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GABAB receptor antagonist promotes
hippocampal neurogenesis and facilitates
cognitive function recovery following acute
cerebral ischemia in mice
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Abstract

Purpose and background: Previous studies have suggested that promoting endogenous neurogenesis has great
significance for the recovery of cognitive dysfunction caused by cerebral ischemia (CI). Pharmacological inhibition
of GABAB receptor can enhance neurogenesis in adult healthy and depressed mice. In the study, we intended to
investigate the effects of GABAB receptor antagonists on cognitive function and hippocampal neurogenesis in mice
following CI.

Methods: Adult mice were subjected to bilateral common carotid artery occlusion (BCCAO) for 20 min to induce CI
and treated with CGP52432 (antagonist of GABAB receptor, CGP, 10 mg/kg intraperitoneal injection) starting 24 h
after CI. The Morris water maze test was performed to test spatial learning and memory at day 28.
Immunofluorescence was applied to detect neurogenesis in the DG region at day 14 and 28. In in vitro
experiments, cell proliferation was detected by CCK8 and immunofluorescence, and the expression of cAMP/CREB
signaling pathway-related proteins was detected by ELISA assay and Western blot.

Results: CGP significantly improved spatial learning and memory disorders caused by CI, and it enhanced the
proliferation of neural stem cells (NSCs), the number of immature neurons, and the differentiation from newborn
cells to neurons. In vitro experiments further confirmed that CGP dose-dependently enhanced the cell viability of
NSCs, and immunofluorescence staining showed that CGP promoted the proliferation of NSCs. In addition,
treatment with CGP increased the expression of cAMP, PKA, and pCREB in cultured NSCs.

Conclusion: Inhibition of GABAB receptor can effectively promote hippocampal neurogenesis and improve spatial
learning and memory in adult mice following CI.
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Introduction
Cerebral ischemia (CI) injury caused spatial learning and
memory deficits, possibly due to the death of a large
number of hippocampal pyramidal neurons [1–3]. On
the other hand, accumulating evidence suggested that
increasing neurogenesis after CI may contribute to the
recovery of cognitive function [4–6]. The number of en-
dogenous neurogenesis induced by CI is insufficient to
fully restore brain function [4, 7, 8]. Therefore, it is
meaningful to improve cognitive impairment caused by
CI through promoting neurogenesis to supplement lost
neurons.
Gamma aminobutyric acid (GABA), the main inhibitory

neurotransmitter, plays an indispensable role in injury and
repair of CI [9–12]. GABA works through two main types
of receptors: ionotropic GABAA receptor and metabotro-
pic GABAB receptor. Enhancement of signals acting on
GABAA receptor showed neuroprotective effects in CI an-
imals [13, 14]. GABAAα5 receptor antagonists adminis-
tered by oral gavage 72 h after stroke can enhance neural
precursor cell proliferation and neuronal differentiation in
the ipsilateral subventricular region of mice [15]. More-
over, intraperitoneal injection of GABAA receptor inverse
agonists on day 7 after stroke increased neuronal prolifer-
ation in the peri-infarct zone in rats [16].
GABAB receptor affects progenitor proliferation and

migration both in the developing brain [17] and in adult
neurogenesis [18, 19]. Intracranial injection of GABAB

receptor antagonists in healthy adult mice promoted
neural stem cells (NSCs) in the subgranular zone (SGZ)
recruiting resting cells to active proliferative stem cell
pool, and gene deletion of GABAB1 receptor subunit in-
creased NSC proliferation in vivo [19]. Intraperitoneal
injection of GABAB receptor antagonists promoted hip-
pocampal neurogenesis in depressed mice [18]. So far,
the effect of inhibition of GABAB receptor on neurogen-
esis after CI has not been reported. Increased GABA
concentration in the dentate gyrus (DG) region was de-
tected 30 days after permanent bilateral common carotid
artery occlusion (BCCAO) in rats and further proved
that activation of GABAB receptors was related to cogni-
tive impairment [10]. The DG region is also the main
site of neurogenesis [20], which is involved in the
process of learning and memory [21]. Since promoting
hippocampal neurogenesis can improve cognitive im-
pairments in CI mice [4], we speculated that GABAB re-
ceptor antagonists may promote cognitive recovery after
CI by enhancing neurogenesis.
The complex brain microenvironment plays an im-

portant role in the activation of mammalian NSCs [22].
Hippocampal neurogenesis can be regulated by directly
stimulating NSCs or by indirectly altering microenviron-
ment [23]. Conditional knockout of GABAB1 subunits of
adult neural progenitor cells in the DG region of healthy

mice enhanced neurogenesis [19]. We investigated the
effects of CGP52432 (GABAB receptor antagonists,
CGP) on neurogenesis and cognition in CI models in-
duced by transient BCCAO for 20 min and also con-
ducted in vitro experiments to explore the role of CGP
on the proliferation of NSCs and related mechanisms.

