
Acetylation and phosphorylation of STAT3 are involved in the
responsiveness of microglia to beta amyloid
Margherita Eufemi a,1, Rossana Cocchiola a,1, Donatella Romaniello a, Virginia Correani a,
Laura Di Francesco a, Cinzia Fabrizi b, Bruno Maras a, M. Eugenia Schininà a,*
a Dipartimento di Scienze Biochimiche, Sapienza, University of Rome, P.le Aldo Moro, 5 00185 Rome, Italy
b Dipartimento di Scienze Anatomiche, Istologiche, Medico-Legali e dell’Apparato Locomotore, Sapienza, University of Rome, Via Borelli, 50 00161 Rome,
Italy

A R T I C L E I N F O

Article history:
Received 6 June 2014
Received in revised form 15 January 2015
Accepted 20 January 2015
Available online 26 January 2015

Keywords:
STAT3
14-3-3epsilon
Alzheimer’s disease
Amyloid beta peptides
Microglia

A B S T R A C T

Microglia are macrophages within the central nervous system playing a central role in neurodegenerative
disorders. Although the initial engagement of microglia seems to be neuroprotective, many lines of ev-
idence indicate that its persistent activation contributes to dismantle neuronal activity and to induce
neuronal loss. The molecular pathways that lead from amyloid interaction with membrane receptors to
the microglial activation have been extensively investigated, although a definitive picture is not yet at
hand. In this work, primary and immortalized microglial cells were treated with a synthetic form of Aβ
peptides, and relative abundance of acetylated and phosphorylated STAT3 were assayed. Results high-
light, for the first time, three distinctive sequential events: i) an earlier event marked by the increase in
the level of STAT3 acetylated species, followed by ii) a later increase in the level of STAT3 phosphory-
lated form, and finally iii) an involvement of phosphorylated STAT3 in the increase in expression of the
14-3-3 epsilon, a protein frequently associated with neurodegenerative diseases and known to be a marker
of Aβ-activated microglia. These data outline a complex, time-dependent modification of STAT3 signal-
ling triggered by amyloid in the microglial compartments, that once confirmed by in vivo experiments
will broaden the knowledge of the molecular basis of amyloid neurotoxicity.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Microglia-mediated inflammation in the central nervous system
is a hallmark of the pathogenesis of several neurodegenerative dis-
eases including Alzheimer’s disease (AD; Solito and Sastre, 2012;
Cunningham, 2013; Prokop et al., 2013; Birch et al., 2014). In the
healthy tissue, microglia cooperate with astrocytes, a component
of the glial compartment with an eminent trophic function in main-
taining the balance between production and clearance of amyloid
beta peptides Aβ1–40 and Aβ1–42 released by the sequential cleavage

of the membrane Amyloid Precursor Protein (APP) by beta and
gamma secretases (Blennow et al., 2006; Herber et al., 2007; Thal,
2012). When this equilibrium is broken as in AD, production of Aβ
peptides overcomes their removal, and toxic oligomeric species may
arise, and thus damage neurones, glial cells and synapses (Ballard
et al., 2011; Mawuenyega et al., 2010; Morkuniene et al., 2013). In
the presence of these toxic species, microglia release pro-
inflammatory cytokines such as TNF-alpha, interleukin 6 (IL-6) and
interleukin 1 beta (IL-1β), and reactive oxygen species (Abbas et al.,
2002; Janelsins et al., 2005; Wilkinson and Landreth, 2006). The
chronic activation of the microglia compartment through contin-
uous production of inflammatory mediators has been claimed as
one of the principal causes that exacerbates neurodegeneration
and thus the progression of AD (Glass et al., 2010; Schwab et al.,
2010).

According to this scenario, great efforts have been committed to
define the membrane microglia receptors that recognize the toxic
amyloid species and that trigger signalling mechanisms responsible for
the production of cytokines, aimed to design potential anti-inflammatory
drugs in preventive treatments. Among these, a primary role has been
assigned both to Toll-like receptors (TLR) and to Receptor for Ad-
vanced Glycation Endproducts (RAGE). In these studies, specific
transcription factors for pro-inflammatory cytokines, as the NF-kB and
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AP1, have been pointed out in the amyloid-dependent phase of the mi-
croglia activation (Glass et al., 2010; Stewart et al., 2010).

