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Abstract

Astrocytes are important glia cell type in the central nervous system. These cells can undergo transformation to a reac-
tive state upon injury such as focal ischemic stroke (FIS). Reactive astrocytes are distinct from normal or homeostatic
astrocytes in morphology, protein profiles and metabolic functions. Glial cell-derived neurotrophic factor (GDNF) was
discovered as a potent survival neurotrophic factor for multiple subtypes of neurons and can be released from reactive
astrocytes. In our previous study, we found that GDNF expression was upregulated in reactive astrocytes following
ischemic stroke. Specific knock out of GDNF in reactive astrocytes exacerbated brain damage and motor deficits after
ischemic stroke. Here, using in vitro and in vivo ischemia models, we investigated the effects of GDNF overexpression
in astrocytes on neuronal survival and brain recovery after ischemia. We observed that astrocyte specific GDNF overex-
pression by viral transduction could decrease brain infarction and promote motor function recovery after photothrombosis
(PT)-induced FIS. In addition, GDNF overexpression in astrocytes could increase the proliferation of reactive astrocytes
and reduce oxidative stress after PT. Using the oxygen-glucose deprivation (OGD) model of cultured astrocytes, we
confirmed that this ischemic insult could upregulate GDNF expression and increase its release to extracellular space.
Transfection of GDNF DNA plasmid could further increase GDNF release after OGD. To further study the effects of
reactive astrocytes-derived extracellular GDNF on neuronal survival after ischemia, cultured neurons subjected to OGD
were exposed to astrocyte conditioned medium (ACM). The ACM collected from OGD subjected astrocyte culture could
significantly reduce neuronal death, while neutralizing antibodies against GDNF and its receptors including GFRal, RET
and p-RET could suppress this beneficial effect. We also found that reactive astrocytes-derived GDNF could trigger the
activation of RET receptors in cultured neurons and suppress neuronal mitochondrial fission and caspase-dependent cell
apoptosis after OGD. Overall, our results indicate that reactive astrocytes-derived GDNF could play an important role in
neuronal survival and functional recovery and underscore the non-cell autonomy underlying astrocyte-neuron interactions
in brain repair after ischemic stroke.
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Introduction

Cerebral focal ischemic stroke (FIS) is a clinical condition
characterized by neuronal death and motor dysfunction.
>4 Shinghua Ding Currently, the therapeutic strategy against acute FIS is to
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and nutrition, and this leads to complicated pathologi-
cal processes, including excitotoxicity, oxidative stress,
neuroinflammation and immune responses [3]. Among
these, oxidative stress, which is elicited by the produc-
tion of reactive oxygen species (ROS) that overpowers
the endogenous antioxidant defense system, is a pivotal
event contributing to neuronal apoptosis [4]. Under nor-
mal conditions, ROS is produced by the mitochondrial
respiratory chain (MRC) as a by-product of ATP genera-
tion, mostly in the form of superoxide anions [5]. During
ischemic stroke, the depletion of oxygen forces neurons
to use glycolysis to produce energy. This metabolic altera-
tion leads to lactate accumulation and acidosis [6]. Acido-
sis contributes to the elevation of oxidative stress through
generating hydroxyl radical, a more reactive form of ROS
[6]. During reperfusion, the reversal of complex I in MRC
resulting in the overproduction of superoxide anions [7].
Moreover, study has demonstrated that nicotinamide ade-
nine dinucleotide phosphate-oxidases (NOXs), a family of
enzymes generating superoxide anions, are also activated
during reperfusion [8]. These changes result in ROS accu-
mulation and elevate oxidative stress. ROS can oxidize
important cellular component including lipid, DNA and
functional proteins, leading to lipid peroxidation, DNA
fragmentation, protein denaturation and finally activates
caspase dependent cell apoptosis. Therefore, counterbal-
ancing excessive ROS through boosting antioxidative
system holds great potential in stroke therapy.

Astrocytes are important glia cell type in the central
nervous system (CNS). Under normal conditions, neu-
rons closely interact with astrocytes to avoid oxidative
injury [9, 10]. Upon FIS, affected astrocytes undergo a
transformation into the reactive state which is charac-
terized by upregulation of glial fibrillary acidic protein
(GFAP) and increased proliferation [11, 12]. Reactive
astrocytes has been implicated in various pathological
conditions, exhibiting either beneficial or detrimental
effects [13—15]. A large body of evidence has demon-
strated that reactive astrocytes could alleviate neuronal
apoptosis and offer brain protection following ischemic
stroke [16—18]. However, the underlying mechanism
through which reactive astrocytes promote neuronal sur-
vival is incompletely understood. Over the past decades,
accumulative evidence revealed that reactive astrocytes
could protect neurons and brain recovery through two
major pathways: release of neurotrophic factors and pro-
vision of essential metabolites [19-21].

Glial cell line-derived neurotrophic factor (GDNF) was
originally isolated from the supernatant of a rat glioma cell-
line and found to be a potent survival neurotrophic factor
for dopaminergic neurons [22]. Later, it was also found
to have pronounced protective effects for other neuronal
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subpopulations, including noradrenergic and motor neurons
[23]. Thus, GDNF is seen as a therapeutic agent to treat sev-
eral neurological diseases. In CNS, GDNF is mainly released
by microglia and astrocytes, and it can bind to GDNF-fam-
ily receptor-al receptor (GFRal) located in neuronal cell
membrane [24, 25]. This binding triggers the activation of
RET tyrosine kinase, driving alterations of neuronal activi-
ties [25-27]. Recently, there is strong evidence demonstrat-
ing that GDNF-GFRa1-RET signaling pathway contributes
to neuronal development, differentiation and survival under
both healthy and pathological conditions [28—30]. However,
it is not clear whether this mechanism is involved in isch-
emic brain injury, in particular through astrocyte-neuron
interactions.