Materials and methods
Animals and experimental design
Adult male C57BL/6J mice (6–8 weeks old) purchased
from the Experimental Animal Center of Chong Qing
Medical University (Chongqing, China) were used in
in vivo studies. All animal procedures complied with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH) and
are also approved by the Institutional Animal Care and
Use Committee at Chong Qing Medical University (Li-
cense Number: SYXK 2018-0003). Mice were housed in
a standardized environment with a humidity of 60–65%
and controlled temperature at 23 ± 2 °C with a 12-h
light–dark cycle.
Experimental procedures for in vivo studies are de-

scribed in Fig. 1a. Mice were randomly assigned to three
groups: the sham group, the vehicle + CI group, and the
CGP + CI group (CGP52432 is an antagonist of GABAB

receptor, CGP), 21 mice in each group. Animal exclu-
sion criteria include sobbing-like breath, arterial rupture
or serious infection, and death during operation or after
surgery. To minimize mouse suffering, qualified and ex-
perienced laboratory staff will handle these mice with
care. Mice were placed on a thermostatic blanket after
surgery to keep them warm. The general condition of
mice is closely monitored daily.

Drug treatment
CGP52432 (MCE, Cat# HY-103531) was dissolved in
phosphate-buffered saline (PBS, as a vehicle) and diluted
to 1.0 mg/ml. Mice in the CGP + CI group were sub-
jected to 20 min BCCAO and received daily intraperito-
neal (i.p.) injection of CGP52432 (10 mg/kg) starting 24
h after CI for 7 days or 14 days. The sham group and the
vehicle + CI group were intraperitoneally injected with
equal volumes of PBS.
For neurogenesis analysis, all mice were treated with

daily 50 mg/kg i.p. injections of 5-bromo-2′-deoxyuri-
dine (BrdU, Sigma-Aldrich, Cat# B5002) for 4 consecu-
tive days from days 9 to 12 after surgery. All mice were
sacrificed on days 14 and 28, and tissues were collected
for further immunofluorescence staining.

Transient cerebral ischemic
Mice were anesthetized with 3.5% chloral hydrate (350
mg/kg, i.p.), and CI was induced by transient BCCAO
for 20 min, as described previously [4, 24]. Sham-
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operated mice were treated with the same surgical pro-
cedure, except for carotid occlusion. The body
temperature of the animals was maintained at 37 ± 0.5 °C
using a thermostat until the mice resuscitated.

Morris water maze test
Spatial learning and memory performance were mea-
sured at day 28 using the Morris water maze (MWM)
according to previously published methods. The maze
consisted of a large circular pool (120 cm in diameter,
45 cm in height, filled to a depth of 30 cm with water
at 28 ± 1 °C) and divided into four equal-sized quad-
rants. Water was made opaque with milk. A white
platform (5 cm in diameter) was submerged and
placed 1 cm below the surface of the water in the
center of the target quadrant to provide an escape
zone.
In order to assess the ability of spatial learning, all

mice were allowed 4 training trials each day for 5 con-
secutive days. The position of the platform was

maintained unaltered throughout the training session.
During the place navigation trial, the mice swam freely
into the water along the four-quadrant pool wall in turn.
Each mouse was allowed a maximum of 60 s to find the
submerged white platform. The time of the mice to find
the hidden platform was recorded as the escape latency
time. If the mouse fails to find the platform within 60 s,
it is manually guided to the platform and allowed to rest
for 30 s and then the escape latency time is recorded as
60 s. The escape latency time to find the hidden platform
and swim velocity were recorded. To assess spatial mem-
ory ability, mice were subjected to a 60-s spatial probe
trial on day 6 in which the platform was removed. The
numbers of crossing original platform’s location were
thought to reflect spatial memory capabilities. The num-
ber of entries to platform location and swim velocity
were recorded. All behaviors of the mice were collected
by a digital camera located directly above the water
maze and the data fed back to the computer was
analyzed.

