brain was post-
fixed (12 h) in a fixative solution of 4% paraformaldehyde in
0.9% NaCl, and was kept for 2–3 days in a cryoprotective solu-
tion containing 25% sucrose. After this period, the brain hemi-
sphere was dried and frozen at 2808C until further use. The
other hemisphere was used for protein and mRNA extraction.
For this purpose, the hemisphere was placed on an acrylic
matrix and a 4 mm coronal section was cut with a stainless
steel razor. The hippocampal and cortical regions from this
section were dissected and kept at 2808C until protein or
mRNA extraction.

Immunohistochemistry

Immunohistochemistry of brain slices was performed as des-
cribed previously (66). Briefly, coronal sections of 30 mm were
cut throughout the entire cortex and hippocampus at 2208C in a
cryostat (Leica CM 3050 S, Leica, Wetzlar, Germany) and stored
in 48-well multiwell plates in PBS supplemented with 0.05 mM

sodium azide at 48C until immunohistochemical processing.
Free-floating sections were permeabilized for 2 h with 0.1%
Triton X-100 containing 10% normal goat serum (Gibco, Life
Technologies, Carlsbad, CA, USA) at room temperature, fol-
lowed by incubation with the primary antibodies against
IBA-1 (1:1000), GFAP (1:1000) or Ab (1:2000) in blocking
solution, overnight at 48C. Sections were then washed three
times and incubated for 2 h at room temperature with the respect-
ive biotinylated antibodies (Vector Laboratories, Burlingame,
CA, USA). Bound antibodies were visualized using the
VECTASTAINw ABC kit, with 3,3′-diaminobenzidine tetrahy-
drochloride (DAB metal concentrate; Pierce) (Thermo Fisher
Scientific, Rockford, IL, USA) as substrate. After washed three
times, the sections were mounted in FluorSaveTM Reagent (Cal-
biochem, Merk Millipore, Billerica, MA, USA) on microscope
slides. All slices were observed by visible immunostaining,
under a Zeiss Axiovert microscope (Carl Zeiss Microimaging),
equipped with AxioCam HR color digital cameras (Carl Zeiss
Microimaging) using ×5, ×20 and ×40 objectives.

Microglia and astrocyte cell culture

N9 microglia cells (immortalized mouse microglia cells) were
cultured at 378C in a humidified atmosphere containing 5%
CO2 and maintained in RPMI-1640 medium (Gibco, Life Tech-
nologies) supplemented with 5% heat-inactivated fetal bovine
serum (FBS), 100 mg/ml streptomycin and 1 U/ml penicillin.
N9 microglia cells were plated 24 h before the beginning of
each experiment at a density of 100 000 cells/well in uncoated
12-well multiwell plates for RNA extraction.

Astrocyte primary cultures were prepared from 3-day-old
C57/BL6 newborn mice. After digestion and dissociation of
the dissected mouse cortices in HBSS solution (Hank’s Buffered
Salt Solution,136.7 mM NaCl,2.1 mM NaHCO3,0.22 mM KH2PO4,
5.3 mM KCl, 2.7 mM glucose, 10 mM HEPES, pH 7.3) supple-
mented with 0.25% trypsin, 0.001% DNase I and 10 mg/ml gen-
tamicin, mixed glial cultures were prepared by resuspending the
cell suspension in DMEM medium (10 mM NaHCO3, 25 mM

HEPES, 10 mg/ml gentamicin, pH 7.3) containing 10% FBS
(Gibco, Life Technologies). Cells were seeded on 75 cm2
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flasks at a density of 3 × 106 cells per flask and maintained in the
culture flasks for 10 days at 378C in a humidified atmosphere
containing 5% CO2, with medium changes each 2–3 days.
When the mixed glial cultures achieved 70% confluence, micro-
glia and oligodendrocytes attached at the upper layer of the astro-
cyte culture were detached by shaking for 4 h in an orbital shaker
at 220 rpm and 378C. The purified astrocytes were trypsinized
and plated in DMEM 10% FBS medium at a density 240 000
cells/well in uncoated 6-well multiwell plates for RNA extrac-
tion, at a density of 100 000 cells/well in 12-well multiwell
plates for cell transfection and fluorescence microscopy experi-
ments and at 20 000 cells/well in microslide eight-well ibiTreat
chamber slides (ibidi, Germany) for in situ hybridization experi-
ments. In all cases, after shaking, astrocytes were maintained in
culture for3daysbeforethebeginningof theexperiments.Regular
characterization of primary astrocyte cultures by GFAP and
CD11b immunostaining indicated the presence of over 97%
astrocytes, confirming the purity of these cultures.