In our previous study, we found that GDNF expres-
sion was upregulated in reactive astrocytes following a
mouse model of FIS [15], and specific deletion of GDNF
in astrocytes led to increased neuronal death and motor
function deficits after photothrombosis (PT)-induced FIS
[15]. Additionally, deletion of GDNF in astrocytes was
shown to increase oxidative stress and reduced prolifera-
tion of reactive astrocytes in the peri-infarct region (PIR)
and neurogenesis in the dentate gyrus (DG) [15]. These
results strongly indicated that reactive astrocytes-derived
GDNF could promote neuronal survival after ischemic
stroke. To further study the mechanism of reactive astro-
cytes-derived GDNF on neuronal survival and brain
recovery after ischemic stroke, we overexpressed GDNF
in astrocytes and used in vitro and in vivo ischemia
models combined with astrocyte conditioned medium
(ACM). Our results underscore the non-cell autonomous
mechanism in brain repair and suggest that promoting
endogenous neurotrophic factor release from reactive
astrocytes is a potential therapeutic option for ischemic
stroke therapy.

Materials and Methods
Animals

Adult male and female mice with C57BL/6J background
aged 810 weeks were used in this study. Mice were main-
tained on a 12 h light:12 h dark cycle (lights on 7 a.m.-7
p.m.) under pathogen-free conditions in the AAALAC-
accredited animal facility at the University of Missouri
according to institutional guidelines. All experimental pro-
cedures were performed according to the NIH Guide for
the Care and Use of Laboratory Animals and approved by
the University of Missouri Animal Care Quality Assurance
Committee (ACQAC). Adult male and female mice were
used in the current study.
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Cell Transfection and Recombinant Adeno-
Associated Virus (rAAV) Injection

DNA plasmids that have an astrocyte-specific gfaABC,D
promoter encoding the genes for mRFP (Control) and
GDNF, namely pZac2.1-gfaABC,D-mRFP and pZac2.1-
gfaABC,D-GDNF plasmids (mRFP and GDNF plasmids
for short) were constructed for transfection in cultured cells
and for preparation of serotype 5 rAAV vectors, i.e., TAAVS5-
gfaABC,D-mRFP and rAAVS5-gfaABC,D-GDNF (rAAVS5-
mRFP and rAAV5-GDNF) vectors. These viral vectors were
stored in aliquots at -80 °C and thawed on ice before use.

To overexpress GDNF in astrocytes in vitro, primary
astrocytes were transfected with the GDNF plasmid using
Lipofectamine 2000 reagent (Cat. No.1168019, Thermo
Fisher Scientific) [31, 32]. Briefly, before transfection, pri-
mary astrocytes were replenished in DMEM/F12 medium
without FBS and antibiotic. DNA plasmid and Lipo-
fectamine 2000 reagent were diluted separately in the same
medium and incubated at room temperature for 5 min. The
diluted DNA and lipofectamine 2000 reagent were then
mixed gently and incubated at room temperature for 20 min;
the mixtures were added drop by drop to the culture wells.
After cells were cultured for 6 h at 37 °C and 5% CO,, the
medium was changed back to the complete medium without
antibiotic.

To overexpress GDNF in vivo, mice were injected with
rAAV5-GDNF vectors [33]. Briefly, mice were anesthe-
tized with ketamine/xylazine under sterile condition and
secured in a custom-made stereotaxic frame. A skin incision
was made and a small hole with 0.2 mm in diameter was
drilled in the skull for injection. Coordinates for injection
were (in mm: caudal to bregma, left of midline, ventral to
pial surface): cortex (0.5, 3.5, 0.4) and hippocampus (2.1,
2.5, 1.5). Viral vectors (1 pl) were injected with a nanoli-
ter injector (Drummond Scientific Company, PA) through
the hole at a rate of 4 nl/s using a glass pipette with a tip
of 10-15 pm-diameter. The skin was sutured after injection
and mice were sent back to the animal facility after recovery.

In Vitro and in Vivo Ischemia Model

For OGD model [31, 32], astrocyte or neuronal cultures
were washed three times with serum- and glucose-free bal-
anced salt solution (BSS) (pH 7.4, mM): NaCl 116, CaCl,
1.8, MgSO, 0.8, KCI 5.4, NaH,PO, 1, NaHCO; 14.7,
HEPES 10. Astrocytes or neurons cultured at 37 °C were
incubated with BSS in an anaerobic chamber flushed with
99% N, and 1% air for 6 h—1 h, respectively. After OGD,
the BSS was replaced by cell culture medium, and cells
were then allowed to recover for 24 h in a culture incubator
with humidified atmosphere of 5% CO, and 95% air. For

glutamate excitotoxicity model [34, 35], primary neuronal
cultures were exposed to 30 uM glutamate and 3 uM gly-
cine for 24 h at 37 °C in a cultured incubator.

Photothrombosis (PT) was induced as described in our
previous studies [36—39]. Briefly, mice were anesthetized
by ketamine and xylazine (130 mg and 10 mg/kg body
weight). Rose Bengal (30 mg/kg dissolved in saline) (Cat.
No. 330000, Sigma) was injected through the tail vein. PT
was induced 3 min after injection. An area of 1.5 mm diam-
eter was focally illuminated for 2 min on the intact skull
without skin at the center of —0.8 mm from the bregma
and 2.0 mm lateral to the midline (motor cortex) with a
green light (540-580 nm) through ax10 objective. The light
source was an X-cite 120 PC metal halide lamp (Excelitas
Technologies, USA).

Transcardial Perfusion, Infarct Volume
Measurements

Transcardial perfusion and infarct volume measurement
were described in our previous studies [36-39]. In brief,
mice were transcardially perfused with phosphate buffer
saline (PBS), followed by ice-cold 4% paraformaldehyde
(PFA) in phosphate buffer (pH 7.4). The brain was removed
and post-fixed in 4% PFA in PBS at 4 °C overnight. It was
then transferred to 30% sucrose for 2-3 days until it sank.
Coronal sections of the brain (30 um) were cut using a cryo-
stat and collected serially on pre-gelatin coated glass slides
and stored at -20 °C until use. For Nissl staining, brain sec-
tions were stained by 0.25% cresyl violet. The areas of cere-
bral infarction were delineated and quantified using ImageJ
software.