Fig. 1 a The experimental protocol. The mouse CI model was induced by BCCAO for 20 min. Experimental mice were started to receive either
CGP (10 mg/kg; i.p.) or an equal volume of vehicle (0.1 M PBS, i.p.) at day 1 after CI. HE staining was performed for morphological changes at days
7 after CI. BrdU (50 mg/kg; i.p.) was administrated daily for 4 consecutive days from 9 to 12 days after CI. And then mice were sacrificed for
immunofluorescence staining (BrdU, DCX, NeuN) at 14 and 28 days after CI. Morris water maze (MWM) test was conducted to evaluate the spatial
learning and memory abilities at days 28 after CI. b, c Effect of CGP on CI-induced histological changes in hippocampal CA1 neurons (n = 5 mice
in each group). b Microphotographs of HE staining in hippocampal CA1 7 days after reperfusion (scale bar 100 μm). c Histogram showing the
number of CA1 neurons in hippocampal (the data are expressed as the mean ± SD). ##P < 0.01 compared with the sham group (one-way ANOVA
with Tukey post-test)
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Tissue preparations and hematoxylin and eosin staining
To detect changes in the morphology and number of
pyramidal neurons in the cornu ammonis area 1 (CA1),
hematoxylin and eosin (HE) staining was performed.
Five mice in each group were sacrificed for HE staining
on the 7th day. Animals were deeply anesthetized with
chloral hydrate and transcardially perfused with 0.1M
PBS and then with 4% paraformaldehyde. The brains
were fixed in 4% paraformaldehyde at 4 °C and followed
by paraffin embedding. The coronal serial sections (− 1.3
to − 2.3 mm from Bregma) were cut into a thickness of
4 μm and prepared for HE staining. Every 10th section
was stained and analyzed. Brain sections were deparaffi-
nized, dyed with hematoxylin for 2 min, differentiated
with 1% hydrochloric alcohol for 5 s, and then stained
with eosin for 2 min. The sections were mounted with
neutral resin and then covered with a coverslip. In each
section, three micrograph areas (at high power × 40 ob-
jective) of the CA1 region were randomly selected for
quantification of neurons. Cells with obvious nucleus
and nucleolus were counted. The mean number of pyr-
amidal cells in the micrograph area of the CA1 region of
each mouse was calculated for statistical analysis.

Tissue preparations and immunofluorescence
The peak of neurogenesis after CI is 1–2 weeks after is-
chemia [25, 26], and the newly generated neural cells
mature into functional neurons integrated into the
neural network at 4 weeks [27]. Therefore, BrdU and
BrdU/NeuN immunofluorescence staining were per-
formed on the 14th and 28th days after CI, respectively.
At 14 or 28 days after CI reperfusion, mice were deeply
anesthetized with chloral hydrate and transcardially per-
fused with PBS and then with 4% paraformaldehyde.
Brain tissue was then removed and fixed in 4% parafor-
maldehyde at 4 °C and dehydrated with a gradient con-
centration sucrose solution. And then coronal serial
sections (− 1.3 to − 2.3 mm from Bregma) in 12-μm
thicknesses were cut and stored at − 80 °C until use.
Every 8th section was stained and analyzed. For BrdU
and BrdU/NeuN immunofluorescence, brain tissue sec-
tions were incubated in 2 N HCl for 30 min at 37 °C to
break open the DNA structure of the labeled cells. Im-
mediately, 0.1M borate buffer was added to neutralize
HCl. Next, all sections were permeabilized with 0.3%
Triton X-100 for 30 min at 37 °C and then incubated
with 5% goat serum (Boster, China, Cat#AR0009) for 2 h
at room temperature. All sections were then incubated
with 1:200 rat anti-BrdU (Abcam, UK, Cat# ab6326) and
1:200 rabbit anti-NeuN (Abcam, UK, Cat#ab177487)
antibody overnight at 4 °C. For DCX (Doublecortin) im-
munofluorescence staining, except for HCl and borate
buffer, the rest of the procedure is the same as BrdU im-
munofluorescence staining. Then, the sections were

incubated with 1:200 rabbit anti-DCX (Abcam, UK, Cat#
ab207175) antibody at 4 °C overnight. After washing in
PBS, sections were incubated in 1:200 fluorescence-
labeled secondary antibodies [goat anti-rat conjugated to
DyLight 594 (Abbkine, USA, CAT#A23440) or goat
anti-rabbit conjugated to DyLight 488 (Abbkine, USA,
CAT#A23220)] at room temperature for 2 h. And then,
sections were incubated with DAPI (Beyotime, China,
CAT#C1005) for 5 min at room temperature to stain cell
nuclei. Finally, 50% glycerol (Sigma-Aldrich, Cat#G5516)
was applied and fixed with a cover slip and analyzed by
immunofluorescence confocal microscopy (ZEISS,
Germany). For BrdU and DCX immunofluorescence, the
mean number of BrdU + cells and DCX + cells in the
DG region of each section of each mouse was calculated
for statistical analysis. For BrdU/NeuN immunofluores-
cence, the ratio of BrdU + NeuN + cells to BrdU + cells
and the percentage of BrdU + NeuN + cells in each
group to that in the sham group in the DG region of
each mouse section was calculated for statistical analysis.
Numbers of positive cells were counted using Image-Pro
Plus 6.0 software.

In vitro experiment
Cell culture and drug administration
Following the previous study, NSCs were extracted from
neonatal 1–3-day-old Sprague-Dawley rats [28, 29]. Cell
suspension was plated at a density of 1 × 106 cells/ml in
25-cm2 cell culture flasks using DMEM/F12 medium
supplemented with 2%B-27 (Thermo Fisher, USA,
CAT#12587010), 20 ng/ml bFGF (Peprotech, CAT#400-
29), 20 ng/ml EGF (Peprotech, CAT#400-25), and peni-
cillin and streptomycin. The resultant neurospheres were
harvested and dissociated to single cell suspension for
replating every 7 days. All experiments were performed
during the third passage. In the in vitro cell culture ex-
periment, the experimental group (CGP group) was
treated with CGP for 24 h, and the vehicle group was
treated with the corresponding volume of PBS.

