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Abstract. The enhancement of endogenous neurogenesis has 
been suggested in the treatment of traumatic brain injury (TBI); 
however, the factors that trigger the process of adult neurogenesis 
following TBI remain elusive. In the adult mammalian central 
nervous system, there are 2 neurogenic regions: the subgranular 
zone (SGZ) of the hippocampus and the subventricular zone 
(SVZ) of the lateral ventricles, both of which maintain relatively 
quiescent states in a stable microenvironment. However, once 
stimulated by intrinsic and extrinsic events, relevant signals are 
activated in these 2 regions. In this study, in order to explore 
the mechanisms behind endogenous neurogenesis following 
TBI, we investigated potential factors regulating this process. 
We observed that the expression of survivin, an anti-apoptotic 
protein, increased in a time-dependent manner in the hippo-
campus in a mouse model of TBI. In addition, the number of 
survivin (+) cells, as well as that of BrdU (+) cells increased in 
the SGZ of the dentate gyrus (DG) in the hippocampus following 
TBI, as shown by immunofluorescence double staining; the 
co-localization of survivin and BrdU was shown in the merged 
images. The expression of survivin was also significantly 
increased in the doublecortin (DCX) (+) immature neurons in 
the DG of the hippocampus soon after the induction of TBI. 
Taken together, these data confirm the connection between the 
expression of survivin and adult neurogenesis following TBI; 

our data also suggest the therapeutic potential of upregulating 
survivin expression as a novel strategy for the effective treat-
ment of TBI.

Introduction

Traumatic brain injury (TBI) is a major cause of mortality 
and morbidity globally (1,2), and continues to be an important 
public health issue worldwide (3,4). Appropriate treatment is 
vital for patient survival and the restoration of nervous func-
tion following TBI. The concept of enhancing endogenous 
neurogenesis and replacing lost neurons following TBI is now 
becoming a reality (4). It is widely accepted that new neurons 
are generated in the adult mammalian brain throughout life. 
In the adult central nervous system (CNS), active neurogenesis 
occurs in 2 discrete ‘neurogenic̓ regions: the subgranular zone 
(SGZ) of the dentate gyrus (DG) in the hippocampus and the 
subventricular zone (SVZ) of the lateral ventricles in the fore-
brain (5,6). Neurogenesis in these regions maintains relatively 
quiescent states in a stable microenvironment. However, studies 
have indicated that neurogenesis can be induced by TBI (7-9) 
and increased levels of cell proliferation have been observed 
in the DG and SVZ soon after TBI (7,10,11). Traumatic insult 
to the brain results in neural tissue injury through cell-death 
processes, including apoptosis or programmed cell death. 
Therefore, the processes of promoting the proliferation of 
neural stem cells and the differentiation of newly generated 
neurons may play a role in the enhancement of endogenous 
neurogenesis to replace injured neural cells following TBI.

The Wnt/β-catenin signaling pathway is important for 
neurogenesis in the developing nervous system (12,13), 
as well as in adults, which consists of an active process 
encompassing proliferation, migration, differentiation and 
synaptogenesis  (14). Thus, increased β-catenin signaling 
following TBI (15) may contribute to repair deterioration and 
may promote the recovery of neural function. In this study, 
we wished to explore the mechanisms behind adult neuro-
genesis induced by Wnt/β‑catenin signaling following TBI. 
We aimed to determine whether survivin, the downstream 
target gene of the Wnt/β‑catenin signaling pathway (16,17), 
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plays a role in the enhancement of neurogenesis following 
TBI.

