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Abstract Neuronal apoptosis after intracerebral hemorrhage
(ICH) plays an essential role in neurological deterioration.
Preclinical studies have shown that EGb761, an extract of
Ginkgo biloba, is neuroprotective in some other neurological
diseases with apoptosis. This study was conducted to investi-
gate the potential neuroprotective effect of EGb761 on neuro-
nal apoptosis in experimental ICH. A model of ICH was in-
duced in C57BL/6 mice by injecting collagenase. EGb761
was administered for 21 days and neurologic behaviors were
assessed at 1, 3, 7, 14, and 21 days after ICH. RNAi-mediated
knockdown of p90 ribosomal S6 kinase 1 (RSK1) was used to
further investigate the role of RSK1 in EGb761-induced neu-
roprotective effects. Neuronal death was determined by
TUNEL staining. The image datasets of neurovascular net-
works were acquired via micro-optical sectioning tomography
(MOST). The glycogen synthase kinase-3β (GSK3β) activity

was assayed using commercial kit. Primary cultured cortical
neurons were exposed to ferrous iron and treated with
EGb761. Apoptotic neurons were counted by flow cytometry.
RSK1, GSK3β, phosphorylated-GSK3β (pGSK3β), Bcl2,
Bax, cleaved-caspase3 (CC3), and VEGF were measured by
Western blot. The pGSK3β was also detected by immunoflu-
orescence staining. We found that mice in EGb761 group
performed better on rotarod test. Reduced TUNEL-positive
neurons and richer microvascular networks were observed in
mice treated with EGb761. EGb761 attenuates neuronal apo-
ptosis induced by ferrous iron counted by flow cytometry
in vitro. Decreased GSK3β activity was observed in
EGb761-treated mice compared with mice with ICH.
EGb761 increased the expression of pGSK3β (Ser9), RSK1
and the Bcl2/Bax ratio, and VEGF and decreased CC3 expres-
sion. In conclusion, EGb761 reduces neuronal apoptosis and
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promotes angiogenesis in experimental intracerebral hemor-
rhage via RSK1/GSK3β pathway.
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Introduction

Intracerebral hemorrhage (ICH) accounts for more than 15%
of all types of stroke and is a global public health concern [1,
2] with an annual incidence of 10–30 per 100,000 population,
accounting for 2 million (10–15%) of about 15 million strokes
worldwide each year [1, 3–5]. It is characterized by sudden
attack and prolonged treatment. Its pathogenesis and patho-
physiological mechanism are poorly understood. ICH lacks
effective therapies, resulting in high mortality and poor func-
tional outcomes [1, 6, 7].

Accidental cerebrovascular rupture is followed by brain
injury. Primary brain injuries are mostly mechanical tissue
damage. Rapid hematoma in the brain parenchyma leads to
brain tissue compression or disruption, elevated intracranial
pressure, and blood–brain barrier destruction. Subsequently,
a complex series of inflammatory, oxidative stress, and apo-
ptotic pathways are triggered by degradation products of he-
matoma such as thrombin, hemoglobin, heme, and ferrous
iron. Neurons in the perihematoma area undergo apoptosis
and neurological functions deteriorate [7–9].

Originally identified as a regulator of glycose metabolism,
glycogen synthase kinase 3 beta (GSK3β) has also been
found to be involved in a diversity of physiological and path-
ogenesis processes including inflammation, cell cycle pro-
gression, and cell apoptosis [10, 11]. Activated GSK3β was
involved in conducting neuronal apoptosis in a series of neu-
rodegeneration and cerebrovascular diseases [12–15]. The ac-
tivity of GSK3β can be increased by phosphorylation at
tyrosine-216 in GSK3β and decreased by phosphorylation at
serine-9 located in the N-terminal domain through multiple
regulatory mechanisms such as the AKT/GSK3β, PKC/
GSK3β/NF-κB, and Wnt/GSK3β signaling pathways [12,
15]. Among those regulatory pathways, p90 ribosomal S6
kinase 1 or ribosomal S6 kinase 1 (RSK1), one of the isoforms
of a serine-threonine protein kinase RSK (90-kDa ribosomal
S6 kinase) family, was reported to inhibit GSK3β activity
through phosphorylation of GSK3β at serine-9 thereby atten-
uating the apoptosis mediated by GSK3β [16–18].