Behavioral Tests

Motor behavioral tests including hanging wire, cylinder
and grip force tests were conducted from day 1 to day 21
after PT to assess motor functional recovery as described
in our previous studies [11, 38—40]. The pre-training was
conducted twice before pre-recording of behavior tests.
The pre-recording of behavior tests was conducted one day
before PT.

Primary Cortical Astrocyte or Neuronal Cultures

Primary astrocytes were isolated from cortices of Pl
C57BL/6J mice. The cortices were digested with 0.25%
Trypsin-EDTA (Cat. No. 25300-054, Thermo Fisher Sci-
entific) for 20 min at 37°C. After digestion, the dissoci-
ated cells were plated onto 75 cm? flasks with Dulbecco’s
modified Eagle medium (DMEM)/F12 (Cat. No. 11320033,
Gibco) supplemented with 10% heated-inactivated fetal

@ Springer



117 Page 4 of 17

Neurochemical Research (2025) 50:117

bovine serum (FBS) (Cat. No. F2422, Sigma) and 1% anti-
biotic (Cat. No. 15140122, Gibco). The mixed cells were
cultured at 37 °C in a humidified atmosphere of 5% CO, and
95% air with change of medium every 3 days. Upon reach-
ing confluency, the mixed cultures were mechanically agi-
tated at a rate of 250 rpm for 12 h. The detached cells were
discarded, and astrocytes were detached by using 0.25%
Trypsin-EDTA and seeded onto cell culture plates or glass
coverslips in cell culture plates. Astrocytes were cultured
for 8-12 days for experiments with medium changed every
3 days.

Primary cortical neuronal cultures were prepared from
embryonic day 15/16 (E15/16) C57BL/6J mice as previ-
ously described [31, 34, 35]. Briefly, the cortices of embryos
were digested with 0.05% Trypsin-EDTA. The isolated
cells were plated onto poly-L-lysine-coated tissue culture
plates or glass coverslips in culture plates with Dulbecco’s
modified Eagle medium (DMEM)/F12 supplemented with
10% FBS and 0.5% antibiotic overnight. The medium was
then changed to Neurobasal medium (Cat. No. 21103049,
Gibco) supplemented with 2% B27 serum free supplements
(Cat. No. 17504044, Gibco), 0.5 mM L-glutamine (Cat. No.
25030081, Gibco) and 0.5% antibiotic. The cultures were
maintained at 37 °C in a humidified atmosphere of 5%
CO, and 95% air with 50% medium changed every 3 days.
Experiments were conducted between 10 and 12 day in vitro
(DIV) as neurons were matured at this age and vulnerable
to ischemic injury.

GDNF Assay

The concentration of GDNF in astrocyte medium was deter-
mined by GDNF ELISA kit (Cat. No. EK0935, Boster Bio)
following the instructions provided by the manufacturer.

Treatment of Primary Neuronal Cultures With
Astrocyte Conditioned Medium (ACM)

Primary astrocytes (cultured in 6-well plates) transfected
and not transfected with pZac2.1-gfaABC,D-GDNF were
subjected to 6 h OGD followed by a 24 h reperfusion.
Medium was then harvested as ACM with OGD (ACM
(OGD)). ACM (OGD) was used to treat neurons after 1 h
OGD with 50% change of neuronal medium. The neurons
were allowed to recover for 24 h in a regular cell culture
incubator for subsequent assays.

Neuronal Death and Viability Assays
To evaluate neuronal death after ischemia, primary neurons

were plated onto glass coverslips in 24 well plates. On the
day of assay, cultured cells were rinsed with 1xPBS and
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incubated with propidium iodide (PI) for 30 min at 37 °C.
Cells were then washed with 1xPBS and fixed by 4% PFA for
20 min at room temperature. Neurons were counter stained
with Dapi and imaged using a Nikon FN1 epi-fluorescence
microscopy equipped with a Cool SNAP-EZ CCD-camera.

To assess neuronal viability following ischemia, neu-
rons were plated on 48 well plates. Thiazolyl blue tetrazo-
lium bromide (MTT) was added to the culture wells and
incubated at 37 °C for 4 h in a 5% CO, atmosphere. The
MTT-containing medium was then replaced with dimethyl
sulfoxide (DMSO) to dissolve the formed blue formazan.
The absorbance was then read at 540 nm.

In Vivo Detection of Reactive Oxygen Species (ROS)
by Dihydroethidium (DHE)

To evaluate oxidative stress in vivo, DHE (25 mg/kg) was
administered to mice through intraperitoneal (IP) injection
two times within 30 min at 6 h after PT. Mice were then
sacrificed at 18 h after the second injection. Brain sections
were cut, counter stained with Dapi and imaged immedi-
ately using fluorescent microscope.

