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Abstract

cerebral ischemia remains poorly understood.

astrocytes in culture.

inhibitor of IFN-a signaling in astrocytes.

ischemia.

Background: Focal cerebral ischemia induces an inflammatory response that when exacerbated contributes to
deleterious outcomes. The molecular basis regarding the regulation of the innate immune response after focal

Methods: In this study we examined the expression of retinoic acid-inducible gene (RIG)-like receptor-I (RIG-) and
its involvement in regulating inflammation after ischemia in the brain of rats subjected to middle cerebral artery
occlusion (MCAO). In addition, we studied the regulation of RIG-I after oxygen glucose deprivation (OGD) in

Results: In this study we show that in the hippocampus of rats, RIG-I and IFN-a are elevated after MCAQO.
Consistent with these results was an increased in RIG-l and IFN-a after OGD in astrocytes in culture. These data
are consistent with immunohistochemical analysis of hippocampal sections, indicating that in GFAP-positive cells
there was an increase in RIG-I after MCAQ. In addition, in this study we have identified n-propyl gallate as an

Conclusion: Our findings suggest a role for RIG-I in contributing to the innate immune response after focal cerebral
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Background
Stroke is a major problem affecting populations world-
wide. It is the second most common cause of death in
the world after heart disease. In the United States stroke
is the fourth leading cause of death, and the societal
costs are approximately 80 billion dollars, which are
expected to double by the year 2030 [1]. As a result, it is
important to identify new and better therapies aimed at
successfully treating this patient population.
Inflammation is a major contributor to the deleterious
effects that present after an ischemic event such as
stroke [2]. A component of inflammation is the innate
immune response, which is characterized by the activa-
tion of pattern recognition receptors (PRR) such as Toll-
like receptors (TLRs), NOD-like receptors (NLRs) or
RIG-like receptors (RLRs). TLRs have been previously
studied in regards to their deleterious and beneficial
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effects following stroke [3—8]. Similarly NOD-like recep-
tors (NLRs), such as NLRP1 or NLRP3, have been shown
to contribute to the inflammatory response after stroke
through the formation of inflammasomes [9-13]. How-
ever, not much is known about the contribution of RLR
signaling to the pathology after focal cerebral ischemia.

RLR signaling is typically involved in the production of
type I IFNs such as IFN-a following RNA viral infec-
tions. We have previously shown that in the central
nervous system (CNS), RLR signaling contributes to the
process of reactive astrogliosis following spinal cord in-
jury [14], and that retinoic acid-inducible gene-1 (RIG-I),
an RLR PRR, is elevated in the cortex of patients with
early signs of Alzheimer’s disease (mild cognitive impair-
ment), contributing to the production of amyloid pre-
cursor protein and amyloid-p [15]. However, the role of
RIG-I to the regulation of inflammation after cerebral
ischemia remains unexplored.

In the present project, we have studied the involve-
ment of RIG-I after focal cerebral ischemia in rats. Here

© 2015 Brand et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12950-015-0101-4&domain=pdf
mailto:JdeRivero@med.miami.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Brand et al. Journal of Inflammation (2015) 12:52

we also show the effects of oxygen glucose deprivation
(OGD) on RIG-I signaling activation in astrocytes and
identify n-propyl gallate (nPG) as an inhibitor of IFN-a
in astrocytes.

Materials and methods

Animals and focal cerebral ischemia

All animal procedures were approved by the Institu-
tional Animal Care and Use Committee of the University
of Miami (protocol number 12-200). To induce transi-
ent middle cerebral artery occlusion (MCAQ), male
Sprague—Dawley rats were anesthetized with 3 % isoflur-
ane in a mixture of 70 % N,O/30 % O, for 5 min. Rats
were intubated and immobilized with pancuronium
bromide (0.35 mg/kg, IV) and mechanically ventilated.
Brain and body temperature were monitored and the
animals were maintained at a normothermic (37 °C)
temperature. A catheter was implanted into the tail artery
for blood-gas monitoring during surgery. The right com-
mon carotid artery was exposed with a midline neck
incision and dissected from the surrounding nerves. The
external carotid artery and superior thyroid artery were
then ligated. A 4-cm length of 3-0 suture that was heat-
blunted with a 20 mm section coated with poly-l-lysine
solution (0.1 % wt/vol) was used for the occlusion. This
suture was inserted at the proximal external carotid artery
into the internal carotid artery to the MCA. The MCA
was occluded for 90 min, then released for reperfusion.
The neck incision was closed with staples and the animals
were allowed to wake-up from the anesthesia. The animal
was then taken to a cage supplied with food and water
until termination of the study. Animals that presented
with difficulty eating, presented blood pressure abnormal-
ities, respiratory difficulties or brains that were not well
perfused were euthanized and excluded from the study.