Nevertheless, a notable work is still required to reveal the whole
signalling landscape able to explain the transition of microglial cells
towards the chronic production of inflammatory factors. In this
regard, a challenge task is the discrimination at the molecular level
between the events induced by the direct engagement by the
amyloid oligomers of specific microglia receptors and the chronic
production of inflammatory factors through autocrine/paracrine sig-
nalling. The Signal Transducers and Activators of Transcription
proteins (STATs) are a family of latent cytoplasmic factors that, upon
phosphorylation by components of Janus kinases family (JAKs) in
response to the activation of membrane receptors by various
cytokines and growth factors, form dimers that translocate in the
nucleus, where they behave as transcriptional activators (Stark and
Darnell, 2012). Different members of the STATs family are acti-
vated by distinctive cytokines. Phosphorylation of the Signal
Transducers and Activators of Transcription proteins 3 (STAT3) is
primarily induced by specific members of the interleukin family,
including IL-6 and leukaemia inhibitory factor (LIF). Dimers made
up by phosphorylated STAT3 may interact with recognition sites on
promoters involved in transcription of genes related to cellular pro-
cesses such as cell growth and apoptosis (Hutchins et al., 2013). The
JAK/STAT3 system has been proven to be involved in the transcrip-
tional regulation of many inflammatory factors (Cheon et al., 2011).
Particularly, in the neuronal compartment the JAK/STAT3 signal-
ling cooperates in the neurotoxicity induced by beta amyloid
exposure in neurons (Chiba et al., 2009; Wan et al., 2010), and is
engaged in the chronic microglia activation by several stimuli and
in the responsiveness for the microglia compartment to beta amyloid
peptides (Capiralla et al., 2012; Juknat et al., 2013; Przanowski et al.,
2013; Xiong et al., 2014; Yang et al., 2010b; Zhanga et al., 2014).
However, molecular and kinetic details of the STAT3 involvement
in the microglia-mediated neuroinflammation are still scant. More-
over, it has been determined that STAT3 is subjected to site-
specific phosphorylation, acetylation, methylation and ubiquitination.
The actual arrangement of these PTMs along the STAT3 primary
structure could be considered like a molecular code in addressing
STAT3 isoforms to trigger diverse cellular events (Murase, 2013; Yang
and Stark, 2008; Yang et al., 2010a; Zhuang, 2013), comprising the
complex signalling leading to early and late responsiveness to
amyloid.

Recently, we employed murine cells to monitor the effects of
amyloid beta peptides in triggering the long-term microglial acti-
vation, at the proteome level (Di Francesco et al., 2012). Among a
limited number of differentially expressed proteins, the 14-3-3
epsilon protein was found significantly up-regulated. 14-3-3 epsilon
belongs to a regulatory protein family involved in important cel-
lular processes (Lalle et al., 2013), including those leading to
neurodegenerative diseases (Fujii et al., 2013; Sai et al., 2013). Since
the 14-3-3 epsilon increased expression suggests a role of this protein
in tuning microglia activation, the discovery of the signalling pathway
responsible for the modulation of its expression level could be val-
uable for focusing strategies to lessen the inflammatory processes.

In this paper we aimed to go in details on the involvement and
dynamics of alternative STAT3 isoforms in microglia challenged with
the extracellular presence of Aβ peptides. We therefore investi-
gated the early onset of a persistent activation of microglia by
following expression of STAT3 isoforms and 14-3-3 epsilon protein
by immunodetection. As the main cell model we preferred BV2 cells,
a cell line derived from raf/myc-immortalized murine neonatal mi-
croglia, most frequently used in studies in which adequate amounts
of protein extracts are required (Blasi et al., 1990; Henn et al., 2009).
However, most of the critical results have been validated also in
primary microglia cultures derived from postnatal rat cortex. Results
confirm the involvement of the JAK/STAT3 in the molecular

response of microglial cells in the proposed AD model, and high-
light a peculiar time-dependent mode of appearance of differently
post-translational modified STAT3 species.

2. Materials and methods

2.1. Chemicals and biologicals

Calcium chloride, potassium chloride, sodium phosphate dibasic
and potassium phosphate monobasic were purchased from Merck
KgaA (Darmstadt, Germany). Tris–HCl and dithiothreitol (DTT) were
from Bio-Rad (Hercules, CA, USA). Sodium orthovanadate,
phenylmethylsulphonylfluoride (PMSF), Tween-20, CaCl2, MgCl2, SDS,
and thiourea were supplied by Sigma-Aldrich (St. Louis, MO, USA).

