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Astrocytes  are a key  part  of the  sildenafil  protective  effects  in  the  CNS.
Sildenafil  can  decrease  ATP-evoked  intracellular  Ca2+ release  after  LPS  incubation.
Sildenafil  modulates  the actin  filaments,  the  cytoskeleton,  in  astrocytes.
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a  b  s  t  r  a  c  t

Astrocytes  are  effectively  involved  in the pathophysiological  processes  in the  central  nervous  system
(CNS)  and  may  contribute  to or protect  against  development  of inflammatory  and  degenerative  diseases.
Sildenafil  is a potent  and  selective  phosphodiesterase-5  (PDE-5)  inhibitor,  which  induces  cyclic  GMP
accumulation.  However,  the  mechanisms  of  actions  on  glial  cells  are  not  clear.  The aim  of  the  present
work  is  to evaluate  the role  of sildenafil  in lipopolysaccharide  (LPS)-stimulated  astrocytes.  The  cytoskele-
ton integrity  and  Ca2+ waves  were  assessed  as  indicators  of  inflammatory  state.  Two  main  groups  were
done:  (A)  one  prevention  and (B) one  restoration.  Each  of  these  groups:  A1:  control;  A2: LPS for  24  h;
A3:  sildenafil  1 or  10 �M for  4 h  and  then  sildenafil  1 or 10 �M +  LPS  for 24  h.  B1:  control;  B2:  LPS for
24 h; B3:  LPS  for 24  h  and  then  LPS  + sildenafil  1  or 10 �M for 24  h.  Cytoskeleton  integrity  was analyzed
through  GFAP  immunolabeling  and actin  labeling  with  an  Alexa  488-conjugated  phalloidin  probe.  Cal-

2+
ytoskeleton
ildenafil

cium  responses  were  assessed  through  a  Ca -sensitive  fluorophore  Fura-2/AM.  The  results  show  that
both preventive  and restorative  treatments  with  sildenafil  (in both  concentrations)  reduced  the  Ca2+

responses  in  intensity  and  induced  a more  organized  actin  fiber pattern,  compared  to  LPS  treated  cells.
This  work  demonstrated  for the  first time  that astrocytes  are  a  key  part  of the  sildenafil  protective  effects
in  the  CNS.

© 2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction
Sildenafil is a potent and selective phosphodiesterase-5 (PDE-
) inhibitor, which induces cyclic GMP  (cGMP) accumulation. This
rug was approved in 1998 for therapeutic use in erectile dysfunc-
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tion and currently also being used to treat pulmonary hypertension
(Revatio®) [1] and Raynaud’s phenomenon [2]. Besides maintain-
ing an excellent level of safety and tolerability in the treatment of
those diseases, sildenafil also seems to provide an extended benefit
to several other dysfunctions in the central nervous system (CNS).
The experimental treatment with sildenafil reduced loss of memory

related to age [3], reduced neurological deficits, increased neuroge-
nesis and functional recovery after stroke in rats [4,5]. In addition,
it has been reported that sildenafil improved the overall clinical
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Fig. 1. Sildenafil administered before LPS (preventive treatment). The cells were loaded with the Ca2+ probe Fura-2/AM, stimulated with ATP and observed in a Ca2+ imaging
system. AUC was  calculated. A. ATP (10−4 M)  elicited Ca2+ responses in astrocytes and was used as control. Astrocytes were incubated with LPS (10 ng/ml) for 24 h, or
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ith  sildenafil (1 and 10 �M,  respectively) for 4 h, followed by sildenafil plus LPS 

epresentative experiments. The cells were from four different coverslips from tw
ollowed by Dunnett’s multiple comparisons test. ***P < 0.001 compared to LPS-trea

tatus of patients with multiple sclerosis (MS) [6]. It has been
hown that systemic administration of sildenafil in demyelinating
ice models reduced damage in the myelin sheath, decreased the

elease of pro-inflammatory cytokines, such as IFN-�, TNF-� and
nterleukins (ILs), and reduced oxidative stress[7,8].

