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Abstract

Apoptosis plays an essential role in ischemic stroke pathogenesis. Research on the process of
neuronal apoptosis in models of ischemic brain injury seems promising. The role of growth arrest
and DNA-damage-inducible protein 45 beta (Gadd45b) in brain ischemia has not been fully ex-
amined to date. This study aims to investigate the function of Gadd45b in ischemia-induced
apoptosis. Adult male Sprague-Dawley rats were subjected to brain ischemia by middle cerebral
artery occlusion (MCAO). RNA interference (RNAi) system, which is mediated by a lentiviral
vector (LV), was stereotaxically injected into the ipsilateral lateral ventricle to knockdown
Gadd45b expression. Neurologic scores and infarct volumes were assessed 24 h after reperfusion.
Apoptosis-related molecules were studied using immunohistochemistry and Western blot analy-
sis. We found that Gadd45b-RNAi significantly increased infarct volumes and worsened the
outcome of transient focal cerebral ischemia. Gadd45b-RNAi also significantly increased neuronal
apoptosis as indicated by increased levels of Bax and active caspase-3, and decreased levels of
Bcl-2. These results indicate that Gadd45b is a beneficial mediator of neuronal apoptosis.
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INTRODUCTION

Ischemic stroke is one of the leading causes of
death and long-term disability worldwide. Consider-
ing the essential role of apoptosis in the pathogenesis
of ischemic stroke, a more detailed understanding of
the mechanisms involved will have a substantial ef-
fect in the optimization and development of treatment
strategies. Subsequent to acute ischemic stroke, an
early response emerges in the gene expression of key
modulators of apoptosis, such as the Bcl-2 family. The
release of pro-apoptotic proteins from the mitochon-
dria induces the activation of caspases and other
genes that aggravate apoptotic cell death [1,2].

Growth arrest and DNA-damage-inducible pro-
tein 45 beta (Gadd45b) is originally recognized as an
important factor in DNA repair, apoptosis, cell sur-

vival, growth arrest, and possibly DNA demethyla-
tion. Several studies on non-neuronal cells have sug-
gested Gadd45b as an anti-apoptosis gene [3A4].
Gadd45b was identified as an intrinsic neuroprotec-
tive molecule in retinal ganglion cells [5,6]. It's not
clear whether Gadd45b was involved in apoptosis
induced by ischemic stroke. This study aims to eval-
uate the effects of Gadd45b downregulation in neu-
ronal apoptosis after cerebral ischemia.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley (SD) male rats
(230-300g) were purchased from the Experimental
Animal Center of Chongqing Medical University.
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Rats were group housed (five rats per cage) in quiet in
a room maintained at 21-22 °C on a 12/12-h
light/dark cycle, and allowed free access to food and
water during the study. All animal procedures were
reviewed and approved by the Institutional Animal
Care and Use Committee at the Chongqing Medical
University and were performed strictly in accordance
with the “Guiding Principles for Research Involving
Animals and Human Beings”.

A total of 186 rats were included in the study.
Data are reported on 104 animals. Eighty-two were
excluded from the study due to no neurologic ab-
normalities (16) or death (66). Rats were randomly
assigned to groups: sham (n=14); MCAO (n=30); Len-
tiviral vector (LV)-control (ischemia and LV-Control,
n=30), and LV-shGadd45b  (ischemia and
LV-shGadd45b, n=30).

Transient MCAO in Rats

To induce transient focal cerebral ischemia in
rats, middle cerebral artery occlusion (MCAO) sur-
gery was performed as described previously [7]. Rats
were anesthetized using 3.5% chloral hydrate (350
mg/kg, ip) and right common carotid artery (CCA)
was surgically exposed by a midline neck incision.
Right CCA was ligated distally and external carotid
artery (ECA) was ligated proximally to ECA and in-
ternal carotid artery (ICA) bifurcation. A 30 mm
length of nylon filament (diameter 0.25+0.03mm) was
gently inserted into the lumen of ICA from right ECA.
Afterwards, reperfusion was established by with-
drawal of the nylon filament at 2 h after ischemia. In
the sham group, rats underwent the same surgical
procedures without occlusion of the right CCA. Rats
were then returned to their cages and body tempera-
ture were kept at (37£0.5) °C.