Immunofluorescence
In order to identify NSCs, neurospheres and single cells
were plated on culture plates which placed polylysine-
coated coverslips. Neurospheres or single cells were
fixed with 4% paraformaldehyde. Neurospheres and sin-
gle cells were permeabilized with 0.3% Triton X-100 for
30 min at 37 °C and then incubated with 5% goat serum
(Boster, China, Cat#AR0009) for 2 h at room
temperature. Then, the neurospheres and single cells
were incubated with 1:100 rabbit anti-Nestin (Abcam,
UK, Cat# ab6142) antibody overnight at 4 °C. After
washing in PBS, they were incubated in 1:200
fluorescence-labeled secondary antibodies [goat anti-
mouse conjugated to DyLight 488 (Abbkine, USA,
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CAT#A23210)] at room temperature for 2 h. And then,
cells were incubated with DAPI (Beyotime, China,
CAT#C1005) for 5 min at room temperature to stain cell
nuclei. Finally, the neurospheres and single cells were
analyzed by immunofluorescence confocal microscopy
(ZEISS, Germany).
To evaluate the proliferation of NSCs, single cells were

plated on culture plates which placed polylysine-coated
coverslips. Single NSCs were incubated with 10 μM
BrdU and 1 μM CGP or equal volume PBS for 24 h.
NSCs were permeabilized with 0.3% Triton X-100 for
30 min and then incubated in 2N HCl for 30 min at
37 °C to break open the DNA structure of the labeled
cells. Immediately, 0.1 M borate buffer was used to
neutralize HCl. Then, NSCs were incubated with 5%
goat serum (Boster, China, Cat#AR0009) for 2 h. After
that, NSCs were incubated with 1:200 BrdU antibody
(Abcam, UK, Cat#ab6326) overnight at 4 °C. Cells were
incubated with 1:200 fluorescence-labeled secondary
antibodies [goat anti-mouse conjugated to Dylight 594
antibody (Abbkine, USA, CAT#A23410)] for 2 h at room
temperature and then incubated with DAPI for 5 min.
Finally, the cells were analyzed by immunofluorescence
confocal microscopy (ZEISS, Germany) and numbers of
positive cells were counted with Image-Pro Plus

6.0 software.

CCK-8 assay and ELISA assay
The Cell Counting Kit-8 (CCK-8 assay) is used for the
analysis of cell proliferation. In short, NSCs (approxi-
mately 5 × 104 cells/ml) of the 3rd passage were seeded
on the PLL-coated 96-well plate. According to the
groups, treatment with different concentrations of CGP
for 24 h, 1/10 volume of CCK8 (Genview,
CAT#GK3607) solution was added to each well, and
after 4 h of incubation, the optical density (OD) values at
450 nm were measured with a microplate reader
(Thermo).
Cells were rinsed twice with PBS, lysed in RIPA lysis

buffer (Beyotime, China, CAT#P0013B), and protein
concentration was measured using the BCA reagent
(Beyotime, China, CAT#P0012). cAMP levels per unit
protein were detected using the ELISA kit according to
the manufacturer’s instructions. A standard curve was
established based on the OD values measured at 450 nm
on a microplate reader to calculate the concentration of
cAMP.

Western blot analysis
Cells were rinsed twice with PBS, lysed in RIPA lysis buf-
fer (Beyotime, China, CAT#P0013B) supplemented with a
protease inhibitor (PMSF, Beyotime, China, CAT#ST506)
and Phosphatase inhibitor cocktail A (Beyotime, China,
CAT#P1082), and protein concentration was measured

using the BCA reagent (Beyotime, China, CAT#P0012).
Electrophoresis was conducted by 10% SDS-
polyacrylamide gel and transferred proteins to PVDF
membranes (Millipore, Cat# IPVH00010). The following
primary antibodies were used for incubation overnight at
4 °C: 1:10,000 mouse anti-beta-Tubulin (Proteintech,
China Cat#66240-1-Ig), 1:1000 rabbit anti-PKA (Cell Sig-
naling, USA Cat#5842 T), 1:5000 rabbit anti-pCREB
(Abcam, UK Cat# ab32096), and 1:1000 rabbit anti-CREB
(Abcam, UK Cat# ab32515). All membranes were incu-
bated with HRP-conjugated Affinipure Goat Anti-Mouse
IgG (H+L) (Proteintech, China Cat#SA00001-1) or HRP-
conjugated Affinipure Goat Anti-Rabbit IgG (H+L) (Pro-
teintech, China Cat#SA00001-2) for 1 h. Immunoreactive
bands were detected using an enhanced chemilumines-
cence (ECL) kit (Advansta, USA Cat#K-12045-D10) and
quantified with a gel-image analyzing system (Fusion
Optix, USA).