EGb761, containing ginkgo flavonoid glycosides (24%);
terpene trilactones (5.4–6.6%); ginkgolides A, B, and C
(2.8–3.4%); and bilobalide (2.6–3.2%), is the standardized
extract ofGinkgo biloba leaves [19]. Basic and clinical studies
suggest that EGb761 alleviates the damage due to various
neurological disorders, such as Alzheimer’s disease (AD),
subarachnoid hemorrhage (SAH), and Parkinson’s disease

(PD) [20–23]. EGb761 administration markedly decreased
neuronal necrosis and cell apoptosis and improved functional
performance in rats during the acute phase after spinal cord
contusion injury [24]. Also, EGb761 was found to inhibit
hippocampal neuron apoptosis in rats with ischemic/
reperfusion injuries [25]. In the rat primary cultures of cortical
neurons, EGb761 was found to prevent zinc-induced activa-
tion of p38 MAPK and glycogen synthase kinase 3 beta
(GSK3β) and inhibited the neuropathology of AD [26].
EGb761 also promotes VEGF expression in Wistar rats after
SAH [27]. Accordingly, we postulated that targeted inhibition
of GSK3β activity with EGb761 may improve neurological
outcome after ICH by relieving neuronal apoptosis and en-
hancing angiogenesis, via downregulation of GSK3β activity
and promotion of VEGF expression.

In this study, we investigated the role of EGb761 in ame-
lioration of behavioral outcomes, inhibition of neuronal apo-
ptosis, and angiogenesis in experimental ICH mice model and
primary cultured neurons. The RSK1/GSK3β pathway was
hypothesized and tested as the possible mechanism of
EGb761 effects.

Methods

Animal Grouping, Drug Administration, and RSK1
shRNA Injection

The experimental protocols were approved by the Animal
Center of Huazhong University of Science and Technology
(Wuhan, China). Male C57BL/6 mice (age 8–10 weeks;
weight, 20–25 g; Beijing HFK Bioscience Co. Ltd. China)
were housed under a controlled environment at a temperature
of 20 to 23 °C, and 12-h light–dark cycle, with free access to
food and water.

Mice were randomly divided into four groups: (1) sham
group (n = 20), (2) ICH model group (n = 40), (3) vehicle
group (n = 60, intraperitoneally injectedwith saline for 21 days
after ICH), and (4) EGb761 group (n = 60, intraperitoneally
injected with 100 mg/kg EGb761) [28]. The initiation of
EGb761 treatment was started from day 1 after ICH to day 21.

To further evaluate the relation between RSK1 and
GSK3β, RNA interference (RNAi)-mediated knockdown of
RSK1 was used. Lentiviral vectors (GV298)-RSK1-small
hairpin RNA (shRNA) (52364–21) were generated and pur-
chased from Genechem Co., Ltd., Shanghai, China. RSK1-
shRNA was designed based on the siRNA sequence which
efficiently suppressed RSK1 expression in the mouse heart
cell line (HL-1) [29]. The prepared RSK1-shRNA sequence
was 5-GGA CCA AGA UGG AGA GAG ACA UCC T-3
(sense) and 5-AGG AUG UCU CUC UCC AUC UUG
GUC CGA-3 (antisense). We stereotactically injected the
RSK1 shRNA (n = 4) and control shRNA (n = 4) (Shanghai
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Genechem Co., Ltd.) into the lateral ventricle (coordinates
0.5 mm posterior; 0.7 mm lateral to the bregma; and a depth
of 2.5 mm from the surface of the brain before modeling.
Then, the mice were sacrificed and the brains were collected
at day 7.

Mouse ICH Models

ICH model was induced in mice by injecting collagenase type
VII (Sigma, St. Louis, MO, USA) as previously described
[30]. Briefly, male C57BL/6 mice were anesthetized with an
intraperitoneal injection of 10% chloral hydrate (10 mL/kg)
and held in a stereotaxic frame in prone position (Model 500,
Kopf Instruments, Tujunga, CA, Beijing, China). A burr hole
was drilled on the skull. Using a microinfusion pump,
0.0375 U collagenase in 0.5 μL saline was stereotactically
injected slowly into the right basal ganglia (coordinates
0.2 mm anterior, 3.5 mm ventral, and 2.5 mm lateral to the
bregma). After injection, the needle was left for an additional
15 min and withdrawn at a rate of 1 mm/min. The surgical
wound was sutured.

