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A B S T R A C T   

Astrocytes affect stroke outcomes by acquiring functionally dominant phenotypes. Understanding molecular 
mechanisms dictating astrocyte functional status after brain ischemia/reperfusion may reveal new therapeutic 
strategies. Adenosine deaminase acting on RNA (ADAR1), an RNA editing enzyme, is not normally expressed in 
astrocytes, but highly induced in astrocytes in ischemic stroke lesions. The expression of ADAR1 steeply 
increased from day 1 to day 7 after middle cerebral artery occlusion (MCAO) for 1 h followed by reperfusion. 
ADAR1 deficiency markedly ameliorated the volume of the cerebral infarction and neurological deficits as shown 
by the rotarod and cylinder tests, which was due to the reduction of the numbers of activated astrocytes and 
microglia. Surprisingly, ADAR1 was mainly expressed in astrocytes while only marginally in microglia. In pri
mary cultured astrocytes, ADAR1 promoted astrocyte proliferation via phosphatidylinositol 3-kinase (PI3K)/Akt 
pathway. Furthermore, ADAR1 deficiency inhibited brain cell apoptosis in mice with MCAO as well as in acti
vated astrocyte-conditioned medium-induced neurons in vitro. It appeared that ADAR1 induces neuron apoptosis 
by secretion of IL-1β, IL-6 and TNF-α from astrocytes through the production of reactive oxygen species. These 
results indicated that ADAR1 is a novel regulator promoting the proliferation of the activated astrocytes 
following ischemic stroke, which produce various inflammatory cytokines, leading to neuron apoptosis and 
worsened ischemic stroke outcome.   

1. Introduction 

Stroke is a leading cause of death and disability worldwide, with 
ischemic stroke accounting for approximately 87% of all stroke cases in 
the United States. Ischemic stroke is caused by the occlusion of carotid or 
cerebral arteries, leading to impaired brain perfusion [1,2]. Although 
thrombolytic therapy corrects this arterial occlusion if delivered within 
the first 3–4.5 h of onset, reactive oxygen species (ROS), depolarization, 
and acute inflammatory responses in the infarct core and the sur
rounding ischemic penumbra still cause long-term cognitive and psy
chomotor deficits [3–5]. Moreover, many patients do not even receive 
effective treatment due to the short time window for intervention or 
contraindications, making the research on treatment strategies for 
ischemic stroke a global priority. 

In the ischemic penumbra, poor perfusion leads to activation of 
neural microglia and astrocytes, promoting the production of inflam
matory cytokines, increased permeability of the blood-brain barrier 

(BBB), and migration of leukocytes across the BBB, exacerbating neuron 
death via necrosis, autophagy, and apoptosis in the initial period 
following stroke [3–5]. Astrocytes are the most abundant type of glial 
cells in the mammalian central nervous system (CNS), outnumbering 
neurons, and their contact and interaction with parenchymal cells 
enable them to have a significant impact on brain function. However, 
the roles of astrocytes in ischemic stroke are complex, as they play dual 
roles in both emergency and repair processes. Some astrocyte-derived 
factors have multiple or diametrically opposite properties, high
lighting the complex nature of astrocyte involvements in stroke pa
thology. Additionally, even though the formation of a glial scar can 
isolate the injured area from healthy tissue, a later glial scar can worsen 
inflammation, inhibit axon growth, and hinder the recovery of motor 
function. The complex roles of astrocytes in stroke highlight the need for 
further understanding of the underlying mechanisms involved in acute 
ischemic brain inflammation. 

Therapies targeting inflammatory cascades have been an active area 
of study in the past two decades. However, increasing evidence suggest 
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that widespread immunosuppression and inflammation inhibition is 
deleterious to the long-term stroke recovery [6–8]. Therefore, many 
studies now target the short-term activation and actions of astrocytes 
and microglia. IL-1β receptor antagonist (IL-1Вra) treatment in 
conjunction with thrombolysis is currently the only therapy of this kind 
with clinical promise, and thus there is a strong need for a better un
derstanding of the mechanisms involved in acute ischemic brain 
inflammation [4,6–8]. 

Oxidative stress, characterized by an imbalance between the pro
duction and removal of reactive oxygen species (ROS), is a pivotal factor 
in the pathogenesis of ischemic stroke. During ischemia, the over
production of ROS can cause cellular damage, leading to neuronal death 
and exacerbation of inflammation [9,10]. The impact of ROS on 
ischemic stroke extends to the activation of glial cells, disruption of the 
blood-brain barrier, and modulation of signaling pathways that influ
ence cell survival and apoptosis. 

In the search for targeting the short-term activation and actions of 
astrocytes and microglia, adenosine deaminase acting on RNA (ADAR1) 