Modulation of Ca2+ responses after inflammatory stimuli can
e controlled indirectly by the activity of the Na+/K+-ATPase
9]. Na+/K+-ATPase and the IP3 receptor (IP3R) form signaling

icrodomains that influence Ca2+ homeostasis in astrocyte net-
orks. Preserved cytoskeleton is important for the propagation of

a2+ waves in astrocytes [10,11]. After exposure to lipopolysac-
haride (LPS), the Ca2+ signaling is overactivated in the astrocyte
etworks [12,13]. Furthermore, there is a disorganization of
ctin stress fibers [12]. Ankyrin B, a protein associated with the
 h. B. The appearance of the Ca2+ transients is visualized. Results shown are from
rent seeding times. The level of significance was analyzed using one-way ANOVA
lls.

cytoskeleton, interacts with Na+/K+-ATPase and IP3R, connecting
the pump to the Ca2+ responses from internal cell stores and to the
integrity of the cytoskeleton [14].

In spite of the great relevance of astrocytes in the development
of neuroinflammatory/demyelinating diseases, the direct effects
and mechanisms of sildenafil in astrocytes have not been demon-
strated until now. Evidence indicates that cGMP is involved in the
regulation of the Na+/K+-ATPase activity and cytoskeleton integrity
in astrocytes [15], suggesting that stress fibers and Ca2+ waves can
be changed by sildenafil. Ca2+ responses and changes in the actin

cytoskeleton induced by LPS in astrocytes are parameters which
can give a clue how sildenafil affects astrocytes. The present study
proposes to investigate the effects of sildenafil directly in astrocytes
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Fig. 2. Sildenafil administered after LPS (restorative treatment). The cells were loaded with the Ca2+ probe Fura-2/AM, stimulated with ATP and observed in a Ca2+ imaging
system.  AUC was calculated. A. ATP (10−4 M)  elicited Ca2+ responses in astrocytes and was  used as control. Astrocytes were incubated with LPS (10 ng/ml) for 24 h or with
LPS  for 24 h, followed by sildenafil (1 and 10 �M,  respectively) plus LPS for 4 h. B. The appearance of the Ca2+ transients is visualized. Results shown are from representative
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xperiments. The cells were from four different coverslips from two different see
unnett’s multiple comparisons test. ***P < 0.001 compared to LPS-treated cells.

fter inflammatory stimulus induced by LPS, evaluating Ca2+ waves
nd actin cytoskeleton integrity.

. Materials and methods

.1. Experimental design

Rat primary cortical astrocytes were purchased from Invitro-
en (Thermo Fischer Scientific, Waltham, MA,  USA) and prepared

ccording to the manufacturer’s instructions with some modifica-
ions. Briefly, one vial with 1 × 106 viable cells was quickly thawed
nd gently rinsed with astrocyte growth medium consisting of
ulbeccoı́s Modified Eagle medium (DMEM) (high glucose) sup-
times. The level of significance was  analyzed using one-way ANOVA followed by

plemented with 15% fetal bovine serum (both from Invitrogen). The
cells were plated at a seeding density of 1 × 104 cells per cm2 on an
uncoated glass coverslip (nr 1, 20 mm in diameter) (Bergman Lab-
ora, Stockholm, Sweden) placed in a 12-well plate. The astrocytes
were used after 16–17 days cultivation.

The experimental design included two main groups: (A) one pre-
vention and (B) one restoration. Each of these groups: A1: control;
A2: LPS for 24 h; A3: sildenafil 1 or 10 �M for 4 h and then sildenafil
1 or 10 �M + LPS for 24 h. B1: control; B2: LPS for 24 h; B3: LPS for
24 h and then LPS + sildenafil 1 or 10 �M for 24 h. In other words,

sildenafil in both doses was  administered to the astrocytes before
(preventive) or after (restorative) LPS. The preventive treatment
with sildenafil was  done by treating astrocytes with sildenafil for
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Fig. 3. Sildenafil administered before LPS (preventive treatment) induced actin filament stability. Astrocytes were stained with Alexa 488-conjugated phalloidin probe
(green).  GFAP (red) immunolabeling was performed to confirm the astrocytic phenotype. Merged images are also shown. The nuclei were visualized using HO33258 (blue).
A–C,  untreated cells showing F-actin organized in stress fibers displaying a typical morphology. D–F,  astrocytes incubated with LPS (10 ng/ml) for 24 h. G–L, astrocytes
incubated with sildenafil (1 �M,  G–I;  10 �M,  J–L)  for 4 h, before LPS, followed by 24 h in sildenafil plus LPS. The cells, in both concentrations, showed a more preserved actin
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 h followed by LPS + sildenafil for 24 h. The restorative treatment
ith sildenafil was done by treating astrocytes with LPS for 24 h

nd then with LPS + sildenafil for 4 h.