Behavioral Tests

Behavioral function was double-blindly assessed at days 1, 3,
7, 14, and 21 with modified neurological severity scores
(mNSS) and rotarod (Ugo Basile, Comerio, Italy) test [31].
Mice with consciousness disorders or severe paralysis were
excluded from the rotarod test. Before initiation of the rotarod
test, mice were trained on rotarod at a set rotational speed
(15 rpm) for 15 min, followed by three trials with an acceler-
ating rotational speed from 4 to 40 rpm within 5 min to obtain
baseline latency for 3 days prior to surgical operation. Each
mouse was then tested for three times. The average retention
time on rotarod was recorded.

TUNEL Staining

Mice were transcardially perfused with phosphate-buffered
saline and 4% paraformaldehyde. The brains were collected
and postfixed for 24 h in 4% PFA and then were dehydrated
using 30% sucrose. Brain specimens at day 7 were embedded
in paraffin, and neuronal apoptosis was determined with
TUNEL staining using in situ Cell Death Detection Kit
(Roche) as indicated in the manufacturer’s instructions.
Sections were observed using a Zeiss LSM 710 laser-
scanning confocal fluorescence microscope (Zeiss, Jena,
Germany). Images were analyzed with Zen software (Zeiss,
Jena, Germany) and Image-Pro Plus 6.0 software (Media
Cybernetics, CA, USA).

Reconstruction of 3D Neurovascular Networks

Mouse brain samples at day 21 were prepared as previously
reported [32, 33]. Nissl-stained mouse brains were imaged by
MOST to obtain 10,000 slices of coronal dataset, respectively.
Coronal slices (10,000) were produced from original images
by a series of preprocessing steps, which include trimming of
redundant images, alignment of neighboring image strips, and
illumination calibration of whole slice. Based on coronal
datasets, sagittal datasets were obtained by reslicing using
ImageJ 1.50b (National Institutes of Health, USA). A series
of images was generated by minimum intensity projection of
every 50 coronal slices to obtain neuronal soma and vessel
network information. Three-dimensional ranges of normal
brain structures and lesions were confirmed using ImageJ.
Three-dimensional data blocks including lesions and normal
structures were extracted, respectively, from continuous
preprocessed coronal images using customized Matlab
R2014a (MathWorks, USA) and processed via background
normalization using low pass filter. Normalized data blocks
include neural somas in the background and vessels in the
foreground. Data blocks were obtained through grayscale in-
version with soma in the foreground. Data blocks including
soma were used to detect the location of soma using improved
NucleusEditor software in Farsight Project. Data blocks in-
cluding vessels were used to trace vessel centerline using the
AutoSkeletonmodule in Amira 5.4.3 (FEI, USA). Data blocks
including lesions were used to determine the three-
dimensional outline of lesion structures employing the
Segmentation module in Amira software. The contralateral
normal structure was obtained symmetrically. Based on the
determination of soma and vessel centerline, the final segmen-
tation of soma and vessel inside the three-dimensional outline
was extracted. Soma densities were determined according to
the location and three-dimensional outline volumes. Based on
vessel tracing results, the TREES toolbox v1.15 (open source)
was used to perform quantitative analysis.

GSK3β Activity Assay

Activity of GSK3β of brain tissues at day 7 was measured
using the GENMED GSK3β Activity Assay Kit (GENMED
Scientifics INC., Arlington, MA, USA) following the product
instructions.