Statistical analysis
All data were analyzed using GraphPad Prism 7.0
(GraphPad, USA) software. Statistical comparisons were
conducted by one-way or two-way repeated measures
ANOVA with Tukey post hoc testing or unpaired Stu-
dent’s t test with Kolmogorov–Smirnov test. A P value
of less than 0.05 was considered statistically significant
(P < 0.05), and a P value of less than 0.01 was considered
statistically highly significant (P < 0.01).

Result
Histopathological changes in the hippocampal CA1
region after CI
As shown in Fig. 1b, HE staining revealed that the pyr-
amidal neurons had a clear structure, closely arranged,
and the nucleolus was round, and the staining was clear
with dark blue in the hippocampal CA1 region of the
sham group. On the contrary, in the vehicle + CI group
and the CGP + CI group, the neurons in the hippocam-
pus CA1 region revealed significant damaged, with obvi-
ous nuclear contraction, irregular morphology, and loose
arrangement. Compared with the sham group, the num-
ber of neurons was significantly reduced in the CA1 re-
gion of the vehicle + CI group, indicating that the model
was reliable (Fig. 1c; P < 0.01). There was no significant
difference in the number of neurons in the CA1 region
between the CGP + CI group and the vehicle + CI group
(Fig. 1c; P > 0.05).

CGP improves spatial learning and memory deficits
induced by CI
In the Morris water maze test, the escape latency of the
place navigation trial, the number of times the mice
crossed the platform during the spatial probe test, and
the swimming speed of the mice are showed in Fig. 2. In
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Fig. 2 CGP facilitates cognitive recovery following CI (n = 6 mice in each group). a Escape latency to find the hidden platform in the place
navigation test (the data are expressed as the mean ± SD). b No difference in swimming velocity was observed between the three groups in the
place navigation test (the data are expressed as the mean ± SD). c Number of entries to platform quadrant in the spatial probe trial. d No
difference in swimming velocity was observed between the three groups in the spatial probe trial. In this box and whisker plot (c, d), the line is
the median, the ends of the box represent the upper and lower quartiles, and the whiskers represent the highest and lowest points. ##P < 0.01
compared with the sham group; *P < 0.05, **P < 0.01 compared with the vehicle + CI group. e The typical trajectories of mice in different groups
in the spatial probe trial. Green circle indicates the location of the platform. Each mouse was performed to a 60-s probe test, where the platform
was removed from its original location. The swimming trajectory shows that the mice of the vehicle + CI group explored all quadrants, while the
mice of the sham group and CGP + CI group spend most of the time exploring target quadrants (two-way ANOVA with Tukey post-test)

Song et al. Stem Cell Research & Therapy           (2021) 12:22 Page 6 of 13



the place navigation trial, the escape latency time of each
group of mice was longer at the beginning of the train-
ing period, and the escape latency time was correspond-
ingly shortened as the training times increased. On the
first day of training, compared with the sham group, the
mice in the vehicle + CI group took longer to find the
platform, but there was no statistical significance (Fig. 2a;
P > 0.05). On days 2–5 of training, compared with the
sham group, the time to escape latency of the vehicle +
CI group was significantly increased (Fig. 2a; P < 0.01),
indicating that CI caused impairment of learning; com-
pared with the vehicle + CI group, the time to escape la-
tency of the CGP + CI group was significantly shortened
(Fig. 2a; P < 0.01), indicating that CGP administration
improved learning impairment caused by CI. In the
spatial probe trial, compared with the sham group, the
number of crossings over the platform location in the
vehicle + CI group significantly reduced (Fig. 2c; P <
0.01), indicating that CI caused a significant decrease in
memory ability of the mice; compared with the vehicle +
CI group mice, the number of times that the CGP + CI
group crossed the platform location within a specified
time significantly increased (Fig. 2c; P < 0.05), indicating
that memory ability was significantly improved in CGP
+ CI group mice. In the place navigation and the spatial
probe trial, the swimming velocity of the mice in each
group has no significance (Fig. 2b, d; P > 0.05). Figure 2e
shows typical trajectories of spatial probe test in each
group.