Western Blot Analysis

Western blotting (WB) was used to analyze protein expres-
sion in whole cell lysate as described in our previous stud-
ies [15, 32, 37, 38, 40, 41]. Briefly, the total protein was
extracted from freshly harvested brain tissues or primary
cultured cells using a lysis buffer (pH 8.2) plus protease
inhibitor (Pierce Biotechnology, IL), and phosphatase
inhibitor cocktails (Sigma, MO). The protein concentra-
tion of cell lysate was determined with a BCA protein
assay kit (Cat. 23227, Thermo Fisher Scientific). Equiva-
lent amounts of protein from each sample were diluted
with Laemmli buffer, boiled for 5 min, subjected to elec-
trophoresis in 10% SDS-polyacrylamide gels and sub-
sequently transferred to PVDF membranes. Membranes
were blocked for 1 h with 5% (w/v) BSA in Tris-buffered
saline containing 0.1% Tween 20 (TBST) and were incu-
bated overnight at 4°C in 1% (w/v) BSA with primary
antibodies. The membranes were then incubated with rab-
bit HRP (Horseradish peroxidase)-conjugated anti-mouse
IgG (1:1000; Millipore) or goat HRP-conjugated anti-rab-
bit IgG (1:1000; Millipore) diluted in 1% (w/v) BSA in
TBS-T for 1 h at room temperature. The membranes were
then exposed to Clarity Western ECL substrate (Bio-Rad,
CA) and signals were visualized by Gel Documentation
Imaging System. The primary antibodies include a mouse
anti-GDNF monoclonal antibody (1:1000, Cat. No.
SC-13147, Santa Cruz Biotechnology), a mouse anti-GFR
al monoclonal antibody (1:1000, Cat. No. SC-271546,
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Santa Cruz Biotechnology), a rabbit anti-RET monoclo-
nal antibody (1:500, Cat. No. 3223, Cell Signaling), a
rabbit anti-P-RET polyclonal antibody (1:500, Cat. No.
SAB4504530, Sigma), a rabbit anti-DRP 1 polyclonal
antibody (1:1000, Cat. No. ABT155, Sigma), a rabbit
anti-P-DRP 1 polyclonal antibody (1:500, Cat. No. 3455,
Cell Signaling), a rabbit anti-Caspase 9 polyclonal anti-
body (1:1000, Cat. No. 9504 S, Cell Signaling), a rabbit
anti-Cleaved caspase 3 polyclonal antibody (1:1000, Cat.
No. 9661, Cell Signaling), a mouse anti-Synaptophysin
monoclonal antibody (1:1000, Cat. No. S5768, Sigma),
a mouse anti-vGluT1 monoclonal antibody (1:1000, Cat.
No. NBP2-59329, Novus), a mouse anti-GluR1 mono-
clonal antibody (1:1000, Cat. No. NBP2-22399, Novus),
a rabbit anti-GluR2 monoclonal antibody (1:1000, Cat.
No. NBP2-75510, Novus), a rabbit anti-NMDAR2A
polyclonal antibody (1:500, NB300-105, Novus), a rab-
bit anti-NMDAR2B polyclonal antibody (1:500, NB300-
106, Novus), a mouse anti-p-actin monoclonal antibody
(1:5000, Cat. No. SC-47778, Santa Cruz Biotechnology).

Immunochemical Analyses

The procedures of immunostaining were described in our
previous studies [39—41]. PFA-fixed brain sections were
blocked by 10% donkey serum-0.03% Triton-1xPBS for
1 h at room temperature and washed with 1xPBS for three
times. Brain sections were subsequently incubated over-
night at 4 °C with primary antibodies diluted in 1% don-
key serum-0.03% tripon-1xPBS, and then incubated with
an Alexa 488-conjugated donkey-anti-mouse IgG (1:300;
Cat. No. R37114, Invitrogen), an Alexa 488-conjugated
donkey-anti-rabbit IgG (1:300; Cat. No. A21206, Invitro-
gen) or an Alexa 568-conjugated donkey-anti-rabbit IgG
(1:300; Cat. No. A10042, Invitrogen) for 4 h in the dark at
room temperature. Fluorescent images were acquired using
a Nikon FN1 epi-fluorescence microscopy equipped with
a CoolSNAP-EZ CCD-camera or an Olympus Fluoview
1000 confocal microscope. The primary antibodies include
a mouse anti-GFAP monoclonal antibody (1:300; Cat. No.
MAB360, Sigma), a rabbit anti-GDNF polyclonal antibody
(1:300, Cat. No. SC-328, Santa Cruz Biotechnology), a
rabbit anti-Iba 1 polyclonal antibody (1:300, Cat. No. 019-
19741, Fyjifilm).

Statistical Analysis

Quantitative data were expressed as mean+s.e.m. Statis-
tical assessments were made by a student’s #-test for two
groups or a one-way ANOVA (Bonferroni post hoc test)
for multiple groups. p<0.05 was considered statistically
significant.

Results

Overexpression of GDNF in Astrocytes Decreased
Brain Lesion and Promoted Motor Function
Recovery After PT

To realize specific GDNF overexpression in astrocytes, we
constructed a GDNF expressing DNA plasmid that contains
an astrocyte-specific gfaABC ;D promoter for transfection
and rAAV preparation [33]. Our data demonstrated that
overexpression of GDNF in astrocytes can be achieved in
vitro and in vivo by DNA transfection and viral transduction
(Online Resource 1).

To assess whether overexpression of GDNF in astro-
cytes could improve stroke outcomes in mouse model, we
injected rAAVS5-GDNF and rAAVS5-mRFP vectors into the
cortex and induced photothrombosis ischemic stroke 14
days later (Fig. 1a, b). Initially, we conducted immunostain-
ing and confirmed GDNF or mRFP expressions in cortical
reactive astrocytes in the PIR 7 days after PT (Fig. lc, d).
We also conducted WB analysis of synaptic markers in the
PIR and found that GDNF overexpression in astrocytes did
not affect the protein levels of synaptophysin, GluRs (GluR1
and GluR2) and NMDARs (NMDAR 2A and NMDAR 2B)
but reduced vGluT1 expression compared with the con-
trol mice (Fig. 1le-l), suggesting alterations of glutamater-
gic neurotransmission after ischemic stroke by astrocytic
GDNF overexpression. To determine whether astrocytic
GDNF could offer brain protection after stroke, we evalu-
ated brain lesion using Nissl staining. Mice injected with
rAAV5-GDNF vectors to overexpress GDNF in astrocytes
(group 1) showed reduced infarct volumes at 2 and 7 days
after PT as compared to the control mice injected with
rAAV5-mRFP vectors (Ctrl or group 2) (Fig. 2a-c). Next,
we further evaluated the impact of GDNF in astrocytes on
functional recovery through a battery of motor behavioral
tests. From all tests including hanging wire, grip force, and
cylinder tests, the group 2 mice exhibited more severe func-
tional deficits than the group 1 mice (Fig. 2d-g). Overall,
these results demonstrated that overexpression of GDNF in
astrocytes can reduce brain lesion and facilitate motor func-
tion recovery following ischemic stroke.