.2. Calcium waves and cytoskeleton labeling

After treatments, astrocytes were incubated at room temper-
ture in the Ca2+-sensitive fluorophore Fura-2/AM (Invitrogen
olecular Probes, Eugene, OR, USA) for 30 min  (8 �l in 990 �l
ank’s HEPES buffered saline solution (HHBSS), consisting of
37 mM NaCl, 5.4 mM KCl, 0.4 mM MgSO4, 0.4 mM MgCl2, 1.26 mM

aCl2, 0.64 mM KH2PO4, 3.0 mM NaHCO3, 5.5 mM glucose, and
0 mM HEPES dissolved in distilled water, pH 7.4). All substances
sed during the experiment were diluted in the same solution.
he fluorophore was dissolved in 40 �l of dimethyl sulfoxide
re legend, the reader is referred to the web version of this article.)

(DMSO) and 10 �l of pluronic acid (Molecular Probes, Leiden,
The Netherlands). After incubation, the cells were rinsed three
times with HHBSS. After one minute from the beginning of the
experiment ATP (10−4 M)  [16] was  used as the stimulator. The
experiments were performed at room temperature using a Ca2+

imaging system and simple software PCI (Compix Inc., Imaging Sys-
tems, Hamamatsu Photonics Management Corporation, Cranberry
Twp, PA, USA) and an inverted epifluorescence microscope (Nikon
ECLIPSE TE2000-E). The ATP was  provided by a peristaltic pump
(Instech Laboratories, Plymouth Meeting, PA, USA) at a flow rate
of 600 �l/min. The substance took approximately 60 s to reach the

cells through the tubes. The images were captured with a camera
ORCA-12AG (C4742-80-12AG), High Res Digital cooled CCD (Hama-
matsu Photonics Corporation, Hamamatsu, Japan). The total areas
under curve (AUC), reflecting the amounts of Ca2+ released [17],
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Fig. 4. Sildenafil administered after LPS (restorative treatment) induced actin filament stability. Astrocytes were stained with Alexa 488-conjugated phalloidin probe (green).
GFAP  (red) immunolabeling was performed to confirm the astrocytic phenotype. Merged images are also shown. The nuclei were visualized using HO33258 (blue). A–C,
u hology
w ells, in
( erred 

w
p
T
w
a
b
s

a
p
a
G
N
o
v
t

ntreated cells showing F-actin organized in stress fibers displaying a typical morp
ith  LPS for 24 h, followed by sildenafil (1 �M,  G–I;  10 �M, J–L)  plus LPS for 4 h. The c

For  interpretation of the references to colour in this figure legend, the reader is ref

ere analyzed to provide measurements of Ca2+ responses (40 cells
er group, per experiment; all treatments were done in triplicate).
he AUC was calculated using the Origin program (Microcal Soft-
are Inc., Northampton, MA,  USA). The level of significance was

nalyzed using one-way analysis of variance (ANOVA) followed
y Dunnett’s multiple comparisons test. The error bars show the
tandard error of the mean (SEM).

The cultures were fixed using 4% paraformaldehyde and perme-
bilized using PBS–BSA–Sap, stained with an Alexa 488-conjugated
halloidin probe (Invitrogen) diluted 1:40, and a rabbit polyclonal
ntibody against GFAP (Dako, Glostrup, Denmark) diluted 1:100.
FAP labeling was done to confirm the astrocytes phenotype.

uclei were stained with Hoechst 33258 diluted 1:1000 in the sec-
ndary antibody solution [18]. The coverslips were mounted and
iewed under a Nikon Eclipse 80i microscope. Images were cap-
ured using a Hamamatsu C5810 color-intensified 3CCD camera.
. D–F,  astrocytes incubated with LPS (10 ng/ml) for 24 h. G-L, astrocytes incubated
 both concentrations, showed more preserved actin cytoskeleton. Scale bar = 50 �m.
to the web version of this article.)

3. Results

ATP induced Ca2+ responses in all analyzed astrocytes (40 of
40 cells per group) (Figs. 1 and 2), which were used as controls.
The treatment with LPS induced a more oscillating and intense
(increased AUC) Ca2+ response in astrocytes stimulated with ATP
(typical response of cells in inflammatory state) (Figs. 1B and 2B),
compared to the control group (p < 0.001). The preventive (Fig. 1)
and restorative (Fig. 2) treatments with sildenafil in both concen-
trations reduced the Ca2+ responses (p < 0.001) evoked by ATP,
compared to the LPS group. The AUCs are shown in Figs. 1A and
2A.
All cells stained for GFAP. The untreated (control) cultures
predominantly contained F-actin organized in stress fibers and typ-
ically normal morphology (Figs. 3A–C and 4A–C). Treatment with
LPS induced disorganization of actin filaments, with ring structures
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nd changed cell morphology (Figs. 3D–F and 4D–F), compared to
he control group [12]. Treatment with sildenafil before (Fig. 3G–L)
r after (Fig. 4G–L) LPS, in both concentrations, restored the actin fil-
ments; astrocytes showed actin organized mainly in stress fibers,
ithout ring structures and astrocytes morphology was similar to

ontrol group.