CGP promoted ischemia-induced neurogenesis in the
hippocampal DG region
To investigate the effect of CGP on the proliferation of
the NSCs following CI, BrdU+ cells in the hippocampal
DG region were counted (Fig. 3a). On the 14th day after
CI, the number of BrdU+ cells in the vehicle + CI group
increased compared with the sham group (Fig. 3b; P <
0.01). Compared with the vehicle + CI group, the num-
ber of BrdU+ cells significantly increased in the CGP +
CI group (Fig. 3b; P < 0.01). DCX is a marker of adult
neurogenesis and can be used to identify immature neu-
rons [30, 31]. Figure 3c shows the immunofluorescence
staining of DCX at 14 days after CI. Compared with the
sham group, the number of DCX+ cells in the hippocam-
pal DG region increased in the vehicle + CI group
(Fig. 3d; P < 0.01). Compared with the vehicle + CI
group, the number of DCX+ cells in the DG region sig-
nificantly increased in the CGP + CI group (Fig. 3d; P <
0.01).
To study the effect of CGP on the differentiation of

NSCs following CI, BrdU and NeuN were double labeled
on the 28th day after CI (Fig. 4a). Compared with the
sham group, the number of BrdU+/NeuN+ cells in-
creased in the vehicle + CI group (Fig. 4b; P < 0.01). In

addition, compared with the vehicle + CI group, the
number of BrdU+/ NeuN+ cells in the CGP + CI group
significantly increased (Fig. 4b; P < 0.01), indicating the
survival of the majority of CGP-induced new neural
cells. The percentage of BrdU+/NeuN+ cells to the total
BrdU+ cells increased compared with the sham group
(Fig. 4c; P < 0.01). Compared with the vehicle + CI
group, the percentage of BrdU+/NeuN+ cells to the total
BrdU+ cells significantly increased in the CGP + CI
group (Fig. 4c; P < 0.01), indicating that the differenti-
ation of new neural cells into neurons is increased.

CGP enhanced the proliferation of NSCs cultured in vitro
Due to the complex microenvironment of the brain sys-
tem, in order to study the direct effect of CGP on neural
stem cells and its underlying mechanism, in vitro experi-
ments were also conducted. As shown in Fig. 5a–f, both
neurospheres and single cells express Nestin (Nestin is a
marker of neural stem cells). Nestin staining of single
cells showed that the purity of neural stem cells was >
95%. After treatment with different concentrations of
CGP for 24 h, the cell viability of the 100-nM, 1-μM,
and 10-μM groups was significantly increased compared
with the vehicle group (Fig. 5g; P < 0.01). Compared with
the 100-nM group, the cell viability of the 1-μM and 10-
μM groups was increased, and there was no statistical
difference between the 1-μM group and 10-μM group
(Fig. 5g; P < 0.01). As shown in Fig. 6a, b, the percentage
of BrdU+ cells in the 1-μM CGP group was higher com-
pared with the vehicle group (P < 0.01). This result
showed that CGP induced neural stem cell proliferation.

CGP promoted neurogenesis by cAMP/CREB pathway
The cAMP/CREB signaling pathway has been implicated
in the mechanism of neurogenesis [32]. To investigate
the mechanism, the activation of the cAMP/CREB path-
way was explored using 1-μM CGP treatment. As shown
in Fig. 6c, the results of ELISA showed that the cAMP
concentration in the 1-μM CGP group was significantly
higher than that in the vehicle group. The results of
Western blot showed that the protein expression levels
of PKA and pCREB were significantly increased com-
pared with the vehicle group (Fig. 6d–f; P < 0.01). These
results indicated that 1 μM CGP activated the cAMP/
CREB signaling pathway.

Discussion
In the present study, we found that CGP treatment had
significant effects on improving spatial learning and
memory disorders in adult mice subjected to BCCAO.
Furthermore, CGP was demonstrated to promote NSCs
of the hippocampal DG proliferation and differentiation
to neuron in CI mice. The vitro study further showed
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Fig. 3 (See legend on next page.)
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that the inhibition of GABAB receptor by CGP has the
ability to enhance NSC proliferation.
In this study, learning and memory dysfunction was

observed in adult mice following CI by MWM testing,
which is consistent with previous reports [1, 3, 4, 33,
34]. There was no significant difference in the swimming
speed of each group of animals in the MWM testing,
and they showed the equivalent exercise ability. In this
study, the treatment of CGP after 24 h of BCCAO sig-
nificantly improved the performance of mice in place
navigation trial and space exploration experiment. The
hippocampus is an important physiological structure in-
volved in spatial learning and memory [35]. In our ex-
periment, as mentioned in previous studies, transient
BCCAO mainly damaged pyramidal neurons in the hip-
pocampal CA1 region [1, 4, 24, 36–38]. Specifically, the
morphological structure of neurons changed and the
number of surviving neurons decreased after acute CI.
Relative to the acute ischemia neuroprotective effect of