Gadd45b-shRNA Injection

LV pLKD.UBC.GFP.U6.shRNA was generated
and purchased from Neuron Biotech (Shanghai, Chi-
na). The prepared rat Gadd45b-shRNA sequence was
5-CGA CAA CGC GGU UCA GAA GUU-3 (sense)
and 5-PCU UCU GAA CCG CGU UGU CGUU-3 (an-
tisense). Seven days before MCAO surgery, 4 pl of
concentrated viral solution (containing
Gadd45b-shRNA) was stereotaxically delivered into
the ipsilateral lateral ventricle (coordinates from
bregma: AP 1.1 mm, ML 0.8 mm, DV 4.2 mm from the
pial surface). The control rats were also injected with
the same dose of lentivirus without Gadd45b-shRNA.

Detection of Virus Delivery

Green fluorescent protein (GFP) was observed in
brain section under a fluorescence microscope for the
detection of virus delivery. To determine the proper
therapeutic titer, Gadd45b mRNA and protein ex-

pression was examined through real-time PCR and
immunohistochemistry. The most appropriate thera-
peutic titer was used in the following study.

Sample Processing

The rats were killed 24 h after reperfusion, and
the brains were quickly removed by neck breaking to
collect the cerebral cortex for immunohistochemistry,
Western blot analysis, real-time PCR and TTC stain-
ing.

RNA Isolation and Real-Time PCR

Animals were anesthetized using 3.5% chloral
hydrate (350 mg/kg, ip) 24 h after MCAO. Total RNA
from ipsilateral ischemic penumbra was harvested for
the assay of Gadd45b and BDNF mRNA levels. The
procedure was similar to that in our previous study
[8]. The sequence for Gadd45b forward primer was
5-TGA TCC AAT CGT TCT GCT GC-3') and the re-
verse primer was 5-CGT TTG TGC CTA GAG TCT
CTG C-3'. The sequence for BDNF forward primer
was 5-TGT CCG AGG TGG TAG TAC TTC ATC-3
and the reverse primer was 5'-CAT GCA ACC GAA
GTA TGA AAT AAC C-3'. The sequence for B-actin
forward primer was 5-CGT TGA CAT CCG TAA
AGA CCT C-3' and the reverse primer was 5-TAG
GAG CCA GGG CAG TAA TCT-3'. The real-time PCR
protocol was 95 °C for 5 min, followed by 40 cycles of
95 °C for 10 s and 60 °C for 30 s. Cycle threshold (Ct
value) was acquired from the software provided by
the manufacturer. A relative quantity was calculated
using the 2-AACT method [9] for each sample.

Immunohistochemistry

Rats were anesthetized using 3.5% chloral hy-
drate (350 mg/kg, ip) 24 h after MCAOQO. Paraffin sec-
tions were prepared as previously described [8]. In
brief, sections (n=5 for each group) were incubated
with primary antibodies (rabbit anti-Gadd45b, 1:80;
rabbit anti-BDNF, 1:200; rabbit anti-Bax, 1:100; and
rabbit anti-Bcl-2, 1:100; all from Santa Cruz, USA)
overnight at 4 °C. Afterwards, sections were blocked
with normal serum for 30 min at 37 °C. Then, the
samples were incubated with goat anti-rabbit IgG for
30 min at 37 °C. Positive activity was revealed with
diaminobenzidine. Confocal images were taken with
a Nicon microscope. Gadd45b, BDNF, Bax and Bcl-2
expression were quantified using NIH Image] soft-
ware. Immunopositive cells were quantified in se-
quential fields of 1 mm? at ipsilateral ischemic pe-
numbra in five animals selected randomly from each
group. The number of neurons per field for each
sample was the average of 20 consecutive objects in 4
sections/case by an investigator who was blinded to
this study.
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Western Blot Analysis

Six animals in each group were sacrificed 24 h
after reperfusion, and the rat brain tissues were ex-
tracted from ipsilateral ischemic penumbra. Western
blot analysis was performed as described previously
[8]. Anti-Bax (1:200, Santa Cruz, USA), anti-Bcl-2
(1:200, Santa Cruz, USA), anti-BDNF (1:200, Santa
Cruz, USA), anti-cleaved caspase-3 (1:500, Cell Sig-
naling Technology), and anti-GAPDH (1:2000; Santa
Cruz, USA) were used as primary antibodies. The
blots were subjected to gel formatter (BIO-RAD) and
quantified through Quantity One analysis. GAPDH
was used as an internal loading control.

Neurological Deficits

Neurological deficits were determined 24 h after
stroke according to a neurological grading score [10].
The evaluator was blinded to the experimental treat-
ment. Briefly, neurological deficits was scored as fol-
low: 0=no observable deficit, 1=torso flexion to the
right side, 2=spontaneous circling to the right side,
3=falling to the right side and 4=no spontaneous
movement.