Foetal calf serum (FCS), penicillin, streptomycin and L-glutamine,
JAK-2 protein tyrosine kinase inhibitor AG490, and isolectin B4 were
purchased from Sigma-Aldrich. Synthetic Aβ25–35 (GSNKGAIIGLM)
and reverse Aβ35–25 (MLGIIAGKNSG) were from Bachem (AG,
Bubendorf, Switzerland). Dulbecco’s modified Eagle’s medium
(DMEM) was supplied by Invitrogen Corporation (Carlsbad, CA, USA).
Polyvinylidene difluoride (PVDF) Immobilon® membranes were from
Millipore.

Sprague Dawley rats were from Charles River; BV2 cells is an im-
mortalized cell line, continuously maintained at the Dipartimento
di Scienze Anatomiche, Istologiche, Medico-Legali e dell’Apparato
Locomotore, from an original gift of Prof. Giulio Levi (Istituto
Superiore di Sanità, Rome).

2.2. Cell cultures

The murine microglial cell line BV2 (Blasi et al., 1990) was grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% (v/v) foetal calf serum (FCS), 100 units/mL penicillin, 100 μg/
mL streptomycin and 2 mM L-glutamine; cultures were maintained
at 37 °C in 5% CO2/95% humidified air atmosphere.

Primary microglial cell cultures were derived from postnatal day
3–4 rat cortex as previously described (Novarino et al., 2004). Briefly,
free-floating microglia were collected from shaken astrocyte flasks
and maintained in DMEM supplemented with 10% (v/v) FCS in 5%
CO2.

2.3. Amyloid preparation

Synthetic Aβ25–35 (GSNKGAIIGLM) and reverse Aβ35–25 (MLGI
IAGKNSG) peptides were dissolved in sterile, distilled water at a con-
centration of 1 mM, and preliminary incubated for 72 h at 37 °C to
allow aggregation (Millucci et al., 2009).

2.4. Microglia cell treatments

Three replicates for each of resting, Aβ25–35 and Aβ35–25 treated
BV2 cells were carried out. For this purpose, cells were cultured in
24-well culture plates (3 × 105 cells/well for primary microglia and
105 cells/well for BV2), washed with serum-free media, Aβ25–35 or
Aβ35–25 peptides added to final concentrations of 25 μM for primary
microglia and 50 μM for BV2, and cells challenged for 15 min, 30 min,
1 h, 4 h and 24 h.

In experiments aimed to assay the involvement of specific kinases,
microglia activated by amyloid peptides were pre-treated with a so-
lution of JAK-2 protein tyrosine kinase inhibitor AG490 (25 μM for
primary microglia and 50 μM for BV2) for 18 h, then Aβ25–35 peptide
was added as described above.

In the experiments aimed to assay the involvement of the IL-6
signalling in the STAT3 activation, neutralization of the IL-6 activ-
ity was accomplished in BV2 cells by pre-treatment with 500 ng/
mL of anti IL-6 antibody (Abcam; cat. n. ab6672) or control

49M. Eufemi et al./Neurochemistry International 81 (2015) 48–56



nonspecific IgG for 24 h. Then, cells were treated with Aβ25–35 as de-
scribed above.

2.5. Immunocytochemistry

The purity of microglial cultures was >90%, as assessed by a pos-
itive immunostaining for Griffonia simplicifolia isolectin B4 and for
OX-42. Microglial cell cultures contained <1% of astrocytes, as shown
by glial fibrillar acidic protein (GFAP) immunostaining.

Morphological changes of primary microglial cell upon Aβ25–35

or treatment with the JAK-2 protein tyrosine kinase inhibitor AG490
were followed by immunostaining for OX-42. Treated cells were
washed and fixed in 4% (w/v) paraformaldehyde for 30 min. After
saturation of non specific sites with 10% (v/v) normal donkey serum
and 0.1% (w/v) Triton X-100 in phosphate buffered saline (PBS), cells
were incubated with mouse anti-OX-42 antibody (Serotec MCA275G,
Oxford, UK; antibody dilution 1:50) for 1 h at room temperature and,
after washings, with a donkey Cy3-labelled anti-mouse IgG (Jackson
ImmunoResearch Laboratories; antibody dilution 1:400). Nega-
tive controls were performed substituting specific IgGs with an
equivalent amount of nonspecific IgG. Coverslips were mounted with
Vectashield mounting medium containing 4′,6-diamidino-2-
phenylindole (DAPI) for nuclear staining (Vector Laboratories,
Burlingame, CA). Examinations and photographs were made using
a fluorescent microscope (Eclipse E600; Nikon Instruments S.p.A.,
Firenze, Italy).