GDNF Overexpression in Astrocytes Promoted
Astrocytic Proliferation and Reduced Oxidative
Stress After PT

Reactive astrogliosis is a common feature following CNS
injury [42—44]. It has been demonstrated that reactive
astrocytes can promote neuronal survival following isch-
emic stroke [44—46]. Our previous study showed that dele-
tion of GDNF could decrease astrocytic proliferation after
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Fig. 1 The effects of GDNF overexpression in astrocytes on synap-
tic proteins following PT. (a) An illustration of the viral injection. IC:
ischemic core; PIR: peri-infarct region. (b) Experimental timeline. (c,
d) Fluorescent images showing the expressions of GDNF and mRFP
in cortical astrocytes 7 days after PT. (e-1) WB images (e) and sum-

ischemic stroke [15]. Therefore, we asked whether GDNF
overexpression could promote astrocytic proliferation fol-
lowing ischemic stroke. Accordingly, we conducted GFAP
staining in motor cortex 4 days after PT, a timepoint when
proliferation of reactive astrocytes reaches its maximal rate.
Our results showed that group 1 mice showed upregula-
tion of GFAP in the PIR as compared to group 2 control
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mary data (f-1) of protein expressions in cortical tissues 7 days after
PT. In (c-1) rAAVS5-GDNF and rAAV5-mRFP virus were injected 2
weeks before PT. N=4 mice for each group. *p<0.05, **p<0.01,
**%p<0.001; (Student’s t-test)

mice, indicating promotion of astrocyte activation due to
GDNF overexpression (Fig. 3a, b). Interestingly, group 1
mice also showed an increase in Iba expression, suggesting
that microglia activation was also facilitated by astrocyte-
derived GDNF (Fig. 3c, d).

Neurons possess high efficiency of mitochondrial oxi-
dative phosphorylation and produce low levels of reactive
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Fig.2 Overexpression of GDNF in astrocytes reduced brain lesion and
promoted motor function recovery after PT. (a) Representative images
of Nissl staining showing the brain infarct areas of viral injected mice
2 days after PT. The white dash lines outline the damage area. (b, c)
Quantification of infarct volumes at 2 (b) and 7 (c) days after PT. N=4
mice for each group 2 days after PT and 7 mice for each group 7 days

oxygen species (ROS) under normal conditions. However,
following ischemic stroke, mitochondrial dysfunction could
contribute to accumulation of ROS, thus elevating oxidative
stress [47]. To investigate whether GDNF overexpression in
astrocytes could lower oxidative stress in the PIR after isch-
emic stroke, DHE, a fluorescent probe for the detection of
ROS was injected to label ROS. Results showed that DHE
fluorescent intensity was significantly reduced in the PIR in
group | mice at day 4 post stroke as compared to group 2
mice (Fig. 3e, f).

Reactive Astrocytes Promoted Neuronal Survival
After OGD Through Release of GDNF

To test whether overexpression of GDNF in astrocytes could
promote neuronal survival and reduce neuronal death after
ischemia, we used the OGD model of primary astrocytic and
neuronal cultures. Initially, Western blot analysis showed
the protein levels of GDNF were increased following OGD
(Fig. 4a), consistent with the observation in the mouse PT
model. The GDNF levels were further increased by transfec-
tion with the GDNF plasmid (Fig. 4a). Importantly, GDNF
levels in astrocyte medium were also elevated after OGD and
further increased upon DNA plasmid transfection (Fig. 4b).
Thus, this result showed that OGD could upregulate GDNF

after PT. (d-g) Evaluation of motor behavior function by cylinder (d,
e), hanging wire (f), and grip force (g) tests at different timepoints
before and after PT. N=8 and 7 mice injected with rAAV5-mRFP and
rAAVS5-GDNF vectors. *p<0.05, **p<0.01, ***<0.001; (Student’s
t-test)

expression in reactive astrocytes and increase its release to
extracellular space. Next, we collected ACM from astrocyte
cultures with different conditions and used these ACMs to
treat neuronal cultures during the 24 h-reoxygenation period
after 1 h OGD (Fig. 4c). Neuronal viability was assessed
by MTT assay (Fig. 4d). Our data showed that treatment
of neurons with ACM from astrocyte culture subjected to
6 h OGD followed by 24 h reperfusion, i.e., ACM (OGD),
significantly increased cell viability after OGD as compared
to neurons without ACM (OGD) treatment. Notably, ACM
from normal astrocyte culture without OGD also showed
beneficial effects on neuronal viability albeit less effective
compared to ACM (OGD). ACM collected from OGD-
subjected astrocyte cultures transfected GDNF DNA plas-
mid, i.e., ACM (OGD+GDNF), further increased neuronal
viability. To exclusively determine whether the protective
effect of ACM (OGD+GDNF) is GDNF dependent, we
treated OGD-subjected neurons with ACM (OGD) contain-
ing GDNF neutralizing agent during reoxygenation period.
The addition of GDNF antibody in ACM (OGD) abrogated
the beneficial impact of ACM (OGD) on neuronal viability.