. Discussion

We  demonstrate for the first time that sildenafil has astrocytes
s target cells. Treatment with sildenafil showed a protective role
hen given before and after LPS treatment. Decreased intensity

f calcium responses and protection of actin fibers demonstrate
he sildenafil beneficial role. The present results support previ-
us in vivo studies using neurodegenerative/demyelinating models,
hich showed that sildenafil protects against inflammation, reduc-

ng the reactive gliosis and release of cytokines [7,19–21].
Among glial cells, astrocytes have received special attention,

robably because of their close spatial relationship to neurons and
ynapses in the CNS, which performs bidirectional communication
etween astrocytes and neurons, wherein the Ca2+ signal by astro-
ytes plays an essential role [22]. Ca2+ responses in astrocytes act
s intracellular and intercellular signals that can propagate within
nd between astrocytes [23,24]. Downregulation of Ca2+ homeo-
tasis represents a universal mechanism of cellular pathology and
nevitably causes the main mediator of necrosis or programmed
apoptosis, autophagy, anoikis, etc.) cell death [25–27]. Modifica-
ions of Ca2+ signaling may  contribute to pathological progression
hrough impacting, for example, synaptic transmission, neuronal

etabolism, and ultimately in neuronal survival [28]. In addition,
a2+ changes in astrocytes are involved in persistent pain [29].

Therefore, considering the role of Ca2+ signal in astrocytes, it
s possible that sildenafil has a beneficial role by controlling Ca2+

esponses and, consequently, balancing astrocytes’ excitability and
strocyte-neuron communication, and preventing cell death and
ersistent pain. Corroborating with this hypothesis, it has been
emonstrated that sildenafil reduces apoptosis in the brain and
eakens the effects of learning and memory deficits [30,31], ele-

ates the pain threshold level of diabetic neuropathic mice [32],
educes neurologic deficits and increases neurogenesis and func-
ional recovery after stroke in rats [4,5]. Also, the protective effect
f sildenafil in degenerative disease models such as multiple scle-
osis (MS), Alzheimer’s disease and Parkinson’s disease [30,33–35]
as been shown.

The astrocytes are potential targets during the inflammatory
tate [12,36,37] and the mechanisms of astrocytic inflammatory
esponse were demonstrated. It has been reported that the actin
ytoskeleton is critical for maintaining cell structure and func-
ion, cell polarity and the appropriate localization and function
f critical proteins such as Na+/K+-ATPase [37,38]. Ankyrins are

 ubiquitously expressed intracellular scaffolding protein family
ssociated with a diverse set of membranes and cytoskeletal and
ytoplasmic proteins. Both Ank-B and Ank-G have been reported
o interact with Na+/K+-ATPase [38,39]. Also, Na+/K+-ATPase and
he IP3 receptor (IP3R) form signaling microdomains that influence
a2+ homeostasis. These interactions are altered in astrocytes after

nflammatory stimulus, contributing to neuroinflammation [18].
t was demonstrated that cGMP-protein kinase G (PKG) regulates
ytoskeleton dynamics and motility in rat astrocytes in culture [15].
f the sildenafil protection, balancing Ca2+ responses and maintain-
ng the integrity of cytoskeleton in astrocytes, is mediated by its

irect interaction with Na+/K+-ATPase as a target or if it is medi-
ted by the cGMP accumulation and PKG activation, or both, is a
peculation and need to be clarified and will be the aim of further
tudies by using inhibitors.