Abbreviation 

ADAR1 Adenosine deaminase acting on RNA1 
BBB Blood-brain barrier 
CNS Central nervous system 
GFAP Glial fibrillary acidic protein 
MCAO Middle cerebral artery occlusion 
OGD Oxygen-Glucose-Deprivation 
ERK Extracellular signal-regulated kinase 
Akt Ak strain transforming/protein kinase B 
WT Wild type 
IL-1β Interleukin-1β 
IL-6 Interleukin-6 
TNF-α: Tumor necrosis factor alpha 
ROS reactive oxygen species  
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Fig. 1. ADAR1 is induced in astrocytes in ischemic mouse brains with intraluminal middle cerebral artery occlusion (MCAO). Mice were sham-operated or 
underwent MCAO for 60 min. 7 days later, mice were sacrificed, and ischemic penumbra areas were collected and frozen sectioned. (A) ADAR1 expression in glial 
scar and ischemic area was detected by co-immunostaining with GFAP. (B) Quantification of ADAR1+GFAP + cells relative to the total cell numbers in the brain 
sections. Data are shown as mean ± SD. *P < 0.05 vs Sham group, n = 8. (C–D) Mice were sham-operated or underwent MCAO for 60 min. The mice were then 
euthanized 1, 3, 5, 7, or 14 days later. The ischemic penumbra areas were collected, and RNAs and proteins were extracted followed by RT-qPCR and Western blot 
analyses to detect ADAR1 mRNA (C) and protein expression (D-E), respectively. ADAR1 protein levels were quantified by normalizing to α-Tubulin. *P < 0.05, n = 3 
in each group. Both p150 and p110 isoforms were significantly induced by MCAO. 
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shows great potentials. ADAR1 is an RNA-binding protein involved in 
post-transcriptional RNA editing [11,12] and is over-expressed in lym
phocytes in mouse models of microvascular lung injury, sepsis, and 
acute systemic inflammation, but suppressed in mouse models of path
ological liver inflammation [13–15]. Since ADAR1 is significantly 
induced in astrocytes of mouse brain with ischemic stroke, we postu
lated that the post-ischemic ADAR1 expression may play a role in the 
activation of neural glia and the regulation of short-term brain inflam
mation in stroke brain. To test this hypothesis, we used the middle ce
rebral artery occlusion (MCAO) rodent stroke model and demonstrated 
that ADAR1 is indeed responsible for the post-ischemic glial activation 
and pro-inflammatory cytokine production. Moreover, we found that 
ADAR1 promotes astrocyte-mediated neuron apoptosis through an in
flammatory response due to increased production of reactive oxidative 
stress (ROS). 

2. Materials and methods 

2.1. Cytokines and reagents 

2,3,5-triphenyl-tetrazolium chloride solution (TTC) and crystal vio
let (C0775) were purchased from Millipore Sigma (St. Louis, MO). The 
following antibodies were used in Western blotting and immunofluo
rescent staining: ADAR1 (D-8, for western blotting), PCNA (PC10), 
phospho-ERK (sc-7383) and ERK (sc-271269) antibodies were obtained 
from Santa Cruz Biotechnology. IL-1β (12703), IL-6 (D5W4V), TNF-α 
(D2D4), cleaved caspase 3 (D3E9), cleaved PARP (D64E10), GFAP 
(80788), Iba1/AIF-1 (E4O4W), phospho-Akt (D9E) and Akt (9272) an
tibodies were from Cell Signaling Technology. α-Tubulin (T5168) and 

Ki-67 antibody were purchased from Sigma. Glyceraldehyde 3-phos
phate dehydrogenase (GAPDH) (60004-1-Ig) and ADAR1 (14330-1-AP, 
for immunofluorescent staining) antibodies were from Proteintech. 
Nuclei were stained with 4, 6- diamidino-2-phenylindole (DAPI, Vector 
Laboratories, Inc.). IRDye® 680RD goat anti-rabbit and goat anti-Mouse 
secondary antibodies were from LI-COR Biosciences. TGF-β (240-B-002) 
was obtained from R&D Systems. LY294002 (9901) and LY294002 
(9901) were obtained from Cell Signaling Technology. 

2.2. Animals 

ADAR1 heterozygous knockout mice (ADAR+/− , B6.129(Cg)- 
Adartm1.1Phs/KnkMmjax), were purchased from the Jackson Labora
tory (Bar Harbor, ME). All wild type (WT) and ADAR ±mice are in 
C57BL6 genetic background. Animals were housed under conventional 
conditions in animal care facilities and received humane care in 
compliance with the Principles of Laboratory Animal Care formulated 
by the National Society for Medical Research and the Guide for the Care 
and Use of Laboratory Animals. All animal procedures were approved by 
the Institutional Animal Care and Use Committee of the University of 
Missouri. Animals were randomly grouped, and all operators were 
blinded to the grouping. Male mice were used in this study in order to 
determine the potential role of ADAR1 first. The sex difference may be 
studied in the future. The number of animals (sample size) was deter
mined by power calculation based on the prior experience. 
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Fig. 2. ADAR1 deficiency decreases brain infarct volumes and improves neurobehavioral outcomes. (A) Mice were sham-operated or underwent MCAO for 
60 min. 7 days later, mice were euthanized. Brain sections from WT and ADAR1 ± mice with MCAO were stained with Triphenyltetrazolium chloride (TTC). Shown 
are sections of anterior (top, 6 mm), middle (8 mm), and posterior (bottom, 10 mm) mouse brain tissues. Red-stained areas indicate normal healthy tissues, whereas 
the white areas indicate infarcted areas. (B) The brain infarction volumes at different distances (6 mm, 8 mm, or 10 mm) from the frontal pole were quantified as 
percentages of infarcted areas relative to the total brain areas. *P < 0.05, n = 12. ADAR1 ± decreased brain infarct volumes compared to WT mice. (C–F) Neu
robehavioral tests were conducted 3, 5, 10, or 14 days after the MCAO for both WT and ADAR1 ± mice. The latency to fall in rotarod (C), time spent for right-biased 
bending in the elevated body swing (D), and grip strength (E) were all significantly improved in ADAR1 ± mice compared to WT mice. In addition, WT mice 
exhibited worse functional impairment in the sensorimotor asymmetry than ADAR1 ± mice in the corner test (F). Plots represent mean ± SD values. *P < 0.05 vs WT 
group, n = 9. ADAR1 ± attenuated neurobehavioral outcomes after stroke. 
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2.3. Middle cerebral artery occlusion (MCAO) and infarct volume 
measurement 