Survivin, a member of the inhibitor of apoptosis (IAP) gene 
family (18), is expressed in the G2/M phase of the cell cycle 
in a cycle‑regulated manner. Survivin is also a regulator of 
mitosis, and is localized to mitotic spindle microtubules (19) in 
a specific and saturable reaction that is regulated by microtu-
bule dynamics (20), to promote mitosis and cell proliferation. 
Evidence indicates that disrupting the survivin‑microtubule 
interaction results in the loss of the anti‑apoptotic function of 
survivin (19). Survivin plays a role in maintaining cell viability 
at mitosis, potentially also controlling apoptosis, thus regulating 
cell division. Unlike other IAP proteins, survivin plays a dual 
role as an apoptotic inhibitor and as a chromosomal passenger 
protein (CPP) (21). In addition, survivin binds to and inhibits the 
activity of caspase‑3, caspase‑7 and caspase‑9 (22‑25), which 
are involved in cell death during mitosis. Most importantly, 
survivin is crucial for normal embryonic neurogenesis (26,27). 
It is noteworthy that survivin is ubiquitously expressed during 
embryonic development, and diffusely expressed in the devel-
oping nervous system (28), but only minimally expressed in 
adult tissues; in contrast, it is widely expressed in human malig-
nant tumors. Furthermore, studies have indicated that survivin 
also plays a role in certain physiological processes, as well as 
in pathological conditions, such as TBI (29). The expression of 
survivin may attenuate DNA cleavage, in a cell‑specific manner, 
following TBI (30). These findings prompted us to investigate 
the correlation between the expression of survivin and adult 
neurogenesis following TBI. In this study, we investigated the 
expression of survivin at certain time points following TBI and 
detected variations in the expression of survivin in several types 
of existing nerve cell in the DG of the hippocampus using a 
mouse model of TBI induced by lateral fluid percussion.

Materials and methods

A total of 146 adult male C57BL/6 mice (10 weeks of age; 
25‑30 g) obtained from the Academy of Military Medical 
Sciences, China, were housed in cages under a 12‑h light-dark 
cycle with a regular food and water supply. All experimental 
procedures were approved by the China Small Animal 
Protection Association (CSAPA). For the study, the mice were 
randomly divided into a TBI group and a sham-operated group.

Lateral fluid percussion model of TBI. Each mouse was anes-
thetized by an intraperitoneal injection of 10% chloral hydrate 
(4 µl/g), placed in a stereotactic apparatus and the dorsal scalp 
was exposed through a midline cut under sterile conditions. A 
3 mm craniotomy was made on the right parietal bone, between 
the lambda and bregma suture and 1 mm lateral to the sagittal 
suture. A Luer lock fitting was cemented to the skull as previ-
ously described (31). The TBI group was subjected to lateral 
fluid percussion injury of 202±2 kPa using a pre-calibrated 
fluid percussion injury device. The sham-operated group was 
subjected to identical surgery without lateral fluid percussion. 
Following injury, the Luer lock fitting was removed, the wound 
was sutured and the mice were returned to their cages.

Quantitative polymerase chain reaction. Animals with TBI were 
sacrificed at designated times (12 h, 1, 2, 5, 7 and 14 days post 

TBI) (each time point, n=6). The sham‑operated animals were 
sacrificed on day 3 post surgery (n=6). Hippocampal tissues 
from the ipsilateral hemispheres were rapidly excised and 
̔snap‑frozen̓ with liquid nitrogen. The primers used for PCR 
were as follows: survivin forward, 5'-TACCGCATCGCCA 
CCTTC-3' and reverse, 5'-CCAAATCAGGCTC GTTCTCG‑3'; 
and GAPDH forward, 5'-AGGTCGGTGTGAACGGA 
TTTG-3' and reverse, 5'-TGTAGACCATGTAGTTGA 
GGTCA-3'. Total RNA was isolated from the samples using 
TRIzol reagent (Cat# GMRS-001, GenePharma, Shanghai, 
China). cDNA synthesis was performed using 1 mg of total 
RNA with the mRNA Selective PCR Kit (AMV) version 1.1 
(Takara Biotechnology, Dalian, China) according to the manu
facturer's instructions. Quantitative PCR was performed using 
the SYBR® Premix Ex Taq™ (TaKaRa) in combination with 
0.5 µl primers in the MX3000P™ Real-Time PCR Instrument 
(Stratagene, La Jolla, CA, USA). All PCR reactions were 
performed using standard PCR conditions: stage 1: 95˚C for 
3 min (1 cycle); stage 2: 95˚C for 12 sec, followed by 62˚C for 
40 sec; stage 3: from 62-95˚C, followed by 0.2˚C for 2 sec 
(1 cycle). The controls were consistently found to be negative 
for survivin. PCR products were resolved on a 1.5% agarose 
gel in Tris‑acetate buffer and visualized by ethidium bromide 
staining under UV illumination.