Measurement of Infarct Volume

The rats were euthanized under anesthesia 24 h

Low titer Medium titer High titer

A

after reperfusion. The brains were rapidly removed.
Coronal sections (n=6 in each group) were cut into 2
mm thick slices and stained with standard 2% TTC for
20 min at 37 °C. The pale-appearing infarcted areas
and areas of the uninfarcted hemispheres were digi-
tally analyzed using NIH Image ] software. The area
of infarction from each slide was added and presented
as a percentage of the volume of the uninfarcted
hemisphere.

TUNEL Assay

TUNEL staining was done on brain section to
detect cell apoptosis according to the manufacturer’s
protocol of an in situ cell death detection kit (Roche,
Basel, Switzerland). TUNEL-positive cells were quan-
tified by individual counts in sequential fields of 1
mm? at ipsilateral ischemic penumbra in five rats se-
lected randomly from each group. The
TUNEL-positive cell number per field for each sample
was the average of 20 consecutive objects in 4 sec-
tions/case by an investigator who was blinded to the
studies.

Statistical Analysis

Data were expressed as meanstSD. Differences
between groups were compared using one-way anal-
ysis  of  variance
(ANOVA). P<0.05 was
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Figure 1. LV delivery efficacy and inhibition efficiency. Three different titers of LV-shGadd45b were injected 7 d before
MCAO through stereotactic surgery. (A) A few GFP-positive cells were localized in the cortex and hippocampus injected with
low-titer LVs. A large number of GFP-positive cells were observed in the cortex and hippocampus injected with medium- and
high-titer LVs. (B) Gadd45b-shRNA treatment effectively suppressed MCAO-induced Gadd45b expression. Data were
expressed as fold of sham. (C) Immunohistochemistry for Gadd45b (original magnification 400x). Images are taken from
ipsilateral ischemic penumbra. (D) The bar graph reflects the Gadd45b-positive cells in each group. (*p<0.01, compared with
sham group, #p<0.01, compared with LV-shGadd45b group).

The titer of LV
used was  6.9x108
pfu/ml. The titers of
LV were categorized
as 1.38x10° pfu/ml
(high titer), 6.9x108
(medium titer), and
3.45%x108 (low titer).
The three titers were
able to successfully
transfect  ipsilateral
ischemic ~ penumbra
and ipsilateral hippo-
campus in the rat
brains. Delivery effi-
cacy was shown by
GFP-positive cells. The
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transfection efficiency of medium and high titer injec-
tions were similar, and better than the efficiency of the
low-titer group (Figure 1A).

Our previous study has shown that MCAO sig-
nificantly increased Gadd45b expression in ipsilateral
ischemic penumbra from 6 h to 72 h after focal cere-
bral ischemia [8]. This study showed that
Gadd45b-RNAi significantly decreased
MCAO-induced Gadd45b mRNA (Figure 1B, p <0.01)
and protein (Figure 1C,D, p<0.01) expression in
comparison to MCAO and LV-Control groups.

Gadd45b-RNAi increased cerebral infarction
and worsened neurological scores

Infarct volume was measured 24 h after reperfu-
sion. No infarction was observed in the sham group,
whereas extensive lesion was developed in the stria-
tum and lateral cortex in the LV-Control and MCAO
groups. Gadd45b-RNAi significantly increased infarct
volume in comparison to rats in LV-Control and
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MCAO groups (Figures 2A, B, p<0.05). The effect of
Gadd45b-RNAi in neurological deficits was also in-
vestigated. No neurological deficiency was observed
in the sham group. The rats exhibited focal neurolog-
ical deficiency following MCAO with failure to fully
extend the forepaw. Treatment with Gadd45b-RNAi
showed a significant increase in neurological score
(Figure 2C, p<0.05), indicating that Gadd45b-RNAi
can worsen neurological deficits.

Gadd45b-RNAi increased neuronal apoptosis
after cerebral ischemia

The apoptotic activity shown by TUNEL was a
common method for detecting DNA fragmentation
that results from apoptotic signaling cascades. A
small number of TUNEL-positive cells were found in
the sham-operated animals. In samples collected from
the MCAO and LV-Control group, a large number
and density of TUNEL-positive staining was found
and further enhanced by Gadd45-RNAi treatment

(Figure 3, p<0.01).