MCAO was generated by the method that produces injury most 
similar to human stroke, as previously described [16,17]. Briefly, WT 
C57BL/6J or ADAR1 ± male mice were anesthetized with 5% isoflurane 
in O2 with a facemask, and the left middle cerebral artery was ligated 
with 6-0 monofilament nylon (602112PK10, Doccol, Corp., Redlands, 
CA, United States). After 1 h of occlusion, the monofilament nylon was 
removed, and reperfusion was initiated. The mice were placed on a 
homeothermic heating pad to stabilize their body temperature at 37 ±
0.5 ◦C. Mice in the sham group underwent the same procedure without 
artery ligation. 1, 3, 5,7 or 14 days later, mice were deeply anesthetized 
and euthanized with an overdose of isoflurane. Brain tissues were cut 
into 2-mm coronal sections and then embedded in 2% 2,3,5-triphenylte
trazolium chloride (TTC) (17779, Sigma-Aldrich, United States) or 4% 
paraformaldehyde (PFA). Two other portions were flash frozen in LN2 
and stored in − 80C freezer for protein and RNA extraction. The infarct 
volume was detected and analyzed by using ImageJ v1.37 (NIH, 
Bethesda, MA, United States) as described previously [53] and presented 
as a percentage of the volume in the nonischemic hemisphere to correct 

for edema. 

2.4. Grip strength 

The grip strength task is a test of neuromuscular performance [18]. 
Each mouse was held in front of the grip strength device (Lab made) 
until it grasped the bar. Traction was applied to the mouse’s tail until the 
animal released its grip of the bar. The peak force (in newtons) shown in 
the Force meter was calculated through Hooke’s law, based on the 
length of the spring. Three trials were performed on each animal and 
averaged. Post-MCAO grip strength was calculated as a percentage of 
pre-MCAO grip strength. 

2.5. Corner test 

A mouse was placed halfway to the corner between two boards each 
with dimension of 30 × 20 × 1 cm3 at a 30◦ angle, arranged with a small 
opening along the joint between the boards to encourage exploration 
into the corner [19]. When entering deep into the corner, both sides of 
the vibrissae approached the wall. The mouse soon reared forward and 
upward, then turned back to face the open end. The nonischemic mouse 
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Fig. 3. ADAR1 deficiency inhibits glial cell activation in mouse brain with intraluminal middle cerebral artery occlusion (MCAO). Wild type (WT) or 
ADAR1 ± mice were sham-operated or underwent MCAO for 60 min. 7 days later, mice were euthanized. (A) Immunostaining of astrocytes with glial fibrillary acidic 
protein (GFAP) in the ischemic areas of mouse brains. (B) Immunostaining of microglia/macrophage with specific calcium-binding protein (Iba-1) in the ischemic 
areas of mouse brains. The higher magnification images for the areas in the rectangles are shown below the images with the rectangles in A-B. (C-D) The GFAP +
astrocytes (C) and Iba-1+ microglia cells (D) were quantified as % of total cells. *P < 0.01 vs WT group with Sham; **P < 0.01 group vs WT with MCAO; n = 6. (E) 
Western blot analyses of GFAP, Iba-1, and CD11b expressions in ischemic brain of mice. (F) Protein levels in E were quantified by normalizing to α-tubulin. #P < 0.01 
vs WT group with Sham; &P < 0.01 vs WT group with MCAO; n = 3. 
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turned left or right with equal frequency, but mouse with unilateral 
ischemic injury preferentially turned toward the nonimpaired, ipsilat
eral side (right in our model). The number of turns in each direction was 
summed from 10 trials. Turning movements that were not a part of a 
rearing movement were not scored. 

2.6. Elevated body swing test (EBST) 

The EBST reflects the lateralization of the lesion (asymmetrical 
motor behavior) [19]. The animal was held approximately 1 cm from the 
base of its tail [20]. It was then elevated above the surface in the vertical 
axis. A swing was recorded whenever the animal moved its head out of 
the vertical axis to either the left or the right side (more than 10◦). Before 
attempting another swing, the animal was momentarily placed back on 
the ground of his cage. Ten swings were performed for each recording 
session. The overall number of swings made to the right side was divided 
by the overall number of swings made to both sides. 

2.7. ROS detection by DHE 

Dihydroethidium (DHE) was used to detect ROS generation in as
trocytes. DHE (D11347, Thermofisher) is a cell-permeating reagent that 
intercalates within mitochondria DNA, producing a bright red fluores
cence when the DNA is oxidized by ROS. Briefly, after being exposed to 
OGD for 24 h, cells were washed gently with ice cold PBS twice and then 
incubated with 5 μM of DHE at 37 ◦C for 20 min in a dark environment. 
Thereafter the cells were washed with PBS twice to remove free DHE 
followed by incubation with DAPI for 10 min to visualize nuclei. The 
cells were then washed with PBS twice and observed under a fluorescent 
microscope. Bright red fluorescence indicates the production of ROS in 
the cells. DAPI staining was used to count the total cell number. ROS- 
producing cell rate was expressed as ROS-positive cell number relative 
to the total cell number. At least 5 different visual field images per group 
were used for statistical analyses. 
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Fig. 4. ADAR1 deficiency inhibits post-stroke proliferation of astrocytes. (A–C) Wild type (WT) or ADAR1 ± mice were sham-operated or underwent MCAO for 
60 min. 7 days later, mice were euthanized, and brain tissues collected. (A) Astrocyte proliferation in glial scar tissues was detected by co-immunostaining of Ki-67 
with GFAP. (B) Western blot analyses of PCNA, Ki-67, phospho-ERK, ERK, phospho-Akt, Akt expression in the ischemic brains. (C) The protein expression levels in A 
were quantified by normalizing to α-Tubulin. *P < 0.01 vs. WT group with sham, #P < 0.01 vs. WT group with MCAO; n = 6. (D, E) Primary astrocytes were isolated 
from mouse brain, cultured, transduced with control (Ad-GFP), ADAR1 cDNA (Ad-ADAR1), or ADAR1 shRNA (Ad-shRNA)-expressing adenovirus, and then treated 
with vehicle (− ), PI3/Akt (LY294002), or MEK1/MEK2 (U0126) inhibitor. ADAR1, phospho-Akt (p-Akt), Akt, phospho-ERK (p-ERK), ERK, PCNA, Ki67 expression 
was detected by Western blot (D) and quantified by normalizing to α-tubulin and relative to the level with Ad-GFP treatment for each protein. &P < 0.05 vs. Ad-GFP 
group; σP<0.05 vs. Ad-ADAR1 alone group; NS: non-significant; n = 6. 
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2.8. Rotarod test 