To further assess the effects of ACM (OGD) on neu-
ronal death and apoptosis after OGD, we used propidium
iodine (PI) and Dapi to stain primary neuronal cultures after
OGD [31, 48] (Fig. 4e-g). Consistent with MTT assay, both
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Fig. 3 GDNF overexpression promoted proliferation of reactive astro-
cytes and reduced oxidative stress in PIR following PI. (a-d) Repre-
sentative fluorescent images and signal analysis of GFAP (a, b) and
Iba 1 (¢, d) expressions in the PIR from rAAV5-mRFP and rAAV5-
GDNF viruses injected mice at day 4 post stroke. The right panels
were the high-resolution images of the boxed region in the left panels.
N=4 mice for each group. (e-f) Fluorescent images of DHE and Dapi

ACM and ACM (OGD) reduced OGD-induced neuronal
death and apoptosis. ACM (OGD+GDNF) further reduced
OGD-induced neuronal death and apoptosis while inclusion
of GDNF antibody the conditioned medium to neutralize
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and analysis of DHE signal in the PIR of mRFP and GDNF viruses
transduced mice at 4 days after stroke. The right panels were the
high-resolution images of the boxed region in the left panels. Notice
the decreases in DHE signal in GDNF overexpression mice. Data
were averaged from 10 images for each group. *p<0.05, **p<0.01,
**%p<0.001; (Student’s t-test)

GDNF attenuated the protective effect of ACM (OGD). In
addition, the effects of ACM(OGD) and GDNF antibody on
neuronal viability and death after OGD were also confirmed
in a glutamate excitotoxicity model (Online Resource 1).
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Fig. 4 Astrocyte-derived GDNF reduced neuronal death after OGD.
(a, b) WB images and analysis of GDNF expression in primary cul-
tured astrocytes (a) and GDNF content in the medium (b) at differ-
ent conditions. N=4 independent experiments. For OGD condition,
primary cultured astrocytes were subjected to 6 h OGD and followed
by 24 h reperfusion for western blot and ELISA analysis. (¢) Sche-
matic diagram showing experimental design. Primary astrocytes with
or without transfection of GDNF plasmid were subjected to 6 h OGD.
Astrocyte conditioned medium from astrocyte cultures not subjected
or subjected to OGD, namely ACM and ACM(OGD) of different
conditions were collected 24 h later and added to primary neuronal

OGD+ACM (OGD)
+GDNF

OGD+ACM (OGD)
+GDNF+GDNF Ab

OGD+ACM (OGD)

cultures after subjected to 1 h OGD followed by 24 h reoxygenation
for neuronal viability and death assays. (d-f) Neuronal viability, per-
centages of PI+neurons and neurons with condensed nuclei after 1 h
OGD and followed by 24 h reoxygenation at different conditions. The
percentage of PI+neurons was calculated based on the total number
of neurons based on DAPI staining. (g) Fluorescent images of neurons
stained with PI and Dapi at different conditions. Data in (d) were aver-
aged values from 6 replicates of representative experiment; data in (e,

f) were averaged from cell counting of 9 images in each condition.
*p<0.05, ¥*p<0.01, ***p<0.001; (one-way ANOVA test)
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Collectively, our results demonstrated that reactive astro-
cytes could promote neuronal survival and suppressed neu-
ronal death after ischemic injury through released GDNF.

Reactive Astrocytes-Derived GDNF Triggered the
Activation of Neuronal RET Receptors To Promote
Neuronal Survival After OGD

In the CNS, GDNF released by glia cells could medi-
ate neuronal functions and survival mainly through the
RET-dependent signaling pathways [11, 25-30]. Acti-
vation of RET receptor is known to undergo a two-step
process. In the first step, GDNF binds to GFRal to form
a complex; in the second step, the GDNF-GFRal com-
plex triggers the phosphorylation of RET receptor, which
initiates downstream intracellular signaling pathways. To
investigate whether reactive astrocytes-released GDNF
could lead to activation of RET receptors in neurons after
ischemia, we carried out Western blot analysis of OGD
neurons treated with and without ACM (OGD) (Fig. 5).
Our results demonstrated that OGD did not affect the pro-
tein levels of GFRal and p-RET receptors in neurons, but
reduced RET levels (Fig. 5a-d); however, the treatment
by ACM(OGD) significantly increased the phosphoryla-
tion of RET receptor and elevated p-RET/RET ratio after

OGD, suggesting that reactive astrocytes-derived GDNF
could drive the activation of neuronal RET receptor
(Fig. 5a, d, e).

To determine whether reactive astrocytes-released
GDNF could protect neuron against OGD through interact-
ing with GFRal and RET receptors in neurons, we added
GFRal, RET and p-RET antibodies to neuronal cultures
during reperfusion time after OGD and analyzed neuro-
nal viability and death (Fig. 6). As demonstrated in Fig. 4,
treatment of ACM (OGD) increased neuronal viability and
reduced neuronal death following OGD (Fig. 6a-d). How-
ever, addition of GFRal antibody to block the formation
of GDNF-GFRal complex significantly reduced neuronal
viability and increased neuronal death after OGD. Similar
results were also observed after addition of RET and p-RET
antibodies which could block the phosphorylation of RET
(p-RET) receptor and activation of downstream signaling
pathways, respectively.

Taken together, these results demonstrated that reac-
tive astrocytes-derived GDNF could reduce neuronal
death after OGD by activating GFRal-RET signaling
pathway in neurons, highlighting the non-cell autono-
mous effect of reactive astrocytes-derived GDNF on neu-
ronal survival after OGD.
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Fig. 5 Reactive astrocytes-derived GDNF triggered the activation of
RET receptors in primary neurons after OGD. (a-e¢) WB images of
protein expressions (a) and analysis (b-e) in primary cultured neurons
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after OGD. Summary data in (b-e) were averaged from 4 replicates.
*p<0.05, ¥**p<0.01; (one-way ANOVA test)
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Fig. 6 Astrocyte-derived GDNF protected neurons against OGD
through the activation of neuronal GDNF receptors. (a-¢) Neuronal
viability and death based on PI staining and condensed nuclei after
1 h OGD and followed by 24 h reoxygenation at different conditions.
(d) Representative fluorescent images of neurons stained with PI and

Reactive Astrocytes-Derived GDNF Could Inhibit
Neuronal Mitochondrial Fission and Apoptosis After
oGD

Mitochondrial dysfunction is an important factor responsi-
ble for neuronal death following ischemic injury. A previous
study showed that the GDNF/RET signaling pathway could
prevent degeneration of dopaminergic neurons through
restoring mitochondria functions [49]. In this study, we
assessed the effect of reactive astrocytes-derived GDNF on
neuronal mitochondrial quality after OGD by examining