Cell Culture, Ferrous Iron Exposure, and Treatment

We developed primary cortical neuron cultures following a
previously described method [34, 35]. Briefly, cells were
dissociated from cortical tissues of neonatal C57 BL/6
mouse with 0.125% trypsin (Invitrogen) for 15 min at
37 °C. Cells were resuspended in a DMEM medium
(Gibco, Carlsbad, CA, USA) containing 10% fetal bovine

Mol Neurobiol



serum (Gibco, Carlsbad, CA, USA) and seeded on six-well
poly-L-lysine-coated culture plates. The medium was re-
placed after 6 h, and 50% of the medium was refreshed
every 3 days with Neurobasal Medium (Gibco, Grand
Island, NY) supplemented with 2% B27, 1% penicillin-
streptomycin, and 1% L-glutamine (all from Sigma-
Aldrich). To simulate hemorrhagic injuries in vitro, we
added ferrous iron (FeSO4) into the medium for 24 h at
day 10 of growth [36, 37]. The cells were grouped into
different categories for 24 h and then harvested for apopto-
sis assay and Western blot: (a) normal control, (b) FeSO4

(5 μM), (c) EGb761 (20 μg/L), (d) FeSO4 (5 μM) plus
EGb761 (20 μg/L), and (e) FeSO4 (5 μM) plus EGb761
(100 μg/L).

Cell Apoptosis Assay

Cell apoptosis assay was determined by flow cytometry using
(labeling) the Annexin V-FITC Apoptosis Detection kit
(Sigma-Aldrich) as reported previously [36]. Briefly, after be-
ing harvested from plates, the cells were washed with
phosphate-buffered saline and resuspended into a concentra-
tion of 1 × 106. Cell suspension was subsequently stained with
Annexin V-FITC and propidium iodide (PI) for 15 min at
room temperature in the dark. Apoptotic neurons (annexin
V-FITC+/PI–) were detected on a flow cytometer (Becton
Dickinson, USA) and analyzed with Flowjo software (version
7.6).

Western Blot

Cerebral tissues surrounding the hematoma were isolated and
the cultured cells were harvested for Western blot. Brain tis-
sues and cells were lysed and homogenized with RIPA lysis
buffer supplemented with PMSF. Nuclear and cytoplasmic
proteins were extracted using NE-PER nuclear and cytoplas-
mic extraction reagents (Thermon Scientific). Western blot
was conducted as previously described [38, 39]. Membranes
were incubated overnight with the following primary antibod-
ies: anti-pGSK3β (Ser9) (1:1000, Cell Signaling, USA), anti-
pGSK3β (Tyr216) (1:1000, Santa Cruz, USA), anti-GSK3β
(1:1000, Cell signaling, USA), anti-RSK1 (1:1000, Santa
Cruz, USA); anti-Bcl2 (1:1000, Abcam, UK), anti-Bax
(1:1000, Abcam, UK), anti-CC3 (1:1000, Cell Signaling,
USA); anti-VEGF (1:500, Abcam, UK), anti-DM1A
(1:1000, Sigma, USA), anti-Histone3 (1:1000, Cell
Signaling, USA), and anti-GAPDH (1:1000, Abcam, UK),
and secondary antibodies. Bands were visualized with
Odyssey Infrared Imaging System (Licor Biosciences,
Lincoln, NE, USA), and the intensity of each lane was ana-
lyzed using ImageJ 1.50b (National Institutes of Health,
USA).

Immunofluorescence Staining

After the procedure of fixation and dehydration described
above, brain specimens were embedded in paraffin for double
immunofluorescence. Brain slices were incubated overnight at
4 °C with primary antibodies including anti-NeuN (1:1000,
Abcam, UK) and anti-pGSK3β (Ser9) (1:100, Cell Signaling,
USA). Sections were observed using a Zeiss LSM 710 laser-
scanning confocal fluorescence microscope (Zeiss, Jena,
Germany). Images were analyzed with Zen software (Zeiss,
Jena, Germany).

Statistical Analysis

Statistical analyses were performed with SPSS software, ver-
sion 17.0. Data were expressed as mean ± S.E.M. For data to
meet the normal distribution and equal variance (F test),
Student’s t test and one-way ANOVA followed by Turkey
post hoc test were applied. Otherwise, Mann–Whitney U tests
were employed (neurological severity scores and rotarod
tests). The difference was considered significant at p < 0.05.