Gadd45b-RNAi upregulated
the apoptotic and down-
regulated anti-apototic
proteins

Considering  the  im-
portance of Bcl-2, Bax, and
cleaved caspase-3 in the regula-
tion of neuronal apoptosis, the
effects of Gadd45b-RNAi on
these protein levels were deter-
mined. Immunochemistry anal-
ysis of the ipsilateral ischemic
penumbra showed a strong up-
regulation of Bax (p<0.01, Figure
4A,B) following MCAO as well
as in the LV-Control group, and
it was enhanced by
Gadd45b-RNAi  (p<0.05). Im-
munochemistry analysis of the
ipsilateral ischemic penumbra
showed a strong downregula-
tion of Bcl-2 (p<0.01, Figure 4A,
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Figure 2. Gadd45b-RNAi treatment increased infarct size and worsened the neurological behavior at 24 h after
reperfusion. (A) TTC staining of the brain. (B) The bar graph reflects the infarct volume in each group. (C)
Determination of neurological deficits. (*p<0.01, compared with sham group, 4p<0.05, compared with

LV-shGadd45b group).
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Gadd45b-RNAi (p<0.05). West-
ern blot analysis of the ipsilat-
eral ischemic penumbra in each
group showed that the expres-
sion levels of Bax (Figure 5A, B)
and cleaved caspase-3 ( Figure
5A,B) were significantly in-
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LV-Control groups compared to those of the sham
group (P<0.05). Gadd45b-RNAi enhanced the levels
of cleaved caspase-3 and Bax proteins (P<0.05). The
protein levels of Bcl-2 were significantly decreased in
the MCAO and LV-Control groups compared to those
of the sham group (P<0.05), and Gadd45b-RNAi fur-
ther decreased the levels of Bcl-2 protein (P<0.05).

Gadd45b-RNAi decreased expression of the
neuro-protective agent BDNF

BDNF activation was shown to upregulate Bcl-2,
downregulate Bax, inhibit caspase-3 activation and
subsequent apoptosis following cerebral ischemia
[11,12]. Gadd45b was shown to regulate BDNF ex-
pression in brain [13]. To further evaluate the mecha-
nism of Gadd45b in apoptosis, we investigate the ef-
fect of Gadd45b-RNAi on BDNF expression. The
changes in BDNF protein and mRNA levels were
studied through immunohistochemistry, real-time
PCR, and Western blot analysis 24 h after focal cere-
bral ischemia. The brain BDNF levels are shown in
Figure 6. In ipsilateral ischemic penumbra, immuno-
histochemical studies showed that expression of
BDNF-positive cells (p<0.01, Figure 6A,B) increased
after cerebral ischemia. Gadd45b-RNAi decreased
BDNF-positive cells in comparison to MCAO and
LV-Control groups (p<0.01). The BDNF protein levels,
determined by Western blot analysis, reflected the
immunohistochemical results in the same region
(p<0.01, Figure 6D,E). Moreover, in ipsilateral is-
chemic penumbra, the mRNA levels of BDNF were

consistent with the protein levels in each group
(p<0.01, Figure 6C).
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Figure 3. Gadd45b-RNAi treatment increased cell apoptosis in cerebral
ischemia. (A) TUNEL assay after cerebral ischemia (original magnification 400%).
(B) The bar graph reflects the TUNEL-positive cell number in ipsilateral is-
chemic penumbra in each group. (‘p<0.01, compared with sham group, #p<0.01,
compared with LV-shGadd45b group).
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and Bcl-2 expression in stroke rats. (A) Im-
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DISSCUSSION

The aim of this study was to determine the role
of Gadd45b on apoptosis during focal cerebral ische-
mia. In the present study, a previously unknown, in-
trinsic, anti-apoptotic molecule Gadd45b in ischemic
brain was elucidated. Research on enhancing the
neuroprotective function of Gadd45b may provide
effective therapeutic strategies for preventing the
death of the neurons in stroke.

Apoptosis plays an essential role in the acute and
chronic phases of ischemic stroke [14,15]. Many stud-
ies have shown that inhibition of apoptosis has a
beneficial effect in acute ischemic stroke process. The
genes responsible for ischemic stroke-induced neu-
ronal cell death have not been fully identified, alt-
hough various studies have sought to elucidate the
molecular basis of acute ischemic stroke. Our results
in this study demonstrated that Gadd45b is essential
for ischemic stroke-induced neuronal apoptotic death
based on the following evidence. First, our previous
study showed that mRNA and protein levels of
Gadd45b were significantly increased by transient
cerebral ischemia in ischemic brain [8]. Second, is-
chemic stroke-induced neuronal death was remarka-
bly aggravated by the down-regulation of Gadd45b.