OGD+ACM (OGD)
+GFRa1ab

OGD+ACM (OGD)
+RET Ab

OGD+ACM (OGD)
+p-RET ab

Dapi at different conditions. Data in (a) were averaged values for 6
replicates of representative experiment; data in (b, ¢) were averaged
from cell counting in 9 images in each condition. *p<0.05, **p<0.01,
**%p<0.001; (one-way ANOVA test)

the expressions of DRP1, p-DRP1 and mitofusin 2, three
proteins known to regulate mitochondrial fusion and fission
(Fig. 7a-e). Our results showed that expressions of DRP 1
and mitofusin 2 were downregulated while the protein lev-
els of p-DRP-1 was increased in primary cortical neurons
following OGD. These results suggest that mitochondria
fission is promoted. Interestingly, ACM (OGD) treatment
reduced the protein levels of p-DRP1, with no significant
effect on DRP1 and mitofusin 2. These data suggest that
reactive astrocytes-derived GDNF alleviating mitochon-
drial fission.
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Fig. 7 Reactive astrocyte-derived GDNF inhibited mitochondrial fis-
sion and apoptosis of primary neurons after OGD. (a-g) WB images
(a) and analysis (b-g) of protein expressions in primary neurons

Lastly, we investigated the effects of GDNF/RET signal-
ing on neuronal apoptosis by examining the protein levels
of caspase-9 and cleaved caspase 3, two factors mediating
apoptotic cell death. As expected, OGD upregulated cas-
pase-9 and cleaved caspase 3 levels in primary neuronal
cultures, whereas ACM (OGD) treatment significantly sup-
pressed their upregulations after OGD (Fig. 7a, f, g). These
results are consistent with neuronal death assay by PI and
Dapi stainings (Figs. 4 and 6). Taking together, our data
suggest that GDNF released from reactive astrocytes drives
the activation of GFRa-RET-dependent signaling pathways,
thereby suppressing mitochondrial fission and cell apoptosis
in primary neurons after OGD.

Discussion

In the current study, we explored whether and how reactive
astrocytes-derived GDNF could promote neuronal survival
and brain recovery after ischemic stroke using both in vitro
and in vivo models. In our in vivo study, we observed that
astrocyte specific GDNF overexpression by rAAV transduc-
tion could significantly decrease brain infarction and pro-
mote motor function recovery after PT. Meanwhile, we also
observed that GDNF overexpression facilitated astrocytic
proliferation and reduced oxidative stress in the PIR. In in
vitro study, we found that treatment of OGD subjected neu-
rons with ACM(OGD) containing increased GDNF released
from reactive astrocytes could promote neuron survival and
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after OGD. Data were from 3—4 independent experiments. *p<0.05,
**p<0.01, ¥**p<0.001; (one-way ANOVA test)

reduce neuronal death, trigger activation of the neuronal
GFRal-RET signaling pathway, and inhibit neuronal mito-
chondrial fission and apoptosis (Fig. 8).

Reactive astrogliosis is known to accompany many cen-
tral nervous system (CNS) pathological conditions such as
ischemia, neuroinflammation and neurodegeneration [50].
During this process, affected astrocytes undergo transfor-
mation to a reactive state and become reactive astrocytes.
Reactive astrocytes typically exhibit upregulation of GFAP
expression, an intermediate filament protein vital for astro-
glia cyto-architecture and functions [12]. Studies using
GFAP null mice suggest the important role of GFAP to retain
the function of reactive astrocytes and reduce brain dam-
age following ischemia [51, 52]. Reactive astrocytes could
release neurotrophic factors to modulate neuronal activities;
however, the interaction between GFAP and neurotrophins
release is not well established. An investigation revealed a
null mutation of GFAP in mice conferred protection for stri-
atal neurons from metabolic and excitotoxic insults through
promoting GDNF release from astrocytes, indicating GFAP
could regulate GDNF production [53]. Here we observed
that GDNF overexpression in cortical astrocytes could
upregulate GFAP expression. This evidence, combined with
our previous study showing that astrocyte specific knockout
of GDNF could inhibit GFAP expression and cell prolifera-
tion, demonstrating that GDNF could also mediate GFAP
expression and astroglia functions [15].

In the CNS, GDNF can modulate neuronal activities
and functions mainly through the GFRal-RET dependent
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Fig. 8 Schematic diagram illustrating the role of astrocytic GDNF
in neuronal survival and brain recovery after ischemic stroke. Astro-
cytes are activated following ischemic stroke and become reactive
astrocytes. Reactive astrocytes release GDNF into extracellular space
and binds to GFRal protein anchor on neuronal cell membrane. The

signaling pathway [25-30]. Under this event, GDNF can
bind to RET receptors and subsequently trigger the phos-
phorylation of RET at four different tyrosine residues. Evi-
dence further showed that phosphorylation of these residues
could stimulate a similar profile of downstream signaling
pathways responsible for cell survival, proliferation, differ-
entiation, and neurite growth [54]. RET receptor is expressed
in multiple neuronal populations including sympathetic,

Reactive astrocyte

GDNF-GFRal complexes trigger the phosphorylation of RET recep-
tors in neurons and initiate intracellular signaling pathways, which
suppress mitochondrial fission and reduce oxidative stress. These
changes inhibit caspase regulated cell apoptosis and promote neuronal
survival and brain recovery after ischemic stroke

sensory, motor and dopaminergic neurons [55]. It is also
detected in different brain regions such as cortex, hippocam-
pus and striatum [56]. In the present study, we tested whether
reactive astrocytes-derived GDNF could promote neuronal
survival and rescue neuronal death after ischemia through
activation of RET receptors in neurons. We employed ACM
from control and OGD-subjected astrocyte cultures to treat
OGD cortical neurons during reperfusion period. Assays
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of neuronal viability and neuronal death demonstrated that
supplementation of ACM (OGD) could reduce neuronal
death following ischemia, and addition of GDNF antibody
in ACM (OGD) blocked this beneficial effect. These results
are in agreement with the notion of neuronal protective role
of astrocytes-derived GDNF on ischemic injury. To exclu-
sively determine whether GDNF acts with neuronal GDNF
receptor pathway, GFRal antibody, RET antibody or p-RET
antibody were added to neuronal cultures after OGD, and
results showed that these treatments significantly attenu-
ated the protective effect of ACM (OGD). Although RET
expression was not significantly altered, the protein levels
of p-RET in cortical neurons was dramatically elevated
after OGD when treated with ACM(OGD). Altogether,
these results demonstrated that reactive astrocytes-released
GDNF could prevent ischemia-induced neuronal loss
through the RET dependent pathway.