2.6. Cell viability

Viability in the presence of AG490 was assessed on BV2 by the
MTT assay. Briefly, cells (1 × 104) were incubated in triplicate in a
96-well plate in the presence or absence of 50 μM AG490 for 18 h,
then 50 μM Aβ25–35 was added for 1 h, 4 h and 24 h at 37 °C. There-
after, 100 μL of MTT solution (12 mM in PBS) was added to each well
and after 3 h of incubation at 37 °C, water-insoluble dark blue
formazan crystals that formed from the MTT cleavage in actively
metabolizing cells were dissolved in DMSO. Optical densities were
measured at 570 nm using a scanning multi-well spectrophotom-
eter (Appliskan).

2.7. Western blot analyses

At the end of each incubation time, cells were harvested, washed
twice with a phosphate saline buffer (PBS) containing 1.37 M NaCl,
27 mM KCl, 100 mM Na2HPO4, 18 mM KH2PO4, and lysed in 70 μL
of a buffer containing 20 mM Tris–HCl pH 8.00, 2% (w/v) SDS,
100 mM thiourea, 40 mM dithiothreitol (DTT), 2 mM Na3VO4,
0.25 mM phenylmethylsulphonylfluoride (PMSF). After sonication
(30 s, 8 times) samples were boiled at 95 °C for 5 min and then cen-
trifuged for 30 min at 20,000 g at 4 °C. Protein extracts were resolved
by 10% (w/v) sodium dodecyl sulphate (SDS)-polyacrylamide gel elec-
trophoresis (SDS-PAGE; 200 V, 45 min). Protein bands were
electrotransferred to polyvinylidene difluoride (PVDF) mem-
branes (80 mA, 45 min). Membranes were then treated with 5% (w/
v) ECL blocking agent (GE Healthcare Bio-Sciences) in a denaturating
saline buffer (T-TBS) containing 0.1% (w/v) Tween-20, 10 mM Tris–
HCl, 150 mM NaCl, 1 mM CaCl2, and 1 mM MgCl2, pH 7.4, for 1 h and
then incubated with primary antibody overnight at 4 °C. Subse-
quently, membranes were washed three times in T-TBS, and bound
antibodies were detected using appropriate horseradish peroxidase-
conjugated secondary antibodies, followed by an ECL Plus Western
blotting Detection System (GE Healthcare Bio-Sciences). ECL was de-
tected using a Molecular Imager® ChemiDoc™ mod. MP System (Bio-
Rad Laboratories), acquired by ImageLab Software ver. 4.1, and
quantified using ImageJ analysis software (http://rsbweb.nih.gov/ij/).
Analyses were performed in triplicate. Immunodetections were

carried out using polyclonal antibodies (Cell Signaling Technolo-
gy; antibody dilution 1:1000) against STAT3 (cat. n. 9132), STAT3
phosphorylated species at Tyr705 (cat. n. 9131) and Ser727 (cat. n.
9134) residues, STAT3 acetylated species at Lys685 (cat. n. 2523),
14-3-3 epsilon and GAPDH (Santa Cruz Biotechnology, sc-1020 and
sc-32233, respectively; antibody dilution 1:500). In each analysed
sample, signal of the target protein was normalized to the corre-
sponding GAPDH level. At least three experimental replicates were
performed for each biological sample. All results are expressed as
mean ± SD. Differences between experimental groups were deter-
mined by Student’s t-test. p-value of <0.01 was considered
statistically significant.

2.8. Total RNA preparation and real-time PCR

Total RNA was isolated from BV2 cells after different treat-
ments with TRIzol® (Invitrogen AG) following the manufacturer’s
instructions. The levels of mRNA were quantified by NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific). The first-strand com-
plementary DNAs were generated with cDNA Synthesis Kit (Bioline).
Real-time PCR amplification of cDNA was performed using the SYBER
Green fluorophore by means of Brilliant® SYBER® Green qPCR
Master Mix (Stratagene) in a MJ MiniOpticon Detection System (Bio-
Rad Laboratories). Conditions for cDNA amplifications were as
follows: 30 s at 95 °C, 30 s at 58 °C, 30 s at 72 °C, 40 cycles. The mea-
surements were repeated at least three times. GAPDH cDNA was
used as reference for normalization and the relative quantifica-
tion was analysed using Gene Expression analysis for iCycler iQ real-
time PCR detection system software, Version 1.10 (Bio-Rad
Laboratories).