Motor coordination and balance were evaluated with the 
accelerating-rotarod test as described, with some modifications [21,22]. 
WT and ADAR1 ± mice were placed on an accelerating rotarod (Fisher, 
USA) that was programmed to accelerate from 4 to 44 rpm in 3 min and 
then hold at constant speed for further 2 min. The latency of the mice to 
fall off the rod was recorded over a maximum observation period of 5 
min. Animals were given a session consisting of 3 trials per day with a 
20 min inter-trial interval and repeatedly tested for 5 consecutive days. 
Data from 3 trials were averaged. 

2.9. Immunofluorescent staining 

Mouse brains were fixed in 4% paraformaldehyde (PFA) and 
embedded in paraffin. Brain coronal sections (5 μm thick) were pro
cessed according to the standard protocol. For immunofluorescent 
staining, serial sections (5 μm) of OCT-embedded frozen tissues or pri
mary cultured cells were fixed in cold acetone. After blocking with 5% 
goat serum, sections were incubated with primary antibodies at 4C for 
24 h and then with fluorescent dye-conjugated secondary antibodies for 
1 h. Images were acquired with a fluorescence microscope (Keyence 
Corporation of America). 

2.10. Western blotting 

Brain tissues, astrocytes, or neuron cells were lysed in RIPA lysis 
buffer (1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% so
dium deoxycholate, 1 mM sodium orthovanadate, and protease in
hibitors) to extract total proteins. Samples were separated on SDS- 
polyacrylamide gels and electro-transferred onto nitrocellulose mem
branes or PVDF membrane (Amersham Biosciences). After blocking with 
5% BSA, the membranes were incubated with a primary antibody at 4 ◦C 

overnight. The membranes were then incubated with IRDye secondary 
antibodies (LI-COR Biosciences) at room temperature for 1 h. The pro
tein expression was detected and quantified by Odyssey CLx Imaging 
System (LI-COR Biosciences). 

2.11. Terminal deoxy nucleotide transferase-mediated nick-end labeling 
(TUNEL) assay 

The cell apoptosis in brain coronal sections of animals from all 
groups was analyzed by TUNEL assay using In Situ Cell Death Detection 
Kit (Roche, Indianapolis, IN) according to the manufacturer’s in
structions. Briefly, the tissue sections were de-paraffinized, rehydrated, 
treated with proteinase K working solution, and permeabilized. Per
meabilized tissue sections were incubated with the TUNEL reaction 
mixture in a humidified atmosphere for 60 min at 37 ◦C in the dark. 
Sections were counterstained for nuclei with DAPI (Dako, Carpinteria, 
CA), coverslipped using fluorescent mounting medium (Dako), and 
observed under a fluorescence microscope (Olympus IX71). The results 
were quantified by counting the number of TUNEL-positive cells in at 
least five different ischemic zones of ipsilateral brain region and non
ischemic contralateral brain regions of the tissue sections obtained from 
at least 8 animals per group. 

2.12. Wound healing assay 

Astrocytes were replated on polyornithine coated 24 well cell culture 
plates with Wound healing inserts (Cell Biolabs). The next day, the in
serts were then removed to allow the cells to migrate for 24 h. Images of 
wound healing were captured using a dissection microscope at a 
magnification of 40x. Cell migration was quantified by blind measuring 
the migration distances. 
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Fig. 5. ADAR1 promotes astrocyte proliferation and migration in vitro. Primary cultured astrocytes were isolated from wild type (WT) and ADAR ±mouse 
brains. (A) Ki67 expression in astrocytes treated with vehicle or TGF-β was detected by immunostaining, and Ki67+ cells were quantified relative the total cell 
numbers. *P < 0.01 vs WT group with vehicle treatment; #p < 0.01 vs WT group with TGF-β treatment, n = 5. (B) Confluent monolayers of primary astrocytes from 
wild type (WT) or ADAR1 ± mice were scratched. The wound healing was observed by an inverted phase-contrast microscope at 0 and 24 h. Shown are repre
sentative Images of three independent experiments. Migration rates were calculated as wound closure percentage. &P < 0.01 vs. WT group, n = 5. (C) Transwell assay 
showed that ADAR ±significantly inhibited astrocyte migration. Migrated astrocytes were stained with crystal violet. &P < 0.05 vs. WT group, n = 5. 
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2.13. Transwell migration assay 

Migration of primary cultured astrocytes were measured using 6.5- 
mm transwell chambers with 8-μm pores (Costar, Cambridge, MA) as 
described previously [23]. A total of 100 μl of astrocytes cells (1 × 105 

cells/ml) was transferred into the top chamber of the transwells and 
allowed to migrate at 37 ◦C in 5% CO2. After migration for 48 h, the 
upper surface of each membrane was cleaned with a cotton swab. Cells 
attached to the bottom surface of each membrane were stained with 
0.1% crystal violet, imaged, and counted using a Nikon inverted mi
croscope. Assays were performed in triplicate for three times. 

2.14. Real-time quantitative polymerase chain reaction 

Total RNA of brain tissues was extracted using Trizol Reagent 
(Thermo Scientific, 10296028) and then reverse transcribed to cDNA 
using iScript cDNA Synthesis kit (Bio-Rad, 1708890) as described pre
viously [24]. Real-time quantitative polymerase chain reaction was 
performed with Stratagene Mx3005P PCR instrument using SYBR Green 

master mix (GeneCopoeia, QP001). GAPDH was used as an internal 
control. Primer sequences are listed as below: ADAR1 Forward: GCC 
AAA GAC AGT GGT CAA CCA G, ADAR1 Reverse: GAA CAA GGA TGT 
TGC TGA GGA GC. GAPDH Forward: CAT CAC TGC CAC CCA GAA GAC 
TG, GAPDH Reverse: ATG CCA GTG AGC TTC CCG TTC AG. 