Preparation of amyloid-b (Ab) oligomers and fibrils
for microglia and astrocytes treatment

Ab1 – 42 oligomers and fibrils were prepared as previously des-
cribed (67).Briefly, synthetic Ab1–42 peptide (AmericanPeptides)
was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to
obtain a 1 mM solution. The HFIP was then evaporated in a
Speed Vac (Ílshin Laboratory. Co., Ltd., Ede, the Netherlands)
and the dried peptide was resuspended in anhydrous dimethyl
sulfoxide (DMSO) at a 5 mM solution. Ab1 – 42 oligomers were
prepared by diluting the Ab1 – 42 solution in Phenol Red-free
Ham’s F-12 medium without glutamine to a 100 mM final con-
centration and incubated overnight at 48C. The solution was
then centrifuged at 15 000g for 10 min at 48C to remove insol-
uble aggregates, and the supernatant, containing soluble
oligomers, was transferred to clean tubes and stored at 48C.
Ab1-42 fibrils were prepared by diluting the 5 mM Ab1 – 42 solu-
tion in DMSO to a concentration of 200 mM in 100 mM HEPES
buffer (pH 7.5) and aged at 378C for 7 days. The preparation
was then centrifuged during 10 min at 15 000g at room tempera-
ture and the supernatant, containing soluble oligomers, was
discarded. The pellet containing Ab fibrils (and possibly proto-
fibrils) was resuspended in 100 mM HEPES buffer (pH 7.5).
Protein concentrations of Ab oligomers and fibrils were deter-
mined using the Bio-Rad Dc protein dye assay reagent.

The presence of different assembly forms (monomers, oligo-
mers and fibrils) of Ab1 – 42 in the different preparations and the
purity of isolated oligomers and fibrils were evaluated by gel
electrophoresis (Supplementary Material, Fig. S8). Ab sam-
ples containing 10 mg of protein were diluted (1:2) with sample
buffer (40% (w/v) glycerol, 2% (w/v) SDS, 0.2 M Tris–HCl, pH
6.8 and 0.005% (w/v) Coomassie G-250) and were separated by
electrophoresis on a 4–16% Tris–Tricine SDS gel. Samples
were not boiled to minimize disaggregation prior to electro-
phoresis. To facilitate the identification of proteins, a Low-
Range Rainbow protein standard was used. The gel was
stained with Coomassie G-250 for 10 min, followed by over-
night incubation with a destaining solution composed of 10%
acetic acid and 30% methanol in H2O. Analysis of band weight
was performed using the Quantity One software (Bio-Rad, Her-
cules, CA, USA) and the percentage of the Ab aggregation forms

in each Abpreparation is presented in the Supplementary Mater-
ial, Table S1.

In order to accomplish Ab-mediated cell activation, N9
microglia cells were treated with Ab oligomers or fibrils at a 5,
10 and 20 mM concentration and astrocytes were treated with
10 and 30 mM Ab oligomers or fibrils for 24 h. Alternatively,
as a positive activation control, N9 microglia cells and astrocytes
were incubated with LPS at 0.1 and 10 mg/ml concentrations,
respectively.

Transfection experiments

The delivery of siRNAs (siRNA c-Jun or siRNA Mut) to N9 micro-
glia cells and astrocytes was performed using the LipofectamineTM

RNAiMAX Transfection Reagent, according to the manufac-
turer’s instructions (Invitrogen). Briefly, LipofectamineTM