Western blot analysis. To further detect the protein expression 
of survivin in the hippocampus, the animals in the 2 groups were 
sacrificed at 12 h, 1, 2, 5, 7 and 14 days following TBI or sham 
operation (each time point, n=6) and ipsilateral hippocampal 
tissues were immediately ̔snap‑frozen̛ in liquid nitrogen. Each 
hippocampus was homogenized in ice‑cold homogenizing 
buffer with a sonicator. Homogenized tissues were centrifuged 
at 12,000 rpm for 10 min at 4˚C. Following electrophoretic 
separation on a 10% SDS-PAGE gel, the resolved proteins 
were electrophoretically transferred onto a PVDF membrane 
(Millipore, Billerica, MA, USA). The membranes were incu-
bated in blocking buffer for 2 h at room temperature and probed 
with an anti‑survivin antibody (1:1,000 dilution; Abcam, 
Cambridge, MA, USA) and an antibody against β-actin (1:1,000 
dilution; Cell Signaling Technology, Inc., Danvers, MA, USA) 
overnight at 4˚C. The goat anti‑rabbit secondary antibody 
conjugated to horseradish peroxidase (HRP) were then applied 
for 2 h at room temperature. Bound antibodies were detected by 
an enhanced chemiluminescence assay (SuperSignal™ West 
Pico Chemiluminescent Substrates, Pierce Biotechnology, Inc., 
Rockford, IL, USA).

5'-Bromo-2'-deoxyuridine (BrdU) administration. The animals 
received intraperitoneal injections of BrdU (Sigma-Aldrich, 
St. Louis, MO, USA; 100 mg/kg; dissolved in saline to a final 
concentration of 20 mg/ml). Injections were administered twice 
daily on days 1 and 2, followed by a single injection on day 3 
following brain injury. The animals were sacrificed 2 h after 
the final BrdU injection. The BrdU-labeled newborn neurons 
were counted within 3 days after administration (from day 1 
to 3 post TBI) .

Tissue preparation and immunofluorescence staining. For 
histological evaluation, the animals were perfused with cold 
phosphate-buffered saline (PBS) followed by 4% parafor-
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maldehyde solution under deep anesthesia. The brains were 
removed, kept in 4% paraformaldehyde for 24 h after fixa-
tion and immersed in 30% sucrose for 24-48 h at 4˚C. The 
frozen brains were cut coronally in 35‑µm‑thick slices on 
a cryostat throughout the rostrocaudal extent of the hippo-
campus and the slices were collected in 6‑well plates filled 
with PBS. In order to assess the number of positive cells, 
1‑in‑5 series of sections from each animal were processed for 
immunostaining as previously described by Wojtowicz and 
Kee (32). Briefly, to eliminate non-specific background, the 
sections were incubated in PBS blocking solution containing 
0.3% Triton X-100, 2% goat serum in 0.1 M PBS for 60 min 
at 37˚C prior to staining. The sections were then incubated 
with BrdU/doublecortin (DCX)/glial fibrillary protein (GFAP) 
/NeuN and survivin primary antibody diluted in blocking solu-
tion at 4˚C overnight on a shaker. The primary antibodies used 
in this study were rat anti‑BrdU (1:50 dilutions, Santa Cruz 
Biotechnology, Inc., Santa Cruz, CA, USA), mouse anti-DCX 
(1:100 dilution; Santa Cruz Biotechnology), mouse anti-GFAP 
(1:200 dilution; Millipore), mouse anti-NeuN (1:100 dilu-
tion; Millipore) and rabbit anti-survivin (1:400 dilution; Cell 
Signaling Technology). Finally, the sections were incubated 
with fluorochrome‑conjugated secondary antibody in the dark, 
diluted in 0.1 M PBS (at pH 7.4) with 0.3% Triton X solution for 
1 h at 37˚C. The fluorescent secondary antibodies were Alexa 
Fluor 555 goat anti-rabbit IgG (1:1000 dilutions, Cell Signaling 
Technology), Alexa Fluor 488 goat anti-mouse IgG (1:1000 
dilutions, Cell Signaling Technology) and Alexa Fluor 488 goat 
anti‑rat IgG (1:1,000 dilutions, Cell Signaling Technology). 
The slices for the negative control of survivin staining were 
subjected to identical staining without primary antibody. 
Fluorescence images were acquired using an inverted Olympus 
fluorescence microscope and an image capture system.