The primer sequences of each gene were as follows: GAPDH sense
primer: 5′-CCTTCCGTGTTCCTACCC, antisense primer: 5′-AAGTCGC
AGGAGACAACC; CCL5 sense primer: 5′-TGCCCACGTCAAGGAGTATTT;
antisense primer: 5′-TCTCTGGGTTGGCACACACTT.

2.9. Bioinformatics

Promoter analyses were performed by the Genomatix Soft-
ware Suite package at http://www.genomatix.de. Promoter structural
details were automatically retrieved from genomic annotation de-
posited in Genomatix databases with the ElDorado program.
Automatic searching for transcription factor binding site was per-
formed with the MatInspector program.

3. Results

Primary and immortalized microglia cell cultures were chal-
lenged with Aβ25–35 peptide, the neurotoxic domain of the full-
length Aβ1–42 peptide (Varadarajan et al., 2001). Both Aβ1–42 and Aβ25–

35 have been demonstrated to induce toxic and oxidative effects on
neuronal cells, with overlapping results (Varadarajan et al., 2001).
The shorter form Aβ25–35 has been frequently used in investiga-
tions of Aβ properties because it is a more manageable substitute
than the native full-length peptide, ensuring reliable and repro-
ducible results (Ghasemi et al., 2014; Khan et al., 2014; Martire et al.,
2013; Sonkar et al., 2014). Aggregation studies in H2O (Millucci et al.,
2009) showed that the peptide Aβ25–35 is prone to aggregate in a very
short time after dissolution, also at low temperature. However, to
increase homogeneity of the aggregated molecular species, we fol-
lowed a protocol already proven to attain a high reproducibility in
the biological response of microglia to the amyloid peptide (Di
Francesco et al., 2012; Novarino et al., 2004; Paradisi et al., 2008).

In Fig. 1, immunostaining of primary microglia cells for the spe-
cific marker OX-42 is reported at resting and in the Aβ25–35 activated
status. Even if microglia morphology alone cannot be considered
a univocal indicator of a specific functional stage (Colton and Wilcock,
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2010), after Aβ25–35 treatment microglial cells are clustered and round
with few processes which conversely appear more numerous in un-
treated cells.

Firstly, we monitored the STAT3 expression changes in murine
microglial cell cultures in the absence and in the presence of Aβ25–

35 amyloid species. To highlight possible transient changes in the
protein level, data were collected on primary and immortalized cells
at five stimulation times (15 min, 30 min, 1 h, 4 h and 24 h), thus
encompassing both earlier and later events in the microglia acti-
vation. Results in Fig. 2, showed that expression levels of STAT3
remained stable up to 24 h from stimulation, and at comparable level
between treated and untreated microglial cells. This indicates that
amyloid does not evoke an increase of the transcriptional rate of
the STAT3 gene at any of the analysed times. Since the shifting of
STAT3 from a cytoplasmic latent form to signal transducer and tran-
scriptional activator primarily resides on phosphorylation of the
Tyr705 residue (Aggarwal et al., 2009), in the same experiments we
measured the cell abundance of this specific phosphorylated species
of STAT3, herein named p-STAT3(Y705). As evident from Fig. 2A, the
p-STAT3(Y705) showed a drastic increase at 4 h in stimulated BV2,
coming back to the basal value at 24 h. The presence of an alter-
native phosphorylation on Ser727 has been excluded using
appropriate antibodies (Fig. 2A). The same results were obtained

when primary microglial cells were challenged with the Aβ25–35

peptide (Fig. 2B), confirming a similar behaviour of primary and im-
mortalized cells.

Similar experimental setup was applied to monitor STAT3 acety-
lation at Lys685, herein named ac-STAT3(K685). In both BV2 and
primary microglia cultures, an increase of the ac-STAT3(K685) took
place at 1 h after stimulation, coming back to the basal levels at 4 h
(Fig. 3). Thus in amyloid activated microglia, we observed that phos-
phorylation and acetylation occur in an unrelated mode, with
acetylated and phosphorylated species accumulating at distinct
times.

Treatments of microglia cells with the reverse Aβ35–25 peptide
failed to induce STAT3 changes demonstrating that only the
amyloidogenic peptide Aβ25–35 was able to trigger the STAT3 acety-
lation and phosphorylation (Supplementary Fig. S1).