Results

EGb761 Alleviates Behavioral Deficits and Neuronal
Death and in Mice After ICH

We used the modified neurological severity score (mNSS) and
rotarod tests to determine the recovery of neurological func-
tion. We found no significant differences in mNSS between
animals in the ICH, vehicle, and EGb761 groups (Fig. 1A). In
the rotarod tests, mice treated with EGb761 performed better
than did the other mice, remaining significantly longer on the
rotarod stick from day 14 until day 21 (Fig. 1B). These data
indicated that EGb761 treatment for 14 days resulted in faster
recovery than in mice in the vehicle group up to 21 days.

TUNEL-positive neuronal cells were counted on day 7
posthemorrhage (Fig. 1C). The number of TUNEL-positive
neurons was greater in the ICH group than in the sham group,
which was significantly decreased by EGb761 treatment.

EGb761 Improves Angiogenesis via Increased VEGF
Expression

The three-dimensional density of the microvessels was com-
pared by reconstruction of all the vessels in the fields of lesion
and contralateral areas. As shown in Fig. 2C, the microvessel
density was higher in the lesions of EGb761-treated mice,
when compared with the vehicle group. Therefore, we used
Western blot to determine the VEGF levels and found that
EGb761 administration enhanced the VEGF protein
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expression (Fig. 2D), which may explain the richer
microvessel density caused by EGb761.

EGb761 Ameliorates Ferrous Iron-Induced Neuronal
Apoptosis in Primary Cultured Neurons

Flow cytometry was used to quantify ferrous iron-induced
neuronal apoptosis. As shown in Fig. 3, few apoptotic cells
(annexin V-FITC+/PI–) were detected in the normal and
EGb761 groups. After exposure to ferrous iron, apoptosis in-
creased markedly. Treatment with 20 and 100 μg/L EGb761
prior to ferrous iron exposure dramatically decreased the ap-
optotic rates respectively.

EGb761 Suppresses GSK3β Activity via RSK1/GSK3β
Pathway

The activity of GSK3β after ICH is still unknown. Here, we
measured GSK3β activity in mouse brain tissues on day 7
after ICH. The data showed that the activity of GSK3β was
dramatically increased (almost fourfold) compared with that
of the sham group in 7 days and decreased under EGb761
treatment (Fig. 4A).

As the activity of GSK3β was modulated by phosphoryla-
tion at Ser9 (inactive) and Tyr216 (active) [38], we determined
these two phosphorylation sites using Western blot. As shown
in Fig. 4B, the pGSK3β (Ser9) level was higher in the ICH
group compared with the levels in the sham group, which may

Fig. 1 Neurological functions were assessed by modified neurological
severity score (mNSS) and rotarod tests. TUNEL staining was used to
measure the neuronal death at day 7. A No obvious differences in mNSS
score were observed between vehicle group and EGb761 group (n = 10,
each group). B Rotarod test analysis revealed that mice in the EGb761
group performed better than those in the vehicle-treated groups from day