Quantification for immunofluorescence results. All analyses 
were accomplished with stereological counting methods. 
A systematic random sampling of 1‑in‑5 series of coronal 
sections was prepared from each animal and processed for 
immunofluorescence staining. The hippocampus (bregma 
-1.3 to -3.1 mm) was selected to prepare the sections. The 

entire SGZ of the DG was assessed and each survivin‑labeled 
cell was examined to assess the co‑labeling of survivin with 
cell‑type‑specific markers. Every positive cell in the SGZ of the 
DG was counted using a x40 objective lens. The percentage of 
double‑labeled cells was calculated as the number of cells that 
were stained with both survivin and a given cell‑type‑specific 
marker against the total number of survivin‑positive cells. 
Four animals in each group with 10 sections per brain were 
examined. The total number counted in the sections per brain 
was multiplied by 5 to estimate the total number of positive 
cells in the SGZ of the hippocampus.

Statistical analysis. All the data are presented as the 
means  ±  SEM. The following statistical analyses were 
performed using SPSS (version 17.0; SPSS, Inc., Chicago, IL, 
USA): one‑way analysis of variance (ANOVA) with a post 
hoc Bonferroni test was used to compare the level of survivin 
mRNA and protein collected at different time points following 
TBI. A Student's t test was used to analyze the number 
of survivin  (+), BrdU  (+), DCX (+), BrdU/survivin  (+) and 
DCX/survivin (+) cells between the sham-operated group and 
the TBI group. A p-value <0.05 was considered to indicate a 
statistically significant difference.

Results

Increased expression of survivin in hippocampus following 
TBI. To investigate the role of survivin in adult neurogenesis 

Figure 1. Increased mRNA expression of survivin induced by traumatic brain 
injury (TBI). Ipsilateral hippocampal tissues were removed and total RNA 
was isolated at 12 h, 1, 2, 5, 7 and 14 days after TBI. Data are presented as 
relative levels of survivin in the hippocampus to the sham-operated group; 
each TBI time point and sham operation represents data as the means ± SEM 
values (n=6). **p<0.01 versus sham-operated group.

Figure 2. Increased protein expression of survivin in ipsilateral hippocampus 
after traumatic brain injury (TBI). As shown by western blot analysis, sur-
vivin expression increased in a time-dependent manner. (A) Densitometric 
analysis of survivin bands in ipsilateral hippocampus after TBI shows 
significant increases in a time‑dependent manner. (B) Expression of survivin 
in ipsilateral hippocampus of TBI group and sham-operated group at 12 h, 1, 
2, 5, 7 and 14 days post model set up. The measurement of β-actin was used as 
an internal control. The expression of survivin was quantified by a semiquan-
titative densitometry. Data are represented as the means ± SEM values (n=6). 
*p<0.05 versus sham-operated group; **p<0.01 versus sham-operated group.
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following TBI, we initially examined changes in survivin 
expression in the ipsilateral hippocampus at the mRNA and 
protein level. Quantitative PCR analysis revealed that survivin 
expression was present 12 h following TBI and was sustained 
until day 5, with a peak on day 1 and then declined to the 
level of the sham-operated group on day 14. The results from 
quantitative PCR on day 1 in the TBI group revealed a 2‑fold 
increase in expression as compared with the sham-operated 
group (Fig. 1). These results are in accordance with those from 
a previous study on rat brains (33). Furthermore, in our study, 
quantitative western blot analysis was performed to observe 
the protein expression of survivin following TBI compared 
with the sham‑operated group at each time point; the results 
revealed that the upregulation of survivin began on day 1 and 
lasted until day 7, peaking on day 2 (Fig. 2). To further identify 
the expression of survivin, we performed immunofluorescence 
staining on day  3 post injury, when survivin protein was 
steadily expressed following TBI. Compared with the sham-
operated group, the number of survivin (+) cells in the SGZ 
of the DG was significantly increased on day 3 following TBI 
(185±11.69 vs. 1207±63.26, n=4, p<0.001; Fig. 3A, D and G). 