With the aim of monitoring the involvement of JAKs in the post-
translational modification of STAT3, the same experiments reported
above were carried out in the presence of AG490, a specific inhib-
itor of this kinase family (Meydan et al., 1996), that did not alter
the morphological transition induced by the Aβ25–35 in the primary
microglia cells as well as BV2 viability (Supplementary Fig. S2). In
the presence of the JAK inhibitor, the increase of p-STAT3(Y705) de-
tectable after 4 h stimulation was missed. On the contrary, this
inhibitor induced neither changes of STAT3 levels nor affected the
ac-STAT3(K685) expression level, indicating that the acetylation of
STAT3 observed at 1 h was not dependent on the JAK signalling
(Fig. 4).

Finally, we embarked on the demonstration of the transcrip-
tional activity of the JAK/STAT3 pathway, monitoring the expression
levels of the (CC) chemokine 5 (CCL5), known to be specifically under
the STAT3 transcriptional control (Przanowski et al., 2013). By RT-
PCR we measured the transcriptional levels of ccl5 after 1, 4 and 24 h
during amyloid stimulation, observing at 24 h the highest level of
gene expression. As expected, transcription of the mRNA for this
chemokine measured by specific primers (Supplementary Fig. S3)
was inhibited by the presence of the JAK inhibitor AG490, confirm-
ing that the JAK/STAT3 pathway is responsible of this delayed
inflammatory response of activated microglia (Fig. 5). It is not easy
to explain why in the presence of inhibitor AG490 the ccl5 expres-
sion dropped at 24 h under basal levels.

The protein 14-3-3 epsilon is a member of the 14-3-3 protein
family, known to interact with phosphorylated proteins, and to mod-
ulate the signal transduction pathways behaving as a scaffold agent
(Obsil and Obsilova, 2011). Our previous proteomic studies showed
that 14-3-3 epsilon specifically marks the activation of microglia
triggered by Aβ25–35 (Di Francesco et al., 2012). Bioinformatics anal-
ysis of the 14-3-3 epsilon gene promoter highlighted one putative
STAT3 recognition site (http://www.genomatix.de; Fig. 6A). Accord-
ingly, in this work, we investigated if beta amyloid was able to
increase microglia 14-3-3 epsilon levels through the activation of
the JAK/STAT3 pathways. As evident from Fig. 6, in amyloid-
activated BV2 (panel B) and primary microglia cells (panel C) 14-
3-3 epsilon increases in expression at 24 h, reproducing our previous
result. The involvement of p-STAT3(Y705) in the increased expres-
sion of 14-3-3 epsilon was confirmed after treatment with the JAK
inhibitor AG490. It is noteworthy that even the 14-3-3 epsilon ex-
pression dropped at 24 h under basal levels in the presence of
inhibitor AG490, as observed for CCL5.

Aimed to assess if the observed STAT3 phosphorylation is delayed
in consequence of the temporal gap required for cytokine produc-
tion triggered by the direct beta amyloid stimulation, we activated
cells with the amyloid peptide upon neutralization of the IL-6 sig-
nalling. Indeed, as evident in Fig. 7, in BV2 treated with Aβ25–35 the
presence of antibodies against IL-6 did inhibit STAT3 phosphory-
lation without affecting its acetylation. Moreover, also the
overexpression of 14-3-3 epsilon was suppressed.

Fig. 1. Microglia morphological changes associated to amyloid beta peptide treat-
ment. Primary microglial cells were activated by treatment with 25 μM Aβ25–35 for
24 h (lower panel, +Aβ25–35) or left untreated (upper panel, ctrl). Fluorescent mi-
croscopic analysis of resting and amyloid activated microglia by immunostaining
for the microglial marker OX-42. While many processes (arrows) are observed in
untreated control microglia, Aβ25–35 treated cells appear round and clustered. Nuclei
were counterstained with DAPI. Scale bar 5 μm.
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4. Discussion

Nowadays, inflammatory processes are considered a critical part
in the progression of chronic pathologies. In agreement with this
updated viewpoint, efforts in the studies on neurodegenerative dis-
eases are dedicated to correlate microglia activation with neurotoxic
processes.

Many pro-inflammatory factors produced by activated microg-
lia have been indicated as responsible for the interplay between these
sentinel cells and neurons. These cytokines (i.e. TNF-alpha, IL-6 and
IL-1β) are released as a direct consequence of activation of recep-
tors on the microglia membrane (Glass et al., 2010).