14 to day 21(n = 10, each group; #p < 0.05 vs. vehicle group). c TUNEL-
positive neurons were counted and the increase of TUNEL positive
neurons was significantly attenuated in EGb761 group (n = 6, each
group;*p < 0.05, as compared with the sham group; #p < 0.05, as
compared with the vehicle group. Scale bar = 400 μm)
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Fig. 2 The sagittal views of the
brain slices containing hematoma
(thickness 1 μm) are
demonstrated here (A a, B a).A b
and B b show the raw images of
cell and vessel structures in
coronal view. The locations of
hematomas in the brains were in
almost the same position (caudate
nucleus). A c and B c show the
cytoarchitectures of the coronal
sections; A d and B d show the
vessel structures of the coronal
sections (thickness 1 μm). In A
and B, e, f, and g are the
magnified images of b, c, and d,
respectively. 3D reconstructions
of neurons and vessels were
acquired via matching coronal
sections. C Representative 3D
reconstruction video screenshot
of a mouse brain in the vehicle
and EGb761 groups, respectively.
The regions in the video covered
the lesion area (b, d), and the
contralateral area (a, c). From the
screenshot images, we can find
that the microvessel density was
higher in the lesions of the
EGb761-treated mice, when
compared with the vehicle group.
To investigate the underlying
mechanism, VEGF was detected
with Western blot. In D, we can
see a higher level of VEGF
expressed in the EGb761-treated
mice than in the vehicle mice
(n = 4, each group;*p < 0.05, as
compared with vehicle group),
which may probably explain the
phenomenon observed via
MOST. Green spots shown in the
screenshots represent cells stained
by Nissl dye. Due to cell apopto-
sis and blood-brain barrier dis-
ruption, cell debris and degrada-
tion products could be non-
specifically stained by Nissl dye,
which may explain the increase in
cell number counted in 3D images
of the lesion side (C b 394,940/
mm3, d 318,239/mm3) compared
with the unaffected normal side
(C a 168,209/mm3, c 165,873/
mm3)
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be associated with self-protective response in the brain. It was
even higher in the EGb761 group, indicating that EGb761
downregulation of GSK3β activity was mediated via phos-
phorylation GSK3β at Ser9. A higher level of pGSK3β
(Tyr216) expression was also observed in ICH, vehicle, and
EGb761, compared with the sham group. However, EGb761
was unable to influence its expression further compared with
the ICH and vehicle groups. RSK1 is one of the GSK3β
upstream proteins. The role of RSK1 in the pathophysiologi-
cal mechanism of ICH is unknown. Although RSK1 expres-
sion after ICH was no different from that of the sham group, it
was significantly increased after administration of EGb761.
Temporal differences in pGSK3β (Ser9) between the vehicle
and EGb761 groups are shown in Fig. 4C. On day 1, the
pGSK3β (Ser9) level was not affected by EGb761 significant-
ly, and from day 3 to day 21, EGb761 increased GSK3β
(Ser9) expression compared with vehicle treatment. RSK1
shRNA treatment significantly decreased the level of RSK1
and repressed the phosphorylation of GSK3β (Ser9) by
EGb761 (Fig. 5).

The nuclear levels of pGSK3β (Ser9) play an important
role in apoptosis [15, 40]. We determined the expression
of pGSK3β (Ser9) in the nuclear and cytoplasmic frac-
tions, respectively, using Western blot (Fig. 6A). We found
that both the nuclear and cytoplasmic levels of the protein
were dramatically higher in the EGb761 group than in the
vehicle group. Immunofluorescence staining was also used
to examine subcellular distributions of pGSK3β (Ser9). As
illustrated in Fig. 6B, the nuclear accumulation of
pGSK3β (Ser9) was more frequently observed in the
EGb761 group.

Apoptosis-related proteins Bcl2, Bax, and CC3 were also
examined. The ratio of Bcl2 to Bax was significantly in-
creased in the EGb761-treated mice and CC3 was repressed
compared with the vehicle-treated mice (Fig. 6C).

In vitro, ferrous iron exposure markedly decreased
pGSK3β (Ser9), which was reversed by treatment with
EGb761 prior to ferrous iron exposure. A significant increase
in the Bcl2-to-Bax ratio and decrease in CC3 occurred. No
difference in the expression of pGSK3β (Tyr216) was found
in any group suggesting that ferrous iron exposure downreg-
ulated the expression of pGSK3β (Ser9) and induced neuronal
apoptosis, which was ameliorated by EGb761 (Fig. 7).

Discussion

In this study, we demonstrated that EGb761 treatment reduced
the neurological deficits in a mouse model of ICH and
inhibited apoptosis in neurons. The possible mechanisms in-
clude increased expression of RSK1 following EGb761 treat-
ment, which promoted inhibition of GSK3β via phosphoryla-
tion at serine-9. Our results also suggested that EGb761 im-
proved angiogenesis after ICH by upregulating the expression
of VEGF.

Our findings suggested that downregulation of GSK3β
activity is a promising neuroprotective mechanism and
EGb761 suppressed GSK3β activity. In our animal study,
both Ser9 and Tyr216 phosphorylation of GSK3β were sig-
nificantly elevated after ICH and the activity of GSK3β was
increased in ICH compared with the sham group.
Interestingly, our in vitro results showed that ferrous iron