These results strongly suggested that survivin expression was 
stimulated by brain injury and expressed in a time‑dependant 
manner, with a highest increase 2‑5 days following TBI in the 
hippocampus.

Survivin is expressed in neural stem cells, immature neurons 
and in a minority of astrocytes, but not in mature neurons in 
the adult DG of the hippocampus following TBI. We utilized 
a double staining procedure using BrdU/DCX/GFAP/NeuN 
and survivin to determine which cell types express high levels 
of survivin following TBI. We initially found that survivin 
was expressed by cells in the SGZ of the DG. This suggested 
that the cells of survivin immunoreactivity in the SGZ may 
be stem cells and immature neurons. Accordingly, we first 
observed the BrdU/survivin co‑labeled cells in the SGZ of 
the DG (93.82±3%, n=4, Figs. 3C and 7A), suggesting that 
survivin protein is expressed in the majority of BrdU (+) cells 
following TBI. We also first found DCX/survivin co-labeled 
cells in the SGZ of the DG (61.28±4%, n=4, Figs. 4C and 7B), 
indicating that survivin protein is expressed in DCX (+)cells 
following TBI. The results from immunofluorescence double 

Figure 3. Expression of survivin and proliferation of neural stem cells induced by traumatic brain injury (TBI). (A and B) Double fluorescent staining for survivin 
(red) and BrdU (green) in the mouse dentate gyrus (DG) of the ipsilateral hippocampus on day 3 post TBI. (C) Merged image of (A) and (B). (D and E) Double 
fluorescence staining for survivin (red) and BrdU (green) in the DG of the ipsilateral hippocampus in the sham-operated group. (F) Merged image of (D) and (E). 
Scale bar, 200 µm. (G) Quantitative analysis of the extent of survivin expression and cell proliferation in the SGZ of the DG. Compared with the sham-operated 
group, the number of survivin (+) and BrdU (+) cells in the ipsilateral hippocampus was significantly higher in the TBI group (n=4, ***p < 0.001).
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staining clearly demonstrated that increased levels of survivin 
expression following TBI were mainly found in stem cells 
and immature neurons in the SGZ of the DG. In addition, 
as shown in Figs. 5 and 6, survivin protein expression was 
observed in a minority of GFAP (+) cells, but not in NeuN (+) 
cells, indicating that increased survivin expression is partly 
observed in astrocytes and not in mature neurons soon after 
TBI. The model of cell count statistics is presented in Fig. 7.

We found that survivin protein was expressed in the 
majority of BrdU (+) and DCX (+) cells and in the minority 
of GFAP (+) cells, but not in NeuN (+) cells post injury. This 
strongly suggests that increased survivin expression is mainly 
observed in neural stem cells and immature neurons.

Increased expression of survivin correlates with the prolifera-
tion of neural stem cells in the DG of the hippocampus soon 
after TBI. Quantitative western blot analysis revealed that 
survivin was steadily expressed on day 3 following TBI. To 
confirm the correlation between survivin expression and the 
proliferation of neural stem cell after injury, we quantified the 
number of survivin (+) and BrdU (+) cells on day 3 following 
TBI by immunofluorescence staining. When comparing the 

extent of cell proliferation between the sham-operated group 
and the TBI group, the number of BrdU (+) cells in the DG 
was significantly higher than that in the TBI group (196±13.5 
vs. 1306±28.36, n=4, p<0.001; Fig. 3B, E and G). Compared 
with the sham-operated group, the number of survivin (+) cells 
increased in the DG of the hippocampus in the TBI group 
(185±11.69 vs. 1207±63.26, n=4, p<0.001; Figs. 3A, D and G). 
Quantitative analysis revealed a high percentage of 
BrdU/survivin co-labeled cells in the TBI group (93.82±3%, 
n=4; Figs. 3C and 7A) and the sham-operated group (96.42±1%, 
n=4; Fig. 3F). These results strongly suggest that the increased 
expression of survivin promotes the proliferation of neural 
stem cells in the DG of the hippocampus soon after TBI.