In Alzheimer’s disease models, evidence has been reported
for TLR and RAGE as the receptors stimulated by extracellular

Fig. 2. Effects of amyloid beta peptide on the relative abundance of phosphorylated species of STAT3 in microglial cells. Relative abundance of p-STAT3(Y705), p-STAT3(S727)
and STAT3 in BV2 (A) and in primary microglia (B) cells is reported. On the left, representative immunoblots for p-STAT3(Y705), p-STAT3(S727) and total STAT3 at different
time intervals are shown. Aβ25–35 was added to final concentrations of 25 μM for primary microglia and 50 μM for BV2. Aβ25–35 treated (+) and untreated (−) cells. On the
right, quantification of p-STAT3(Y705) is reported. Fold increase values represent the ratio between optical densities of p-STAT3(Y705) in treated and untreated microglia
cells, both normalized to the corresponding GAPDH bands. Quantitative data were collected from three independent cell preparations, from which three western blot replica
were carried out (n = 3) and averaged (±SD). Statistical analysis was performed by T-student test; *p < 0.01 vs control BV2 (A) and control primary microglia cells (B).

Fig. 3. Effects of amyloid beta peptide on the relative abundance of acetylated species of STAT3 in microglial cells. Relative abundance of ac-STAT3(K685) in BV2 cells (A)
and in primary microglia cells (B) is reported. On the left, representative immunoblots for ac-STAT3(K685) and total STAT3 at different time intervals are shown. Aβ25–35

was added to final concentrations of 25 μM for primary microglia and 50 μM for BV2; Aβ25–35 treated (+) and untreated (−) cells. On the right, quantification of ac-
STAT3(K685) is reported. Fold increase values represent the ratio between the optical densities of ac-STAT3(K685) in treated and untreated microglia cells, both normalized
to the corresponding GAPDH bands. Quantitative data were collected from three independent cell preparations, from which three western blot replica were carried out
(n = 3), and averaged (±SD). Statistical analysis was performed by T-student test; *p < 0.01 vs control BV2 (A) and control primary microglia cells (B).
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amyloidogenic peptides in microglia cultures. These amyloid acti-
vated receptors trigger the activation of NF-kB and AP-1 responsive
machineries for the release of specific cytokines. This process may
be considered as an early molecular event in microglia activation
directly evoked by the amyloidogenic molecules (Glass et al., 2010).

JAK/STAT signalling is an important signalling pathway widely
involved in chronic diseases, and studies on its involvement in
neurodegenerative diseases, and in particular in microglia, are in
rapid progress (Capiralla et al., 2012; Juknat et al., 2013; Przanowski
et al., 2013; Xiong et al., 2014; Yang et al., 2010b; Zhanga et al., 2014).
In this work, our principal purpose was to determine kinetics details
of the involvement of different isoforms of STAT3, a well known me-
diator involved in chronic diseases, in the responsiveness of microglia
to amyloidogenic peptides.

Thanks to our experimental setup, in which microglia respon-
siveness to amyloid peptides was monitored up to 24 h, we observed
that p-STAT3(Y705) is detectable in our cell models only at 4 h, as
results of JAK activation. Since this JAK/STAT3 activation is widely
delayed with respect to the early release of cytokines in response
to the amyloid exposure, it is reasonable that STAT3 activation is
not directly triggered by the stimulation of membrane receptors by
amyloid. We explained this delayed expression of p-STAT3(Y705)

in terms of release of IL-6, one of the cytokines known to be re-
leased in the early phase following inflammatory activation of
microglia by amyloid (Hirano et al., 2000; Kumar and Ward, 2014).
According to these results, the following cascade of events is rea-
sonable to occur: i) amyloid oligomers engage specific receptors;
ii) activation of these receptors induces the expression and the
release of specific cytokines; iii) among these, IL-6 is able, in an
autocrine/paracrine manner, to stimulate the JAK/STAT3 systems.
This sequential signalling network we suggest for microglia re-
sponsiveness to beta amyloid supports a similar model recently
proposed by the Kamiska’s group for the responsiveness of the same
cells to LPS stimulation (Przanowski et al., 2013).

Recently, we investigated the differentially expression pattern
in amyloid activated microglia by proteomics (Di Francesco et al.,
2012). The expression changes we reported established 14-3-3
epsilon as a marker of the events occurring in the proteome of mi-
croglia activated by amyloid, where it may act as a crucial modulator
of the complex signals triggered by amyloid through its intrinsic
promiscuity towards phosphorylated proteins. In the 14-3-3 epsilon
promoter we identified one putative STAT3 binding site. Accord-
ing to the results here reported, the expression of 14-3-3 epsilon
actually appears to be under the JAK/STAT3 control. The full un-
derstanding of the molecular events that arise from the STAT3-
dependent 14-3-3 epsilon expression requires further investigations.