Moreover, the decreased expression of p-DRP-1 (Ser616)
after ACM (OGD) treatment suggested suppressing neuro-
nal mitochondrial fission after OGD. Following ischemia,
mitochondrial fission mediated by p-DRP-1 (Ser 616) can
be detected in both primary cultured neurons and brain cor-
tical tissues [57, 58]. Mitochondrial fission leads to frag-
mentated mitochondria, thus reduces efficiency of oxidative
phosphorylation and contributes to neuronal death after
ischemic injury [59—-61]. Inhibition of mitochondrial fission
can attenuate neuronal death after ischemic stroke [61]. Our
data indicate that reactive astrocytes-derived GDNF sup-
pressed mitochondrial fission in neurons via the RET depen-
dent signaling pathway. We also found that ACM (OGD)
treatment reduced expressions of cleaved caspase-3 and
caspase 9 in neurons subjected to OGD, suggesting inhibi-
tion of the cell apoptotic pathway. Collectively, our results
confirm a novel mechanism for reactive astrocytes-derived
GDNF to inhibit mitochondrial fission and suppress cell
apoptosis after ischemia.

To investigate whether reactive astrocytes-derived
GDNF could alleviate neurodegeneration after stroke in
vivo, we conducted WB analysis of cortical tissues from
both GDNF and mRFP viruses injected mice. Our data dis-
played that GDNF overexpression in reactive astrocytes did
not affect the expression levels of synaptophysin, GluRs and
NMDARSs, but reduced vGIuT1 protein levels in the PIR
after stroke. In the CNS, vGluT1 is specifically expressed in
glutamatergic neurons and mediates the loading of presyn-
aptic vesicles with glutamate, the first step of glutamatergic
neurotransmission [62—64]. It has been reported that isch-
emia upregulated vGluT1 expression in the brain and lead-
ing to excitotoxicity, which contributes to the elevation of
oxidative stress and neuronal death [64, 65]. Recently, sev-
eral studies indicated vGluT1 as a therapeutic target for isch-
emic stroke [64, 66, 67]. For instance, reduced expression of
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vGluT1 was shown to attenuate brain infarction and neuro-
logical deficits after ischemic stroke [67] and inhibition of
vGIuT1 function offered neuroprotection in ischemic brain
[64]. Our results suggest that GDNF overexpression in
astrocytes may modulate glutamatergic neurotransmission
and suppress excitotoxicity through decreasing vGluT1-
mediated glutamate reloading, thereby exerting a brain
protection effect after ischemic stroke. However, efforts are
needed to validate the signaling pathways by which GDNF
regulates vGluT1 expression.

Oxidative stress, induced by the accumulation of reactive
oxygen species (ROS), is the primary factor that leads to
brain damage after ischemic stroke. During ischemic stroke,
the depletions of glucose and oxygen disrupt mitochondria
oxidative phosphorylation and alter the cellular metabolic
profiles, thereby promoting ROS productions and elevating
oxidative stress [8, 67]. In addition, the excessive release
of glutamate results in intracellular accumulation of Ca®",
which triggers the activation of signaling pathways respon-
sible for overproduction of free radicals and aggravates oxi-
dative stress induced injury [68, 69]. During reperfusion, the
resupplies of glucose and oxygen reactivates mitochondrial
respiratory chain, which further facilitating ROS accumula-
tion. Unfortunately, the disruption of glucose metabolism
reduces the cellular capacity to synthesize antioxidants rap-
idly, which exacerbates the escalation of oxidative stress.
Among all cell types, neurons are especially vulnerable to
oxidative stress due to the high rate of oxidative phosphor-
ylation and limited ability to synthesize ROS scavengers,
thus in CNS, neurons are highly dependent on astrocytes
to defend against oxidative stress. According to previous
investigations, astrocytes can efficiently supply neurons
with glutathione (GSH), the primary antioxidant [9, 70, 71].
This metabolic interaction restores neuronal functions under
a range of pathological situations [72—74]. However, this
point may not be comprehensive, as astrocytes could protect
neurons from ROS triggered injury via other routes [75-77].
For example, astrocyte secreted GDNF was observed to
protect neurons against 6-OHDA cytotoxicity via upregu-
lation of GSH synthesis [75]. Overexpression of GDNF in
hippocampal astrocytes in 3xTg-AD mice could preserve
learning and memory deficits due to the abolishment of oxi-
dative stress by GDNF [76]. In our previous study, we found
that specific knockout of GDNF in astrocytes could elevate
oxidative stress and increase neuronal death in PIR follow-
ing stroke [15]. Consistent with these findings, we demon-
strated that overexpression of GDNF in astrocytes could
downregulate ROS production in PIR following ischemic
stroke, corroborating our in vitro results that ACM (OGD)
alleviated mitochondria fission in neurons, which contribute
to the downregulation of oxidative stress.
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In summary, our study demonstrated the beneficial effects
of GDNF derived from reactive astrocytes to offer neuro-
nal survival and functional recovery after ischemic stroke.
Reactive astrocytes-derived GDNF could drive the activa-
tion of GFRa1-RET signaling pathways in neurons, which
could inhibit mitochondrial fission and lower oxidative
stress. Our study thus highlights the non-cell autonomous
effect of reactive astrocytes-derived GDNF on neuronal
survival through astrocyte-neuron interactions and sug-
gests that astrocytic GDNF may have implications in stroke
therapy.
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