2.15. Astrocyte isolation 

Highly enriched primary astrocytes were prepared from the cerebral 
cortex of 2–3 months old male mice. After mice were euthanized by CO2 
overdose, cerebral cortexes were aseptically dissected, and meninges 
were carefully removed. Several superficial washings were performed 
with phosphate buffered saline (PBS) containing 100 U/mL penicillin 
and 100 μg/mL streptomycin to limit contaminations. Superficial blood 
vessels were carefully extracted using dissection pliers. The tissues were 
minced finely and enzymatically (0.25% trypsin, 37 ◦C, 15 min) disso
ciated to produce single cells. After filtered through a 100 μm pore mesh, 
the cell suspension was centrifuged at 800 g for 4 min and resuspended 
in DMEM containing 20% FBS, 100 U/mL penicillin and 100 μg/mL 
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Fig. 6. ADAR1 deficiency inhibits brain cell apoptosis and pre-inflammatory cytokine production in MCAO-operated mice. Wild type (WT) or ADAR1 ±
mice were sham-operated or underwent MCAO for 60 min. 7 days later, mice were euthanized, and brain tissues collected. (A) TUNEL staining of brain tissue 
sections. (B) TUNEL + cells relative to the total brain cells. *P < 0.01 vs. WT group with Sham; #P < 0.01 vs. WT group with MCAO; n = 8. (C) Western blot analyses 
of cleaved (CL)-Caspase 3 and cleaved (CL)-PARP in ischemic brains. (D) Cleaved-Caspase 3 and Cleaved-PARP protein levels were normalized to GAPDH, 
respectively. *P < 0.01 vs WT group with Sham; #P < 0.01 vs WT group with MCAO; n = 6. (E) Western blot analyses of pro-inflammatory cytokines IL-1β, IL-6 and 
TNF-α in ischemic brains. (F) Protein levels shown in E were quantified by normalizing to GAPDH, respectively. *P < 0.01 vs. WT group with Sham; #P < 0.01 vs WT 
group with MCAO; n = 6. 
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streptomycin. The cells were plated in tissue flasks pre-coated with 
gelatin and matrigel at a density of 3-5 × 105 cells/cm2, then cultured at 
37 ◦C in a 95% air/5% CO2 incubator. In the medium, 10 μM forskolin 
(FSK) and 10 ng/mL glial cell line-derived neurotrophic factor (GDNF) 
were supplemented to promote cell proliferation and survival, respec
tively. The medium change occurred once every two days. When cells 
grew to confluence (10–14 d), flasks were shaken on a rotary shaker at 
260 rpm for 18–20 h at 37 ◦C to remove the loosely attached contami
nated microglia and oligodendrocyte progenitor cells (OPCs). The 
attached enriched astrocytes were subsequently detached using trypsin- 
EDTA and then subjected to different treatments. 

2.16. Primary cortical neuronal cultures 

Embryonic cortical neurons were isolated by standard procedures 
[25]. E16.5 embryonic cerebral cortices were treated with 0.25% 
Trypsin-EDTA and dissociated into single cells by gentle trituration. 
Cells were suspended in neurobasal medium supplemented with B27 
and 2 mM Glut Amax, then plated on coverslips or dishes coated with 
poly-L-Lysine (0.05 mg/mL) diluted in boric buffer. Enrichment of 
neuronal culture was performed using both a previously reported 
method and a modified protocol [26]. Half of the medium was then 
replaced every 2 days until treatment. 

2.17. Construction of adenoviral vector 

Adenovirus expressing ADAR1 shRNA (Ad-shADAR1) was generated 
and purified as described previously [27]. cDNA fragment encoding the 
full length of human ADAR1 was amplified from ADAR1 plasmid 
(DNASU, HsCD00076320) by PCR, and then inserted into the 
pShuttle-IRES-hrGPF-1 vector (Agilent) through XhoI site. ADAR1 cDNA 
in the vector was verified by sequencing. Green fluorescent protein 

(GFP)-expressing adenovirus (Ad-GFP) was used as a control. 

2.18. Triphenyltetrazolium chloride (TTC) staining 

Brain tissues were quickly removed and sliced into 2 mm coronal 
sections using a brain matrix (Ted Pella, Redding, CA, U.S.A.). The 
section level was marked with bregma level. Sliced brain tissues were 
immersed at 37 ◦C for 20 min in 2% TTC (Sigma) and fixed in 10% 
formalin for 24 h. The images of the stained tissues were captured using 
a camera (Canon EOS M5). Images were analyzed using Image J (NIH, U. 
S.A.) in order to evaluate the infarct volume. The proportion of the 
ischemic area (%) was determined by the following formula: infarction 
area/whole section area × 100. 