Beside phosphorylation, other post-translational modifications have
been proven to be encompassed in the molecular barcode for the tran-
scriptional activity of STAT3 (Stark and Darnell, 2012). Among these,
acetylation has been reported to be involved in diverse functional roles
of STAT3 (Zhuang, 2013). Particularly, a critical role in the stabiliza-
tion of STAT3 homodimers has been reported for acetylation of Lys685
by the mammalian histone acetyltransferase complex CBP/p300 (Wang
et al., 2005; Yuan et al., 2005). Our results showed for the first time that
in the amyloid activated microglia the abundance of ac-STAT3(K685)
species increased at an early time (1 h), but at 4 h, when p-STAT3(Y705)
accumulated, the level of the acetylated species was observed to be the
basal levels. The changes in STAT3 acetylation we observed were in-
dependent from the JAK activation and overall these results suggest that
in our system acetylation does not cooperate with phosphorylation in
the transcriptional activity of STAT3.

The microglia responsiveness to Aβ peptides thus seem to rely
on diverse post-translational modifications of the transcriptional ac-
tivator STAT3, through a commitment distinguishable in at least two-
phases: the acetyl code that synchronizes with the first reaction of
microglia to amyloid, and the phosphoryl code appearing in a delayed
time.

In the neuronal compartment activation of STAT3 has been ob-
served in the presence of beta amyloid (Wan et al., 2010), and it is

Fig. 4. Effects of the JAKs inhibition on the relative abundance of ac-STAT3(K685) and p-STAT3(Y705) species. On the left, representative immunoblots for ac-STAT3(K685),
p-STAT3(Y705) and total STAT3 are shown. BV2 cells were incubated with a 50 μM AG490 (+) for 18 h alone (−) or in combination with 50 μM Aβ25–35 (+). Refer to Fig. 2 and
Fig. 3 for the BV2 sample treated with Aβ25–35 in the absence of the inhibitor. Quantification of ac-STAT3(K685) and p-STAT3(Y705) is reported on the right. Fold increase
values represent the ratio between the optical densities of each of these species in treated and untreated BV2 cells, normalized to the value of the corresponding GAPDH
band. Quantitative data were collected from three independent cell preparations, from which three western blot replica were carried out (n = 3), and averaged (±SD). Sta-
tistical analysis was performed by T-student test; *p < 0.01 vs BV2 cells treated with AG490 alone.

Fig. 5. Expression of ccl5 gene in BV2 cells stimulated by Aβ25–35. The mRNA ex-
pression is compared among untreated BV2 resting cells (control), 50 μM amyloid
peptide treated cells (Aβ25–35), cells treated with 50 μM solution of the JAK inhibi-
tor AG490 (AG490), and cell pre-treated with 50 μM AG490 and then stimulated with
50 μM Aβ25–35 (AG490 + Aβ25–35). The expression level of the gene is reported as fold
change relative to the control, normalized to the level of GAPDH cDNA as house-
keeping gene. Values were determined at 1 h, 4 h and 24 h. All bars represent
mean ± SD. Statistical analysis was performed by T-student test; *p < 0.01 vs control
BV2 cells.
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involved in the neuronal loss by apoptosis that marks AD. Con-
versely, since in microglia the presence of beta amyloids is well
known to induce cell proliferation, STAT3 is unlike to be an apoptosis-
inducer in this compartment. Thus this work seems to outline diverse
but complementary roles of STAT3 signalling, i.e. triggering neuro-
nal apoptosis (Wan et al., 2010) and microglia activation, both causing
synergic effects for the AD progression.

5. Conclusions

Our results highlighted three crucial timings in the involve-
ment of the transcriptional modulator STAT3 in the microglia
activation by Aβ amyloid: i) an early event, marked by increased
level of the acetylated form of STAT3 in Lys685 with still unknown
functional role; ii) a delayed event in which it predominates its
isoform phosphorylated on Tyr705 residue, under the control of the

released cytokine IL-6; and iii) a changing in cellular proteome
towards a microglia chronically activated, marked by the increase
of the 14-3-3 epsilon levels. These events outline a complex protein
network triggered by amyloid in the microglial compartment. Further
details of the dynamics of the amyloid trigged signalling will be
crucial in broadening our understanding of the molecular basis of
neurotoxicity.
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