RNAiMAX Transfection Reagent in an Optimem (modification
of Eagle’’s Minimum Essential Media, 28.5 mM NaHCO3)
volume of 50 ml/well was mixed with the appropriate volume
of siRNA stock solution to achieve a final siRNA concentration
of 50 nM in each well. The mixture was further incubated for
30 min, at room temperature. For qRT-PCR experiments, imme-
diately before transfection, cells were washed and the medium
was replaced with Optimem for N9 microglia or DMEM supple-
mented with 5% FBS for astrocytes (950 ml/well). For fluores-
cence in situ hybridization experiments, astrocytes were plated
in m-slide eight-well ibiTreat chamber slides (ibidi) and trans-
fected in a final volume of 200 ml/well in DMEM 5% FBS. For
both qRT-PCR and in situ hybridization experiments, after a
4 h transfection period, the cell medium was replaced with
fresh DMEM with 10% FBS, in the case of astrocyte cultures,
or RPMI-1640 with 5% FBS in N9 microglia cells. Twenty-four
hours after transfection, N9 microglia cells were exposed to
0.1 mg/ml LPS or 20 mM Ab fibrils and primary astrocytes
were exposed to 10 mg/ml LPS or 30 mM Ab fibrils for 24 h.
Following this incubation period, RNA extraction and in situ
hybridization experiments were performed.

Quantitative real-time PCR

Total RNA, including small RNA species, was extracted from
brain tissue of 3xTg AD and WT animals with 3 or 12 months,
primary astrocyte cultures and N9 microglia cells using the
miRCURY Isolation Kit Cells (Exiqon), according to the manu-
facturer’s recommendations for cultured cells. Briefly, after cell
lysis, the total RNA was adsorbed to a silica matrix, washed with
the recommended buffers and eluted with 35 ml RNase-free
water by centrifugation. After RNA quantification, cDNA con-
version for miRNA quantification was performed using the Uni-
versal 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 428C followed
by heat-inactivation of the reverse transcriptase for 5 min at
958C. 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 mg total RNA for
each reaction, by applying the following protocol: 5 min at
258C, 30 min at 428C and 5 min at 858C. Finally, the cDNA
was diluted 1:10 with RNase-free water.
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Quantitative PCR was performed in a iQ5 thermocycler
(Bio-Rad), using 96-well microtitre plates. The miRCURY
LNATM Universal RT microRNA PCR system (Exiqon) was
used in combination with pre-designed LNA primers (Exiqon)
for miR-155 and SNORD 110 (reference gene) quantification.
A master mix was designed for each primer set and, for each
reaction, 12 ml of the master mix were added to 8 ml of cDNA
template. All reactions were performed in duplicate at a final
volume of 20 ml per well, using the iQ5 Optical System Software
(Bio-Rad). The reaction conditions consisted of polymerase
activation/denaturation and well-factor determination at 958C
for 10 min, followed by 40 amplification cycles at 958C for
10 s and 658C for 1 min (ramp-rate 1.68C/s).

mRNA quantification was performed using the iQ SYBR
Green Supermix Kit (Bio-Rad). The primers for the target
genes (SOCS-1, IL-6 and IFN-b) and for the reference gene
(HPRT) were pre-designed by Qiagen (QuantiTect Primer,
Qiagen, Hilden, Germany). A master mix was prepared for
each primer 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 ml master
mix was added to 5 ml template cDNA. All reactions were per-
formed in duplicate (two cDNA reactions per RNA sample) at
a final volume of 25 ml per well, using the iQ5 Optical System
Software (Bio-Rad). The reaction conditions consisted of
enzyme activation and well-factor determination at 958C for
1 min and 30 s, followed by 40 cycles at 958C for 10 s (denatur-
ation), 30 s at 558C (annealing), and 30 s at 728C (elongation).

For both miRNA and mRNA quantification, a melting curve
protocol was started immediately after amplification and con-
sisted of 1 min heating at 558C followed by 80 steps of 10 s,
with a 0.58C increase at each step. Threshold values for threshold
cycle determination (Ct) were generated 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 the
different amplification efficiencies of the different genes and
miRNAs. The amplification efficiency of each target or refer-
ence RNA was determined according to the formula: E ¼
10(21/S) 2 1, where S is the slope of the obtained standard curve.