Immunoblotting

For detection of RLR proteins after MCAO, protein
lysates ipsilateral to the ischemic side, of hippocampal
brain areas were obtained and resolved by immunoblot-
ting. We did not detect any effects of MCAO on RIG-I
signaling on the contralateral side (data not shown).
Sham animals were used as controls. Animals were sacri-
ficed at different time points after ischemia (1 h, 4 h, 1d
and 3d after MCAO) and then lysates were prepared and
resolved by immunoblotting as described in de Rivero
Vaccari et al. [16] using antibodies against RIG-I (1:1000,
Anaspec), IFN-a (1:1000, Abcam) and f-actin (1:5000,
Sigma). Data was normalized to [3-actin.

Perfusion fixation

For immunohistochemical analysis rats were anesthe-
tized and perfusion-fixed with 4 % paraformaldehyde
(PFA) as described in de Rivero Vaccari et al. [16].
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Immunohistochemistry and confocal microscopy
Immunostained brain sections of sham and 4 h MCAO
animals were examined with an Olympus FV-1000 Laser
Scanning Confocal Microscope (Olympus). Rats were
perfused with 4 % paraformaldehyde as described [16]
and processed for cryostat sectioning (Leica SM 2000R
Sliding Microtome). Sections (50 pum) were prepared for
immunohistochemical analysis as described in de Rivero
Vaccari et al. [16] with a primary antibody to RIG-I
(1:500, Abcam) and with the astrocytic marker anti-glial
fibrillary acidid protein (GFAP) (Millipore Bioscience
Research Reagents). Alexa-Fluor secondary antibody
conjugates (1:500, Invitrogen) were used. Secondary anti-
bodies alone were used as control for antibody specificity.

Astrocyte culture preparation

Primary rat astrocyte cells (Lonza) were plated and
grown in culture for 7 days prior to experimentation at a
density of 4x10* cells/9.5 cm* as described in de Rivero
Vaccari et al. [14]. Cells were grown in Astrocyte Basic
Medium (Lonza).

Oxygen Glucose Deprivation (OGD)

Astrocyte cultures were grown as described above. For
OGD, cultures were exposed to 95 % nitrogen and 5 %
CO, atmosphere maintained by constant gas flow at 37 °C
in all experiments. Oxygen tension was kept at 5 %
during the duration of the experiment. The Nitrogen/CO2
content was controlled with the ProOx P110 Oxygen
Controller with an E702 Oxygen Sensor (model #P-110-
E70) with single set point controller (#P110) (Biospherix).
The media used in these OGD experiments consisted of
hypoglycemic medium containing normal salts, 1 mg/mL
bovine serum albumin (BSA) and 55 uM glucose (1 % of
the normal glucose concentration). Control groups were
grown under normal culture conditions (5 % CO, and
95 % Oxygen).

NF-kB activation assay

To test for NF-«B activation, protein lysates (Control, 2,
3 and 4 h after OGD) were obtained from rat astrocytes
and assayed with the PathScan Phospho-NF-kB p65
(Ser536) Sandwich Elisa kit (Cell Signaling) according to
manufacturer’s instructions. Briefly, 100 ul of cell lysate
were added and sealed to the appropriate wells for a 2 h
incubation period at 37 °C. Each well was washed 4
times with 1X Wash Buffer. A detection antibody was
added to each well and incubated at 37 °C for 1 h. Then
100 pl of reconstituted HRP-Linked secondary antibody
were added to each well and incubated for 30 min
followed by adding 100 pl of TMB Substrate to each well
for 10 min and a STOP solution. The plate was read
using a spectrophotometer (Victor’ 1420 multilabel
counter, Perkin Elmer) at 450 nm.
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Cell reporter assay for RLR signaling activation in astrocytes
Astrocytes were grown in culture as described above in
a 96-well plate. RLR signaling was stimulated in cells
with poly(I:C)LMW (low molecular weight) at 3 differ-
ent concentrations (1, 3 and 6 pg/ml, dissolved in sterile
water) for 24 h. On day 2, 150 pul per well of B16-BLUE
IFN-a/p cells (Invivogen) in suspension (50,000 cells)
were added and incubated overnight at 37 °C in 5 %
CO,. On day 3, 50 pl per well of the supernatant were
added to 150 pl of QUANTI-Blue (Invivogen). The plate
was incubated for 2 h at 37 °C and read at 600 nm
in a spectrophotometer (Victor® 1420 multilabel counter,
Perkin Elmer). A similar procedure was carried to test
n-propyl-gallate (n-PG, dissolved in dimethyl sulfoxide
(DMSO), MP Biomedicals) as a blocker of type I IFN
signaling at different concentrations (5, 10 and 50 pM).