Fig. 3 Effect of EGb761 on ferrous iron-induced apoptosis in primary
cultured cortical neurons. Cell apoptosis were detected by flow cytometry
using Annexin V-FITC and propidium iodide (PI) (a). Flow cytometric

analysis (b) showed that EGb761 significantly attenuated neuronal
apoptosis induced by ferrous iron (**p < 0.01, as compared with
normal control; #p < 0.05, ## p < 0.01, as compared with FeSO4)
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increased neuronal apoptosis and decreased the phospho-
GSK3β (Ser9), while the levels of phospho-GSK3β
(Tyr216) remained constant. The discrepancies between the
in vitro and in vivo findings may be related to GSK3β

response in other cells of the central nervous system in addi-
tion to neurons. Therefore, it was probably that in response to
ICH, GSK3β Ser9 phosphorylation increased in the brain,
which was probably attributed to an adaptive self-protection

Fig. 4 Mice brain GSK3β kinase activities were detected at day 7 (A).
We found that the activity of GSK3βwas increased markedly in response
to ICH (n = 4, each group; *p < 0.05, as compared with the sham group;
#p < 0.05, as compared with the vehicle group). As the activity of GSK3β
was modulated by phosphorylation at Ser9 (inactive) and Tyr216 (active),
we therefore determined these two phosphorylation sites using Western
blot. As shown in B, the pGSK3β (Ser9) level was higher in the ICH and
vehicle group compared with that in the sham group and whereas it was
even higher in the EGb761 group (n = 4, each group,*p < 0.05, as com-
pared with the sham group; ##p < 0.01, as compared with the
vehicle group). A higher level of pGSK3β (Tyr216) expression was
also observed in the ICH, vehicle, and EGb761 groups, when compared

with that in the sham group (n = 4, each group,*p < 0.05, as compared
with the sham group). However, EGb761 was not able to influence its
expression, compared with the ICH and vehicle groups. In B, although
RSK1 expression level in the ICH and vehicle groups has no difference
between the sham group, it was significantly increased after
administration of EGb761 (n = 4, each group, #p < 0.05, as compared
with the vehicle group). Temporal differences of pGSK3β (Ser9) between
the vehicle and EGb761 groups are shown in C. On day 1, the pGSK3β
(Ser9) level was not affected by EGb761 significantly and from day 3 to
day 21, EGb761 increased the GSK3β (Ser9) expression compared with
the vehicle treatment (n = 4, each group; #p < 0.05, ##p < 0.01, as
compared with the vehicle group)

Fig. 5 RSK1 shRNA treatment
significantly decreased the level
of RSK1 and repressed the
induction of phosphorylation
GSK3β (Ser9) by EGb761 (a, b)
(p < 0.05) (n = 4, each group;
**p < 0.01, as compared with the
vehicle group; #p < 0.05,
##p < 0.01, as compared with the
EGb761 + control shRNA group;
&p < 0.05, &&p < 0.01, as
compared with the EGb761
group)
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mechanism. The Tyr216 phosphorylation was increased con-
comitantly during the pathophysiology of ICH. Our data also
demonstrated a possible neuroprotective mechanism involv-
ing EGb761-mediated selective upregulation of GSK3β phos-
phorylation at Ser9 independent of Tyr216 phosphorylation
both in vivo and in vitro, resulting in decreased GSK3β ac-
tivity and cellular apoptosis.

The altered expression of RSK1 and the relationship be-
tween RSK1 and GSK3β after ICH was not reported previ-
ously. Using Western blot, we initially found no difference in
the expression of RSK1 between the sham and ICH groups,
indicating that RSK1 may not mediate the posthemorrhagic
pathophysiology or autorepair mechanisms. Nevertheless, the
EGb761-induced overexpression of endogenous RSK1 was
sufficient to inhibit GSK3β activity via serine-9 phosphoryla-
tion. Moreover, administration of RSK1 shRNA dramatically
inhibited RSK1 levels in the EGb761 group, leading to neu-
tralization of EGb761-mediated pGSK3β (ser9) upregulation,

indicating that EGb761 increased pGSK3β (ser9) level
through upregulation of RSK1. The RSK1/GSK3β signal
transduction pathway may be a promising and potential ther-
apeutic target in ICH.