2.19. Statistical analysis 

All experiments were repeated at least for three times. Electronic 
laboratory notebook was not used. All data represent independent data 
points but not technical replicates. Data are presented as the mean ± SD. 
Normality of data was assessed by the D’Agostino & Pearson normality 
test with alpha = 0.05. For comparisons of two groups, student’s un
paired two-tailed t-test was used for normally distributed data, and 
Mann-Whitney two tailed test was used for non-normally distributed 
data or for groups with n less than 7. For more than 2 groups, 1-way 
ANOVA with Tukey post-test analysis was used for normally distrib
uted data and Kruskal-Walli’s test with Dunn’s multiple comparisons 
test was used for non-normally distributed data. Prism 9.0 (GraphPad 
Software, CA) or RStudio (Desktop 1.4.1717) was used for statistical 
analyses, and differences considered statistically significant when 
nominal P < 0.05 or adjusted P < 0.05 in case of multiple testing. 
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Fig. 7. Astrocyte ADAR1 promotes neuron apoptosis by secretion of pro-inflammatory cytokines IL-1, IL-6 and TNF-α. Astrocytes were primary cultured from 
wild type (WT) and ADAR ±mice. (A–B) Primary neurons were treated with astrocytes-conditioned medium with or without (Ctrl) oxygen-glucose-deprivation 
(OGD). Inflammation cocktail containing IL-1 (10 ng/ml), IL-6 (10 ng/ml) and TNF-α (10 ng/ml) was used as a positive control. TUNEL staining of cultured 
neuron (A), and TUNEL + cells were quantified relative to the total neuron cells (B). &P < 0.01 vs. neuron cells treated with WT astrocyte-conditioned medium 
without OGD (WT, Ctrl); **P < 0.01 vs. WT astrocyte-conditioned medium with OGD (WT, OGD); n = 8. (C-D) Western blot analyses of IL-1, IL-6, and TNF-α 
production in primary astrocytes cultured with or without Oxygen-Glucose-Deprivation (OGD) for 24 h (C). The protein levels in C were quantified by normalizing to 
α-Tubulin (D). *P < 0.01 vs. WT astrocytes without OGD (WT, Ctrl); #P < 0.05 vs. WT astrocytes with OGD (WT, OGD); n = 6. 
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3. Results 

3.1. ADAR1 is highly induced in astrocytes in ischemic brain of MCAO- 
operated mice 

To investigate the potential involvement of ADAR1 in the patho
genesis of ischemic stroke, we employed a widely used experimental 
model of ischemic stroke induced by MCAO. ADAR1 is not normally 
expressed in astrocytes. However, immunofluorescent co-staining of 
ADAR1 with glial fibrillary acidic protein (GFAP) in the glial scar and 
ischemic area of mice with MCAO revealed a significant induction of 
ADAR1 expression in astrocytes in the ischemic brain (Fig. 1A). The 
quantification of the GFAP + ADAR1+ cells showed that more than 35% 
of astrocytes expressed ADAR1 in response to ischemic injury (Fig. 1B). 
Time course examination of ADAR1 expression showed that ADAR1 was 
highly induced as early as one day after the MCAO, and the high level of 
expression was maintained for 7–14 days although the protein level was 
declined at 14 days (Fig. 1C–E), possibly through post-translational 
mechanisms such as degradation because the mRNA levels are still 
high at this time (Fig. 1C). It appeared that both p150 and p110 isoforms 
were significantly upregulated. These findings suggest that ADAR1 may 
play a role in the astrocytic response to ischemic stroke. 

3.2. ADAR1 deficiency reduces brain infarct areas and improves 
neurobehavioral outcomes 

To determine if ADAR1 is essential for ischemic stroke development, 
we generated the MCAO stroke model in wild type (WT) and (ADAR1+/ 
− ) mice. ADAR ±mice were used because ADAR1− /− mice is embry
onically lethal. ADAR1 ± mice showed a significant decrease in infarct 
volume compared to wild-type (WT) mice (Fig. 2A and B), suggesting 
that ADAR1 plays a critical role in the stroke development. In addition to 
the reduction in infarct volume, ADAR1 ± mice exhibited improved 
neurobehavioral outcomes compared to WT mice. Specifically, in the 
rotarod test, ADAR1 ± mice had a significantly increased latency to fall, 
indicating improved motor coordination and balance (Fig. 2C). Simi
larly, in the elevated body swing test, ADAR1 ± mice spent less time 
bending towards the right side, indicating improved postural balance 
and motor coordination (Fig. 2D). In the corner test, ADAR1 ± mice 
made fewer ipsilateral turns, suggesting improved sensorimotor inte
gration and coordination (Fig. 2E). Finally, ADAR1 ± mice also 
exhibited greater grip strength compared to WT mice, further supporting 
their improved motor function (Fig. 2F). These findings indicated that 
ADAR1 deficiency not only reduces the extent of ischemic brain injury, 
but also results in improved recovery of motor function following stroke. 
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Fig. 8. ADAR1 promotes the production of pro-Inflammatory cytokines via ROS in astrocytes. Astrocytes were primary cultured from wild type (WT) and 
ADAR ±mice. A, Representative DHE fluorescent images showing the ROS levels. B, ROS levels in A were quantified relative to the WT control (Ctrl) group. C-D, 
Western blot analyses of IL-1, IL-6 and TNF-α production in primary astrocytes cultured with or without Oxygen-Glucose-Deprivation (OGD) and H2O2 (0.1 mM) for 
24 h (C). The protein levels were quantified by normalizing to α-Tubulin (D). *P < 0.05 vs. WT astrocytes with OGD (WT, OGD); **P < 0.05 vs. ADAR1 ± astrocytes 
with OGD (ADAR1+/− , OGD); n = 6. 
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3.3. ADAR1 deficiency inhibits glial cell activation in mouse brain with 
MCAO 

The activation of astrocytes and microglia is crucial for the patho
genesis of ischemic stroke and also plays a pivotal role in the recovery 
process. To determine whether ADAR1 deficiency affects glial cell 
activation in the ischemic brain, we immuno-stained astrocyte marker 
GFAP and microglia/macrophage-specific calcium-binding protein Iba-1 
in the ischemic areas of mouse brains (Fig. 3A and B). The results 
showed that ADAR1 deficiency significantly reduced the expression of 
both GFAP and Iba-1 in the ischemic areas of the mouse brains (Fig. 3C 
and D). These findings were further confirmed by Western blot analyses, 
which showed that ADAR1 deficiency resulted in decreased levels of 
GFAP, Iba-1, and CD11b in the ischemic brain (Fig. 3, E-F). The data 
suggest that ADAR1 deficiency inhibits astrocyte and microglia activa
tion in the ischemic brain, which may contribute to the observed re
ductions in brain infarct area and improved neurobehavioral outcomes. 
Astrocytes and microglia play critical roles in regulating the inflam
matory response and neurotoxicity following stroke, and the activation 
of astrocytes and microglia is a hallmark of the inflammatory response to 
ischemic injury, leading to release of pro-inflammatory cytokines or 
chemokines, which exacerbate brain injury. Inhibition of astrocyte and 
microglia activation has been shown to reduce brain injury and improve 
functional recovery in ischemic stroke models. Therefore, our findings 
suggest that ADAR1 may promote ischemic stroke by regulating glial cell 
activation and reducing inflammation in the ischemic brain. 