Statistical analysis

Statistical comparisons between the different groups
were done using a two-tailed Student’s z-test or a one-
way ANOVA followed by Dunnett’s multiple comparison
tests. P-values of significance used were P < 0.05.

Results

RLR signaling protein expression is altered in the
hippocampus of rats after MCAO

To determine if RLR protein expression is altered after
MCAO, we analyzed protein lysates obtained from the
hippocampus (ipsilateral side to MCAO) of rats at different
time points after ischemia (1 h, 4 h, 1d and 3d) and in
sham-operated animals for the expression of RIG-I and
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IFN-a (Fig. 1). MCAO resulted in increased protein expres-
sion of RIG-I at 4 h, 1d and 3d (Fig. 1b) as well as of IFN-«
at 3d (Fig. 1c) in the hippocampus of rats. These data indi-
cate an involvement of RIG-I after focal cerebral ischemia.

MCAO induces alterations in RIG-I protein expression in
astrocytes

Confocal images of frozen sections were double stained
with RIG-I (A, red) and the astrocyte marker GFAP
(green). Four hours after MCAO, there was an increased
in the immunoreactivity of RIG-I in astrocytes (arrows)
when compared to sham-operated animals (Fig. 2). These
findings indicate that RIG-I expression increased after
MCAQO in astrocytes after ischemia.

OGD induces RLR signaling components in astrocytes

Since RIG-I protein expression is increased by ischemia
in astrocytes (Fig. 2), we wanted to establish whether
OGD induces RLR signaling in astrocytes in culture.
Primary astrocytes were grown in culture and subjected
to OGD for 2, 3 and 4 h. Cells grown under standard
culture conditions (no OGD) were used as a control (C).
As shown in Fig. 3, there is a statistically significant
increase in RIG-I and IFN-a at 3 and 4 h after OGD in
astrocytes in culture. Consistent with these results is the
activation of NF-«xB at 3 and 4 h as determined by an
NF-kB activation assay. NF-kB is involved in the produc-
tion of type I IFNs such as IFNa. This is consistent with
well-established evidence indicating that NF-«xB is ac-
tivated after cerebral ischemia [17, 18]. The levels of
phosphorylated IRF3/7 did not differ among the different
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Fig. 1 MCAO alters RLR signaling protein expression in the hippocampus of rats. Representative immunoblot analysis of hippocampal lysates of
sham (Sh) and rats sacrificed at 1 h, 4 h, 1d and 3d after MCAO (a). Hippocampal lysates corresponding to the ipsilateral side of the brain to
MCAO were immunoblotted with antibodies against (b) RIG-l and (c) IFN-a. Data presented as mean+/—SEM. *p < 0.05. N=5 per group
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GFAP (green). Arrows point to RIG-l positive astrocytes. Scale bar =20 um

Fig. 2 MCAO increases RIG-I immunoreactivity in astrocytes. Confocal images corresponding to the hippocampus of sham animals (top) and animals
that were sacrificed 4 h after MCAO (bottom). Image is taken from the side of the brain ipsilateral to MCAO. Sections were stained for RIG-l (red) and

groups tested (data not shown). These results indicate that
RIG-I signaling is increased in astrocytes by OGD, consist-
ent with increased expression of NF-«kB and IFN-a.

Propyl Gallate (n-PG) inhibits RLR signaling in primary
astrocytes

To identify a potential inhibitor of RLR signaling, we
used a cell reporter assay that produces IFN-a/f after

stimulation. We stimulated astrocytes in culture with
the RLR ligand poly(:C)LMW for 18 h at concentrations
of 1, 3 and 6 pg/ml. Our findings indicate that at
concentrations of 3 and 6 pug/ml of poly(I:C)LMW, RLR
signaling increased (Fig. 4a). Then we stimulated cells in
a similar manner with 6 pug/ml of poly(I:C)LMW com-
bined with n-PG treatment at concentrations of 5, 10
and 50 uM. At all of these concentrations n-PG was able
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Fig. 3 OGD activates RLR signaling in primary astrocytes in culture. Representative immunoblot analysis of astrocyte lysates of control (c) and
astrocytes subjected to OGD and then harvested at 2 h, 3 h and 4 h (a). Cell lysates were immunoblotted with antibodies against (b) RIG-l and
(€) IFN-a. B-Actin was used as a standard and control for protein loading. d Bar graph showing NF-kB activity following OGD in astrocytes. Data
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Fig. 4 n-PG inhibits RLR signaling in primary astrocytes. a Bar-graph showing the results of a cell reporter assay for the activation of RLR signaling
activation/production of IFN-a/B following stimulation of primary rat astrocytes with the RLR ligand poly(:C)LMW at a concentration of 1, 3 or
6 pg/ml for 18 h. C=control (untreated cells). b Bar-graph showing the results of a cell reporter assay for the activation of RLR signaling
activation/production of IFN-a/@ following stimulation of primary rat astrocytes with the RLR ligand poly(:-O)LMW at a concentration of
6 ug/ml and treated with n-PG at a concentration of 5, 10, 50 uM for 18 h. C=control (untreated cells). ¢ Representative immunoblot
analysis of astrocyte lysates of cells in culture subjected to OGD (4 h) and astrocytes pretreated with 50 uM n-PG for 2 h and then subjected to OGD.
Cell lysates were immunoblotted with an antibody against IFN-a. -Actin was used as a standard and control for protein loading. Data presented as
mean+/—SEM. *p < 0.05. N=6 OGD and 8 OGD + nPG