Angiogenesis is essential to neurological recovery, which is
regulated by several angiogenic factors, such as VEGF [15,
40–42]. ICH-induced angiogenesis generally occurs along the
border of the hematoma in 7 days after hemorrhage, gradually
extending into the center of hematoma. New blood vessels
appear scattered all over the blood clot in about 21 days
[40]. Therefore, we used MOST to determine the vascular
networks in mice 21 days after ICH to ensure relatively com-
plete observation of angiogenesis after ICH. We initially used
modified Nissl staining combined with MOST to directly vi-
sualize the deep brain neurovascular structures in diseased
mouse brains. MOST provides a maximum resolution of
0.33 μm to reveal the cellular and vascular configuration
and observe individual vessel and neuronal morphology

Fig. 6 The level of pGSK3β (Ser9) in nuclei is more relevant with
apoptosis process. Nuclear and cytoplasmic fractions were extracted for
Western blot. No matter in nucleus and cytoplasm, the relative level of
Ser-9-phosphorylated GSK3β in the EGb761 group was higher than in
the vehicle group (A) (n = 4, each group; *p < 0.05, vs. as compared with
the sham group; #p < 0.05, vs. as compared with the vehicle group).
Immunofluorescence staining was also used to examine subcellular

distributions of pGSK3β (Ser9). As illustrated in B, the accumulation of
pGSK3β (Ser9) in the nucleus was more commonly seen in the EGb761
group (n = 6, each group; scale bar = 20 μm). Western blot showed that
EGb761 significantly increased the expression of Bcl2 to Bax ratio and
decreased the apoptotic-related cleaved-caspase 3 (CC3) (C) (n = 4, each
group; *p < 0.05, as compared with the sham group; #p < 0.05, as
compared with the vehicle group)
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[32]. In this study, the microvessel density of the lesions was
significantly higher in the EGb761-treated mice compared
with that of the vehicle group. We also compared the normal
microvessels contralateral to the lesions in the EGb761 group
with the vehicle group. The similar phenomenon was ob-
served after treatment with EGb761 for 21 consecutive days.
The density of the microvessel plexus was also increased. We
speculated that the EGb761-induced VEGF increase, ob-
served by Western blot, was probably the underlying
mechanism.

It is well known that cerebrovascular rupture releases a
large number of blood cells into brain parenchyma.
Subsequently, the blood-brain barrier is severely disrupted
followed by inflammatory cell infiltration. Neuronal cells in
the hemorrhagic side are fewer than in the normal side due to
neuronal apoptosis. In addition, the death and degeneration of
hematocytes and inflammatory cells are observed. Cell debris
and degradation products may be non-specifically stained by
Nissl dye. These changes may explain the increase in cell
number counted in 3D images of the lesion side compared
with the unaffected normal side. Based on the initial applica-
tion of MOST, which is a newly developed imaging modality
in diseased mouse brains, we considered a possible role in
neurodegenerative, neurogenetic, and metabolic diseases of
the nervous system such as AD, PD, and depression, more
than in traumatic brain injury or brain infarction. In the future,
projects involving whole-brain research, such as ICH, may
include determination of 3D spatial architecture of
neurovascular units, neuronal projection tracing, and synaptic
connections.

The study limitations were as follows. First, until now, four
phosphorylation sites (Ser221, Ser363, Ser380, and Thr573)

were found to affect the activity of RSK1 [17]. In this study,
we initially observed that the expression of RSK1 was en-
hanced after EGb761 treatment. Nevertheless, the phosphor-
ylated isoforms of activated RSK1 following EGb761 treat-
ment were not studied. Second, we identified microvessels in
the EGb761 group more intensely via MOST. However, we
were unable to validate the functionality of the microvessels
observed and improvement in cerebral perfusion, which needs
further investigation.

In conclusion, our findings suggested that EGb761 im-
proved the functional outcome and attenuated neuronal apo-
ptosis via the RSK1/GSK3β pathway. EGb761 promoted an-
giogenesis by increasing VEGF expression after ICH.
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Glossary

AD Alzheimer’s disease
CC3 Cleaved-caspase3
GSK3β Glycogen synthase kinase-3β
ICH Intracerebral hemorrhage
mNSS Modified neurological severity score
MOST Micro-optical sectioning tomography
PD Parkinson’s disease
pGSK3β Phosphorylated-GSK3β
PI Propidium iodide
RNAi RNA interference
RSK1 p90 ribosomal S6 kinase 1
SAH Subarachnoid hemorrhage
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