3.4. ADAR1 deficiency inhibits astrocyte proliferation and migration 

Co-immunostaining of Ki-67 with GFAP in glial scar revealed 
reduced proliferation in ADAR1-deficient mice (Fig. 4A). To elucidate 
the underlying mechanism by which ADAR1 regulates astrocyte prolif
eration, we detected the potential activation of ERK and PI3K/Akt 
signaling pathways because they are involved in regulating astrocyte 
proliferation. Western blot analyses of WT and ADAR1 ± mouse 
ischemic brain tissues showed that along with the downregulation of cell 
proliferation markers PCNA and Ki-67, ADAR ±significantly inhibited 
ERK and Akt phosphorylation that was induced in WT mouse brain by 
MCAO (Fig. 4B and C). To determine if ERK and Akt signaling is 
important for ADAR1-meidated astrocyte proliferation, primary astro
cytes were overexpressed with ADAR1 and treated with PI3/Akt 
(LY294002) or MEK/ERK (U0126) inhibitor. As shown in Fig. 4D and E, 
blocking Akt signaling, but not the ERK pathway, blocked ADAR1- 
promoted PCNA and Ki67 expression. These results suggested that 
ADAR1 mediates astrocyte proliferation by promoting the Akt signaling 
pathway. We further confirmed the role of ADAR1 in astrocyte prolif
eration by immunostaining of Ki-67 in primary astrocytes isolated from 
WT and ADAR ±mice (Fig. 5A). 

Since astrocyte migration is also important for stroke, we investi
gated the effect of ADAR1 on the migration of astrocytes by wound 
healing assay. Confluent monolayers of primary cultured wild-type or 
ADAR1 ± astrocytes were scratched, and the recovery of wounded areas 
was observed using an inverted phase-contrast microscope. As shown in 
Fig. 5B, ADAR1 deficiency inhibited astrocyte migration. Trans-well 
assays further confirmed that ADAR1 is essential for astrocyte migration 
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Fig. 9. Neutralizing antibody cocktail against IL-1, 6 and TNF-α blocks neuron cell apoptosis caused by activated astrocytes. Primary neurons were treated 
with astrocyte-conditioned medium with or without (Ctrl) oxygen-glucose-deprivation (OGD). The medium was supplemented with PBS or neutralizing antibodies 
against IL-1β, − 6 and/or TNF-α, as indicated. (A-B) TUNEL staining of neuron cells treated with astrocyte-conditioned medium (A), and TUNEL + cells were 
quantified relative to the total neuron cells (B). &P < 0.01 vs. group without OGD (Ctrl, PBS); @P < 0.01 vs. group with OGD & PBS (OGD, PBS); n = 6. (C-D) Cleaved- 
Caspase 3 and Cleaved-PARP levels were detected by Western blot (C) and quantified by normalizing to GAPDH (D). &P < 0.01 vs. group without OGD (Ctrl, PBS); 
@P < 0.01 vs. group with OGD & PBS (OGD, PBS) for the corresponding proteins, respectively; n = 6. 
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(Fig. 5C). 

3.5. ADAR1 deficiency inhibits activated astrocyte-caused neuron 
apoptosis in stroke brain 

Although mechanisms underlying neuron death following brain 
ischemic stroke are not fully understood, cell apoptosis is known to be a 
significant contributor. TUNEL staining showed that MCAO caused 
significant cell death following the stroke. However, ADAR1 ± blocked 
the MCAO-induced apoptosis (Fig. 6A and B). Consistently, ADAR1 ±
blocked the cleaved-Caspase 3 and cleaved-PARP levels that were 
significantly increased in mouse brains with MCAO, demonstrating that 
ADAR1 contributes to the neuron death in the stroke brain (Fig. 6C and 
D). Moreover, ADAR1 ± decreased the expression of pro-inflammatory 
cytokines IL-1β, IL-6 and TNF-α, which was increased by MCAO in the 
WT mice (Fig. 6, E-F), suggesting a potential link between ADAR1 and 
inflammatory responses in brain ischemia. These results are consistent 
with previous studies showing the involvement of ADAR1 in modulating 
inflammation and apoptosis in various cellular contexts [28–34]. 

3.6. Astrocyte ADAR1 induces neuron apoptosis by secreting IL-1β, IL-6 
and TNF-α 

In ischemic stroke, pro-inflammatory cytokines produced by astro
cytes and microglia, including IL-1, IL-6, and TNF-α, have been shown to 
play a crucial role in the pathogenesis of brain damage. To determine if 
ADAR1 regulates neuron apoptosis through astrocyte-mediated inflam
mation, we cultured the primary astrocytes in the Oxygen-Glucose- 
Deprivation (OGD) condition for 24 h, and used the astrocyte- 
conditioned medium to treat neuron cells. TUNEL staining of 
astrocyte-conditioned medium-treated neuron showed a significant in
crease in apoptosis (Fig. 7A and B). However, ADAR ±blocked the 
apoptosis (Fig. 7A and B). Importantly, the inflammation cocktail con
taining IL-1β, IL-6, and TNF-α also induced neuron apoptosis (Fig. 7A). 
Western blot analyses showed the induction of IL-1β, IL-6, and TNF-α in 
primary wild type astrocytes, but it was blocked in ADAR1 ± astrocytes 
(Fig. 7, B–C). These results suggest that ADAR1 in astrocytes promotes 
neuron apoptosis by producing pro-inflammatory cytokines. 