GABAA receptor activation, there were several partly
confusing reports of the protective effects of GABAB re-
ceptor [39–43]. Immediate activation of GABAB recep-
tor during glucose-oxygen deprivation showed
neuroprotection against ischemia in organo-typic hippo-
campal slices [39] and intraperitoneal injection of
GABAB receptor agonists 2 weeks after permanent
BCCAO reduced hippocampal neuron damage in rats
[40]. An increase in the expression of GABAB receptor
by acupuncture or Chinese medicine given as soon as
the rats recovered from reperfusion can reduce the cere-
bral infarct volumes in focal cerebral ischemia/reperfu-
sion injury rats [41, 42]. However, inhibition of GABAB

receptors 1 day after surgery reduced neuron death in
the hippocampal CA1 region caused by surgical trauma
[43]. GABAB receptor antagonist injection in the hippo-
campal DG region on day 30 after permanent BCCAO
in rats improved cognition [10], suggesting that GABAB

receptor antagonist was administrated at the late stage

(See figure on previous page.)
Fig. 3 CGP promotes neurogenesis in the hippocampal DG (n = 5 mice in each group). a The confocal microscopic images showing BrdU (red)-
positive cells in the hippocampal DG of each group 14 days after reperfusion (scale bar 100 μm). b Histograms showing the number of BrdU-
positive cells in the hippocampal DG (the data are expressed as the mean ± SD). ##P < 0.01 compared with the sham group; **P < 0.01 compared
with the vehicle + CI group. c The confocal microscopic images showing DCX (green)-positive cells in the hippocampal DG of each group 14
days after reperfusion (scale bar 100 μm). d Histograms showing the number of DCX-positive cells in the hippocampal DG (the data are
expressed as the mean ± SD). ##P < 0.01 compared with the sham group; **P < 0.01 compared with the vehicle + CI group (one-way ANOVA with
Tukey post-test)

Fig. 4 CGP promotes the differentiation of newborn cells into neurons (n = 5 mice in each group). a The confocal microscopic images showing
BrdU (red) and NeuN (green) double-stained cells in the hippocampal DG of each group 28 days after reperfusion (scale bar 100 μm). b
Histograms showing the number of BrdU+/NeuN+ cells in the hippocampal DG (the data are expressed as the mean ± SD). c Histograms
showing the percentage of BrdU+/NeuN+ cells to the total BrdU+ cells (the data are expressed as the mean ± SD). ##P < 0.01 compared with the
sham group; **P< 0.01 compared with the vehicle + CI group (one-way ANOVA with Tukey post-test)
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of ischemia may exert neuroprotective effects, or at least
not exacerbate ischemic neuron damage. The above
studies showed that activating GABAB receptor immedi-
ately after ischemic injury has a neuroprotective effect,
indicating that inhibition of GABAB receptors in the
early stages of CI may show the opposite effect. There-
fore, GABAB receptor antagonist was administrated 24 h
after CI to avoid possible adverse reactions. In our study,
there was no significant difference in the number of alive
neurons in the CA1 region between the CGP + CI group
and the vehicle + CI group, which indicates that the ad-
ministration of GABAB receptor antagonist 24 h after CI
is safe, at least without aggravating ischemia neuron
damage.
Neurogenesis is an extremely complex process, includ-

ing neural stem cell proliferation, differentiation, sur-
vival, and integration. Adult neurogenesis mainly occurs
in the subgranular zone of the hippocampus DG region
and subventricular zone of the lateral ventricle in the
adult mammalian brain [44, 45]. Additionally, adult
hippocampus neurogenesis is related to learning and
memory [21, 46–49]. CI promoted a certain degree of
endogenous neurogenesis [25, 50], but only a small
number of newly generated neural cells can survive and
mature into functional neurons [4, 33]. In this study,
CGP treatment significantly increased BrdU+ cells and
DCX+ cells in the hippocampal DG region of CI mice on
the 14th day, indicating that CGP has a significant pro-
proliferative effect. The newly generated granular neu-
rons in the DG region of the hippocampus are function-
ally integrated into the hippocampal circuit at 4 weeks
[27]. Furthermore, the DG region is thought to play an
essential role in learning, memory, and spatial navigation
tasks [46], and previous studies demonstrated that
neurogenesis in the DG region of the hippocampus can

rescue the ability of learning and memory [33, 51, 52].
Our further study found that the number of BrdU+/
NeuN+ cells increased significantly on day 28, indicating
that the number of newborn cells that survived and dif-
ferentiated into neurons increased. Therefore, the im-
provement of cognitive impairment in adult CI mice
after CGP administration may be attributed to the role
of CGP in promoting neurogenesis.
GABAB receptor is widely distributed in mammalian

brain tissues, among which the cortex, hippocampus,
thalamus, basal ganglia, and cerebellum are most distrib-
uted. CGP can penetrate the blood–brain barrier [18]
and is a highly selective and effective GABAB receptor
antagonist [53, 54], with the term half maximal inhibi-
tory concentration (IC50) of about 85 nM [53]. Our
study did not observe the side effects of intraperitoneal
injection of CGP, which is consistent with previous stud-
ies [18, 55]. CGP promoted hippocampal neurogenesis
in depressed mice [18]. Other GABAB receptor antago-
nists similar in structure to CGP have properties to pro-
mote hippocampal neurogenesis in healthy adult mice
[19]. Adult neurogenesis is closely related to cognitive
function [21, 46, 49]. GABAB receptor antagonist
injected into the DG region on day 30 after permanent
BCCAO in rats improved spatial learning and memory
impairment [10], which may also be related to neurogen-
esis, but no related studies have been done so far. Be-
sides, CGP treatment enhanced long-term potentiation
of the DG region in hippocampal slices of Ts65Dn mice,
a genetic model of Down syndrome, and rescued cogni-
tive deficits of Ts65Dn mice, during hippocampally me-
diated memory tasks [55].
Hippocampal neurogenesis can be converted into neu-

rons by directly stimulating neural stem cells, or indir-
ectly regulated by altering the microenvironment [23].