In situ hybridization

Fluorescence in situ hybridization was performed in brain slices
of 3xTg AD animals and WT littermates and in primary astro-
cytes, as described by Lu and Tsourkas (68), with some modifi-
cations. Briefly, free-floating brain slices were mounted in
microscope slides, washed with PBS, fixed with 4% paraformal-
dehyde for 30 min at room temperature and permeabilized at 48C
in 70% ethanol for 4 h. Slices were then incubated with fresh
acetylation solution [0.1 M triethanolamine and 0.5% (v/v)
acetic anhydride] for 30 min at room temperature, 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× Denhardt’s solution, 250 mg/ml yeast tRNA, 500 mg/
ml salmon sperm DNA, 2% (w/v) blocking reagent, 0.1%
CHAPs, 0.5% Tween] for 2 h at a temperature 22–258C below
the melting temperature of the probe. The hybridization step
was carried out upon overnight incubation at the same tempera-
ture with DIG-labelled (digoxigenin-labelled) LNA probes for

miR-155. 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 used for 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
solution (TBS-T, 10% heat-inactivated goat serum, 0.5% block-
ing agent) for 1 h at room temperature and incubated for the same
period of time with an anti-DIG antibody (Roche, Amadora, Por-
tugal) conjugated with the hydrogen peroxidase. To amplify the
antibody signal, slides were further incubated with a TSA plus
Cy3 (PerkinElmer, Waltham, MA) solution for 10 min in the
dark, in accordance with the manufacturer’s protocol. The
slides were finally stained with the fluorescent DNA-binding
dye Hoechst 33342 (Invitrogen Life Technologies, Paisley,
UK) (1 mg/ml) for 5 min in the dark, washed with cold PBS,
and mounted in Mowiol (Fluka; Sigma).

For astrocyte in situ hybridization experiments, cells were
seeded onto microslide eight-well ibiTreat chamber slides
(ibidi) appropriate for confocal microscopy imaging. Following
transfection with siRNAs and treatment with LPS, Aboligomers
or Ab fibrils, cells were treated as described above.

Confocal images were acquired in a point scanning confocal
microscope 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 per-
taining to fluorescence detection and image analyses were held
constant to allow sample comparison.

Western blot

Total protein extracts were obtained from brain extracts col-
lected from the cortex and hippocampus of 3xTg AD mice and
their WT littermates. Briefly, tissue samples were homogenized
at 48C in lysis buffer (50 mM NaCl, 50 mM EDTA, 1% Triton
X-100) supplemented with a protease inhibitor cocktail (Roche),
10 mg/ml dithiothreitol and 1 mM PMSF. Protein content was
determined using the Bio-Rad Dc protein assay (Bio-Rad).
Thirty micrograms of total protein were resuspended in loading
buffer (20% glycerol, 10% SDS and 0.1% bromophenol blue),
incubated for 5 min at 958C and loaded into a 10% polyacryl-
amide gel. After electrophoresis, the proteins were blotted
onto a PVDF membrane according to standard protocols and
blocked in 5% non-fat milk, before being incubated with the ap-
propriate primary antibody (anti-c-Jun 1:1000 or anti-SOCS1
1:500) overnight at 48C, and with the appropriate secondary anti-
body (1:20 000) (GE Healthcare, Waukesha, WI, USA) for 2 h at
room temperature. The membranes were then washed several
times with saline buffer (TBS-T—25 mM Tris–HCl, 150 mM

NaCl, 0.1% Tween) and incubated with ECF (enhanced chemi-
fluorescence substrate - 20 ml/cm2 of membrane) for 5 min at
room temperature. ECF detection was performed using a
Molecular Imager Versa Doc MP 4000 System (Bio-Rad) and,
for each membrane, the analysis of band intensity was performed
using the Quantity One Software (Bio-Rad). Equal protein
loading was shown by re-probing the membrane with anti-actin
(1:20 000) or anti-tubulin (1:10 000) antibodies and with the
appropriate secondary antibody.
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Statistical analysis

All data are presented as mean+ standard deviation (SD) and
are the result of at least three independent experiments per-
formed in duplicate for in vitro studies or n ¼ 6 for in vivo
studies. One-way analysis of variance combined with Tukey’s
or Dunnett’s multiple comparison tests were used for multiple
comparisons in all experiments. Statistical differences are pre-
sented as probability levels of P , 0.05 (∗), P , 0.01 (∗∗) and
P , 0.001 (∗∗∗). Calculations were performed with a standard
statistical software (GraphPad Prism 5).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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