Oxidative stress, characterized by an imbalance between the pro
duction and removal of reactive oxygen species (ROS), is a pivotal factor 
in the pathogenesis of ischemic stroke. During ischemia, the over
production of ROS can cause cellular damage, leading to neuronal death 
and exacerbation of inflammation [9,10]. The impact of ROS on 
ischemic stroke extends to the activation of glial cells, disruption of the 
blood-brain barrier, and modulation of signaling pathways that influ
ence cell survival and apoptosis. We hypothesized that ADAR1 plays a 
role connecting oxidative stress to the inflammatory response in astro
cytes. Indeed, OGD increased ROS levels in WT astrocytes, as indicated 
by DHE staining (Fig. 8A and B), which correlated with elevated cyto
kines (Fig. 8C and D). However, ADAR1+− /− decreased the ROS along 
with cytokine production (Fig. 8). To determine if ADAR1 controls 
cytokine release via ROS, we treated ADAR1 ± cells with H2O2 to restore 
the ROS (Fig. 8A and B) and found that H2O2 treatment abolished the 
effect of ADAR1 deficiency in reducing cytokine secretion (Fig. 8, C-D). 
These results provided strong evidence to support the interplay between 
ADAR1 and oxidase stress in controlling cytokine release. 

3.7. Neutralizing antibody cocktail against IL-1β, IL-6 and TNF-α 
prevented neuron from apoptosis 

To explore the potential association between ADAR1-mediated 
release of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α in astro
cytes and the neuron apoptosis, neutralizing antibodies against IL-1β, IL- 
6, and TNF-α were added individually or in combination to astrocyte 
culture medium. Then, the neuron cells were treated with the astrocyte- 
conditioned medium. TUNEL staining of neurons treated with astrocyte- 

conditioned medium containing all three antibodies, but not the indi
vidual antibody, showed a decrease in apoptosis (Fig. 9A and B). 
Western blotting showed a dramatic decrease in cleaved-Caspase 3 and 
cleaved-PARP levels in neurons treated with the cocktail of neutralizing 
antibodies-containing astrocyte-conditioned medium, but not with the 
individual antibodies (Fig. 9, C-D). These findings indicated that IL-1β, 
IL-6, and TNF-α are all required for the neuron apoptosis induced by 
astrocytes, and thus blocking all three cytokines with neutralizing 
antibody cocktail may be a potential effective therapeutic approach to 
prevent neuron death following brain ischemic stroke. 

4. Discussions 

Ischemic stroke is the most common type of stroke, causing neuronal 
loss and gliosis and inflammation in the surrounding ischemic core [35, 
36]. Our study using the MCAO mouse model reveals that ADAR1 plays 
a critical role in stroke progression. ADAR1 is induced in the mouse 
ischemic brain area. ADAR1 ± significantly reduces the infarct volume 
after MCAO, resulting in better neurobehavioral outcomes. Further
more, ADAR1 deficiency reduces the number of microglia and activated 
astrocytes in the ischemic brain area, indicating that ADAR1 promotes 
stroke progression by mediating astrocyte and microglia proliferation. 
Our study suggests that the response of microglia is secondary to that of 
astrocytes in mediating ADAR1 function, as the up-regulation of ADAR1 
occurs mainly in astrocytes. 

Astrocytes play a pivotal role in the pathophysiology of ischemic 
stroke. Their activation has both beneficial and detrimental effects. Our 
studies reveal that ADAR1 promotes astrocyte proliferation and possibly 
migration via the Akt signaling pathway while suppressing neuron 
apoptosis in the mouse brains with MCAO treatment. Additionally, 
ADAR1 promotes the production and secretion of pro-inflammatory 
cytokines IL-1β, IL-6, and TNF-α in astrocytes, which causes neuron 
apoptosis. Most importantly, neutralizing antibodies against these cy
tokines diminish the astrocyte ADAR1-mediated neuron apoptosis. 
Consistent with our observations, elevation of IL-1β, IL-6, and TNF-α 
levels is found in human brain and blood after ischemic stroke [37]. 
Moreover, therapies targeting IL-1β, IL-6, and TNF-α have been devel
oped and used in various inflammatory and autoimmune diseases 
[38–40]. Our study shows that targeting only one cytokine may not be 
effective for stroke therapy as these cytokines often act synergistically 
[41]. Therefore, a cocktail of neutralizing antibodies against IL-1β, IL-6, 
and TNF-α is used to prevent neuron apoptosis in our study. Surpris
ingly, individual blockade of each of IL-1β, IL-6, or TNF-α cannot pre
vent neuron death caused by activated astrocytes. However, dramatic 
inhibition of the apoptosis is achieved by using a combination of 
neutralizing antibodies against all three cytokines. Therefore, our study 
provides a rationale for using neutralizing antibody cocktail as a 
potentially effective approach to treat ischemic stroke. 

Our findings further elucidate the mechanistic relationship between 
ADAR1 and the secretion of pro-inflammatory cytokines through the 
modulation of oxidative stress. The primary cultured astrocytes from WT 
and ADAR ±mice exhibit differential responses to OGD. ADAR1 ± cells 
exhibit decreased ROS and cytokine production. The interplay between 
ADAR1 and oxidase stress provides critical insights into how ADAR1 
enhances the secretion of cytokines like IL-1, IL-6, and TNF-α, which 
may open additional new avenues for therapeutic interventions to 
reduce infarct volume and improve neurobehavioral outcomes. 
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