[

ience Letters 630 (2016) 59–65

5. Conclusion

In conclusion, this work demonstrates that astrocytes are a key
part of the sildenafil protective effects in the CNS. The present
results suggest that sildenafil can target Na+/K+-ATPase in astro-
cytes, modulating cytoskeleton integrity and Ca2+ waves, with
several possible beneficial effects. Sildenafil might be proposed as a
potential treatment of degenerative diseases. For this reason, other
studies investigating the mechanism behind its effects in astrocytes
have to be made.
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30] L. Orejana, L. Barros-Miñones, J. Jordan, A. Cedazo-Minguez, R.M. Tordera, N.
Aguirre, E. Puerta, Sildenafil decreases BACE1 and cathepsin B levels and
reduces APP amyloidogenic processing in the SAMP8 mouse, J. Gerontol. A
Biol. Sci. Med. Sci. (2014) 1–12, http://dx.doi.org/10.1093/gerona/glu106.

31] D. Puzzo, C. Loreto, S. Giunta, G. Musumeci, G. Frasca, M.V. Podda, O. Arancio,
A.  Palmeri, Effect of phosphodiesterase-5 inhibition on apoptosis and beta
amyloid load in aged mice, Neurobiol. Aging 35 (2014) 520–531, http://dx.doi.
org/10.1016/j.neurobiolaging.2013.09.002.

32] L. Wang, M. Chopp, A. Szalad, Z. Liu, M.  Bolz, F.M. Alvarez, M.  Lu, L. Zhang, Y.
Cui, R.L. Zhang, Z.G. Zhang, Phosphodiesterase-5 is a therapeutic target for
peripheral neuropathy in diabetic mice, Neuroscience 193 (2011) 399–410,
http://dx.doi.org/10.1016/j.neuroscience.2011.07.039.

33] I.F. Hussain, C.M. Brady, M.J. Swinn, C.J. Mathias, C.J. Fowler, Treatment of
erectile dysfunction with sildenafil citrate (Viagra) in parkinsonism due to
Parkinson’s disease or multiple system atrophy with observations on
orthostatic hypotension, J. Neurol. Neurosurg. Psychiatry 71 (2001) 371–374,
http://dx.doi.org/10.1136/jnnp.71.3.371.

34] C.A. Peixoto, A.K.S. Nunes, A. Garcia-Osta, Phosphodiesterase-5 inhibitors:
action on the signaling pathways of neuroinflammation, neurodegeneration,
and cognition, Mediators Inflamm. (2015) 1–17, http://dx.doi.org/10.1155/
2015/940207.

35] N. Singh, M.  Parle, Sildenafil improves acquisition and retention of memory in
mice, Indian J. Physiol. Pharmacol. 47 (2003) 318–324.

36] M.  Pekny, U. Wilhelmsson, M.  Pekna, The dual role of astrocyte activation and
reactive gliosis, Neurosci. Lett. (2014), http://dx.doi.org/10.1016/j.neulet.
2013.12.071.

37] B.A. Molitoris, A. Geerdes, J.R. McIntosh, Dissociation and redistribution of
Na+,K+-ATPase from its surface membrane actin cytoskeletal complex during
cellular ATP depletion, J. Clin. Invest. 88 (1991) 462–469, http://dx.doi.org/10.
1172/JCI115326.

38] L. Lencesova, A. O’Neill, W.G. Resneck, R.J. Bloch, M.P. Blaustein, Plasma
membrane-cytoskeleton-endoplasmic reticulum complexes in neurons and

dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
dx.doi.org/10.4161/chan.2.6.7220
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0075
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0080
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1042/BSS0740001
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.neuroscience.2013.07.033
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.expneurol.2015.10.013
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1016/j.brainres.2015.09.008
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1007/s00401-010-0795-6
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1098/rstb.2009.0313
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
dx.doi.org/10.1038/cddis.2011.17
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0120
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1016/j.tibs.2004.05.006
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1038/nrm1150
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.1016/j.ceca.2011.03.003
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.3389/fnmol.2014.00019
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1186/s12950-015-0091-2
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1093/gerona/glu106
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neurobiolaging.2013.09.002
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1016/j.neuroscience.2011.07.039
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1136/jnnp.71.3.371
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
dx.doi.org/10.1155/2015/940207
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
http://refhub.elsevier.com/S0304-3940(16)30523-7/sbref0175
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1016/j.neulet.2013.12.071
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1172/JCI115326
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1074/jbc.M310365200
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423
dx.doi.org/10.1371/journal.pbio.0030423

	Sildenafil (Viagra®) prevents and restores LPS-induced inflammation in astrocytes
	1 Introduction
	2 Materials and methods
	2.1 Experimental design
	2.2 Calcium waves and cytoskeleton labeling

	3 Results
	4 Discussion
	5 Conclusion
	Conflict of interest
	Funding
	References