Fig. 5 Identify NSCs and the effect of CGP on cell viability of NSCs. a–c The confocal microscopic images of neurosphere that stained with nestin
(green) and counterstained with DAPI (blue) as the nuclear marker (scale bar 100 μm). d–f The confocal microscopic images of single neural cells
stained with nestin (green) and counterstained with DAPI (blue) as the nuclear marker (scale bar 100 μm). g The histogram showing the cell
viability values detected by the CCK8 assay for each group. **P < 0.01 compared with the vehicle group; #P < 0.05, ##P < 0.01 compared with the
100 nM CGP group (the data are expressed as the mean ± SD, n = 6 samples per condition; unpaired Student’s t test with
Kolmogorov–Smirnov test)
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GABA, as a niche signal, maintains the resting status of
adult dentate NSCs by activating GABAA receptors on
NSCs [56]. In this study, we focused on whether CGP
can directly affect the GABAB receptor of neural stem
cells. To address whether CGP has a direct effect on
neural stem cell proliferation, we cultured neural stem
cells in vitro and identified the cultured cells with nestin
marker staining. The current CCK8 assay results con-
firmed that CGP dose-dependently enhanced the cell
viability of neural stem cells. Meanwhile, we noticed that
when CGP was administered at a concentration of
1 μM, it had a stable enhancement of the cell viability of

cultured neural stem cells. In addition, immunofluores-
cence staining showed that 1-μM CGP treatment pro-
moted the proliferation of NSCs in vitro. In this study,
in vitro cultured cell experiments confirmed that CGP
can directly affect NSCs themselves to promote
proliferation.
cAMP–CREB signaling pathway is reported as one of

the key signal transduction pathways that regulate the
proliferation and differentiation of NSCs in vivo and
in vitro [32, 57, 58]. In vitro experiments proved that ac-
tivation of the cAMP–CREB cascade was necessary and
sufficient for maturation of newborn neurons [32].

Fig. 6 CGP promotes the proliferation of NSCs and activates the cAMP–CREB signaling pathway in vitro. a The confocal microscopic images of
BrdU (red)/DAPI (blue) stained NSCs after incubation with vehicle or CGP for 24 h (scale bar 100 μm). b Histograms showing the quantitation of
BrdU-positive cells (the data are expressed as the mean ± SD, n = 5 samples per condition). **P < 0.01 compared with the vehicle group. c The
histogram shows the cAMP levels detected by the ELISA assay. d–f (upper) Representative bands of cAMP, PKA, pCREB, and CREB. d–f (lower)
Expression of PKA, pCREB, and CREB in each group determined by Western blot. Western blot quantitation was performed using densitometric
analysis (the data are expressed as the mean ± SD, n = 5 samples per condition). **P < 0.01 compared with the vehicle group (unpaired Student’s
t test with Kolmogorov–Smirnov test)
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Activation of the cAMP cascade by taking rolipram in-
creased cell proliferation in the dentate gyrus of the
hippocampus, and this effect was accompanied by acti-
vation of CREB phosphorylation [57]. In addition to in-
creasing the proliferation and survival of these cells, the
cAMP–CREB cascade also promoted the maturation of
neonatal neurons in the adult hippocampus [57, 58].
Our study revealed that administration of CGP increased
the levels of cAMP, PKA, and pCREB in neural stem
cells cultured in vitro. Overall, these data showed the
importance of the cAMP–CREB cascade in neurogen-
esis, and inhibition of GABAB receptors by CGP pro-
moting the proliferation of neural stem cells may be
through the cAMP–CREB signaling pathway. However,
it has not been confirmed in this study whether inhib-
ition of GABAB receptor which induced the proliferation
of neural stem cells was caused solely by the cAMP–
CREB signaling pathway. Therefore, further research is
needed.

Conclusions
The current study demonstrated that the inhibition of
GABAB receptors by CGP effectively promoted hippo-
campal neurogenesis and improved cognitive impair-
ments in adult mice following CI. In addition, CGP
promoted the proliferation of NSCs cultured in vitro,
and its potential mechanism may be mediated through
the cAMP–CREB signaling pathway. These findings sug-
gested that inhibition of GABAB receptors may have po-
tential value for clinical treatment of CI.
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