Gadd45 is a highly conserved three-gene family
consisting of Gadd45a, Gadd45b, and Gadd45g.
Gadd45 has been identified as a stress-response gene
to physiological or environmental conditions, and is
originally induced by genotoxic agents [16]. Gadd45a
has been demonstrated as a pro-apoptosis gene in
neuronal injuries [17,18] and Gadd45b has been im-
plicated as an anti-apoptosis factor. The present re-
search showed that Gadd45b inhibits neuronal apop-
tosis after cerebral ischemia. Gadd45b is significantly
involved in preventing RGC death [5,6], which is
consistent with our findings regarding its an-
ti-apoptotic role in neurons. Gadd45b also inhibits
apoptosis in other cell types, such as NIH3T3 and
INS-1EDb cells [19,20]. By contrast, Gadd45b was found
to induce apoptotic death in cardiomyocytes [21],
murine hepatocytes [22,23], and other cell types [24].
Accordingly, the function of Gadd45b in apoptosis
appears to be cell type specific. Apoptosis occurs after
acute ischemic stroke, and is regulated by the apop-
totic and anti-apoptotic proteins of the Bcl-2 family.
Pro-survival Bcl-2 proteins include Bcl-2 and Bcl-xL,
as well as pro-apoptotic proteins including Bax, Bad,
and Bak [25,26]. The relative amounts of active anti-
and pro-apoptotic Bcl-2 family proteins determine the
resistance of the cells to apoptosis. Increased Bcl-2
expression with a concurrent decrease of Bax mainly
functions in protecting the brain against apoptosis
induced by acute ischemic stroke [27]. Caspase-3 is
also a well-identified pro-apoptotic executioner that is

involved in apoptosis [28]. Several groups have pro-
vided evidence that activation of caspase-3 is involved
in neurons undergoing ischemic cell death [29]. As
demonstrated in the present study, Gadd45b down
regulation increased brain damage following ischemic
stroke. The increase in brain damage is associated
with increased apoptosis as indicated by increased
levels of Bax and active caspase-3, and decreased lev-
els of Bcl-2.

Many animal studies have documented the an-
ti-apoptotic capability of BDNF in experimental is-
chemic stroke. BDNF reduces neuronal death after
transient forebrain ischemia in vivo [30,31]. Intrave-
nous BDNF counterregulates the expression
pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins
after focal cerebral ischemia [11]. BDNF also inhibits
caspase-3 activation and subsequent apoptosis fol-
lowing hypoxic-ischemic injury [12]. Previous studies
have clearly showed that activation of
BDNF-associated signaling pathways inhibits neu-
ronal apoptotic cell death.
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Figure 5. Protein levels of cleaved caspase-3, Bax, and Bcl-2 in stroke rats. (A)
Western blot assay of cleaved caspase-3, Bax, and Bcl-2 expression. 1: sham
group; 2: MCAO group; 3: LV-Control group; 4: LV-shGadd45b group. (B) The
bar graph reflects the cleaved caspase-3, Bax, and Bcl-2 protein expressions in
each group. Data were expressed as fold of sham. (p<0.01, compared with
sham group, #p<0.01, compared with LV-shGadd45b group, 2p<0.05, compared
with LV-shGadd45b group).
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Figure 6. Gadd45b-RNA.i treatment suppressed BDNF expression 24 h after MCAO. (A) Immunohistochemistry for BDNF (original magnification 400x). Images are
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expressions in each group. Data were expressed as fold of sham. (‘p<0.01, compared with sham group, #p<0.05, compared with LV-shGadd45b group).

Gadd45b reduces brain apoptosis, but the
mechanism of Gadd45b in apoptosis is not clear. As is
shown in this study, Gadd45b may regulates apopto-
sis by regulating BDNF and downstream regulatory
apoptotic proteins in ischemic stroke. First, Gadd45b
promoteregulatess DNA demethylation of the regu-
latory regions of BDNF. Gadd45b knockout mice
show a decrease in BDNF gene expression. Neurons
lacking Gadd45b fail to demethylate DNA, thereby
failing to activate BDNF by previous studies [13,32]
and our recent research [33]. Second, many previous
studies have clearly showed that activating
BDNF-associated apoptotic proteins inhibits neuronal
apoptotic cell death. Thirdly, this study indicated that
Gadd45b-RNAi treatment obviously down regulated
BDNF expression and subsequent apoptosis after is-
chemic brain injury.

Decreased BDNF levels may related to the de-
creased demethylation of BDNF by Gadd45b down
regulation. Despite all this, the role of BDNF in
Gadd45b-mediated apoptosis was not clear. There-
fore, it would be interesting to show whether the
down regulation of BDNF affect the role of Gadd45b
in neuronal apoptotic cell death.

In summary, this study indntify Gadd45b as a
critical mediator of cerebral ischemia-induced neu-
ronal apoptotic death. Our findings suggest that
treatment strategies targeting Gadd45b could be used
to inhibit neuronal apoptotic cell death after acute
ischemic stroke.
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