to lower RLR signaling activation when compared to the
poly(I:C)LMW -treated/n-PG-untreated group, as deter-
mined by the cell reporter assay (Fig. 4b). In addition,
astrocytes were pretreated with 50 pM n-PG for 2 h
prior to 4 h of OGD. The 50 uM, 2 h n-PG-treatment
resulted in decreased IFN-a production (Fig. 4c); thus
suggesting that n-PG can be used to inhibit RLR signal-
ing in astrocytes after ischemia.

Discussion

Worldwide, stroke is the second most common cause of
death after heart disease. Despite its prevalence, the
therapies available for stroke patients remain limited and
in most instances do not offer significant improvements.
As a result, it is important to identify new targets that
can be used for the development of treatments for cere-
bral ischemia. A promising target for the treatment of
stroke is the inflammatory innate immune response.

The involvement of PRR such as TLR and NLR in brain
ischemia has been previously described [11, 13, 19-23]. In
the present study we extend the knowledge regarding the
role of PRR in brain ischemia by studying the effects of
focal cerebral ischemia on RIG-I expression after MCAO.
RIG-I is a RLR involved in the process of reactive
astrogliosis after spinal cord injury [14]. In this study
we have identified RIG-I as a PRR altered by focal

cerebral ischemia in the hippocampus of rats after
MCAO. When looking at whole hippocampal proteins
lysates, RIG-I protein expression increased after MCAO.
The increase in RIG-I expression was consistent with the
increase in IFN-a. When analyzing the hippocampus of
rats in immunohistochemical sections after MCAO, we
detected increased immunoreactivity of RIG-I in astro-
cytes, suggesting that indeed RIG-I is increased after
MCAO in the hippocampus. Moreover, our data in cul-
ture indicate that in astrocytes, RIG-I expression increased
after OGD, which is consistent with our immunohisto-
chemistry findings in GFAP-positive cells in vivo. This
increase in RIG-I by OGD in cultured astrocytes was
consistent with an increase in IFN-a expression, which is
produced in a NF-kB dependent manner. In addition,
in vivo, RIG-I expression was more prevalent in astrocytes.
Propyl gallate has been previously shown to be benefi-
cial in the treatment of dilated cardiomyopathy in mice
[24], and it is usually found as a food additive to prevent
oxidation due to its strong anti-oxidant effects [25]. At
the same time, n-PG has anti-inflammatory effects by
down-regulating NF-kB or by suppressing the phosphoryl-
ation of c-Jun NH(2)-terminal kinase 1/2 (JNK1/2) [26, 27].
Consistent with these findings, in the present study, we
have identified n-PG as an inhibitor of IFN-« signaling in
astrocytes. Future studies should also look into more
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specific blockers of RIG-I or should use RIG-I knockout
animals to better elucidate the contribution of RIG-I to the
pathology of brain ischemia.

Conclusion

To the best of our knowledge, this is the first report to
indicate an involvement of RIG-I in the inflammatory
response after stroke, and we have identified n-PG as a
potential anti-inflammatory drug after cerebral ischemia.
Whether RLR signaling is beneficial or detrimental after
stroke is under investigation. However, it has been sug-
gested that inhibition of type I IEN signaling is beneficial
in reducing hypoxia-induced neuroinflammation [28]. In
contrast, other reports indicate that delivery of IFN-f
has anti-inflammatory properties after ischemic stroke in
rats by decreasing infiltration of neutrophils and mono-
cytes into the brain [29]. As a result, the role of RLRs
and type I IFN signaling after cerebral ischemia needs
further investigation in order to obtain a better idea re-
garding the potential therapeutic potential of targeting
RIG-I signaling under these conditions.
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