Significant increase in the expression of survivin in DCX (+) 
immature neurons in the DG of the hippocampus soon after 
TBI. As described above, survivin promotes hippocampal 
neurogenesis following TBI. To determine whether survivin 
is involved in mediating the process of differerentiation in 
hippocampal neurogenesis following injury, we first measured 
the expression of survivin in DCX (+) cells in the SGZ of the 
DG. The immunofluorescence double staining revealed that 

Figure 4. Expression of survivin and increase of immature neurons after traumatic brain injury (TBI). (A and B) Double fluorescence staining for survivin (red) and 
DCX (green) in the dentate gyrus (DG) of the ipsilateral hippocampus in mouse 3-day after TBI. (C) Merged images of (A) and (B). (D and E) Double fluorescence 
staining for survivin (red) and DCX (green) in the DG of the ipsilateral hippocampus in the sham-operated group. (F) Merged image of (D) and (E). Scale bar, 
200 µm. (G) Quantitative analysis of the extent of survivin expression and immature neuron increase in the subgranular zone (SGZ) of the DG. Compared to the 
sham-operated group, the number of survivin (+) and DCX (+) cells in the ipsilateral hippocampus was significantly higher in the TBI group (n=4, ***p<0.001).
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Figure 5. Expression of survivin in astrocytes after traumatic brain injury (TBI). (A and B) Double fluorescence staining for survivin (red) and GFAP (green) 
in the dentate gyrus (DG) of the ipsilateral hippocampus on day 3 post TBI. (C) Merged images of (A) and (B). (D and E) Double fluorescence staining for 
survivin (red) and GFAP (green) in the DG of the ipsilateral hippocampus in the sham-operated group. (F) Merged images of (D) and (E). Scale bar, 200 µm.

Figure 7. Model of different cell types expressing survivin in the subgranular zone (SGZ) of the hippocampus after traumatic brain injury (TBI). (A) Almost 
all of survivin protein (red) is expressed in the majority of BrdU (+) cells (green) after TBI. (B) Part of survivin protein (red) is expressed in many DCX (+)
cells (green) after TBI. (C) Little survivin protein (red) is associated with the minority of GFAP (+) cells (green) after TBI. (D) No NeuN (+) cells (green) 
expressed survivin protein (red).

Figure 6. Expression of survivin in mature neurons after traumatic brain injury (TBI). (A and B) Double fluorescence staining for survivin (red) and NeuN 
(green) in the dentate gyrus (DG) of the ipsilateral hippocampus on day 3 post TBI. (C) Merged images of (A) and (B). (D and E) Double fluorescence staining 
for survivin (red) and NeuN (green) in the DG of the ipsilateral hippocampus in the sham-operated group. (F) Merged images of (D) and (E). Scale bar, 200 µm.
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the number of survivin (+) cells and DCX‑positive cells was 
increased in the TBI group compared with the sham-operated 
group (55±8.21 vs. 646±30.03, n=4, p<0.001; Fig. 4C, F and G). 
A significant percentage of survivin (+) cells also expressed 
DCX (61.28±4%, n=4; Figs. 4C and 7B) indicating that the 
expression of survivin was increased in immature neurons in 
the DG of the hippocampus. This suggests that survivin plays 
a role in the survival of immature neurons in the DG of the 
hippocampus soon after TBI and promotes the differentiation 
of these immature neurons into granular neurons.

Discussion

It is well known that adult neurogenesis exists in the CNS. New 
neurons are continuously generated from neural stem/progen-
itor cells in the SGZ of the DG throughout adulthood (34). 
Previous studies have demonstrated the correlation between 
the Wnt/β‑catenin signaling pathway and adult neurogenesis. 
In the adult brain, stabilized β‑catenin modulates the prolif-
eration of neural stem cells, induces newly generated neuronal 
cell migration into relevant regions and then mediates their 
differentiation into mature neurons and ultimately plays a role 
in synaptogenesis (14). The disruption of signaling is associ-
ated with several pathological diseases, such as Alzheimer's 
disease (AD) (35-37), schizophrenia (38) and autism (39).

Survivin, as the downstream target gene of the Wnt/β‑catenin 
signaling pathway (16,17), plays a critical role in protecting 
neuronal cells from apoptosis and promoting the proliferation 
of neurogenic progenitor cells within the developing CNS. 
When survivin expression is disrupted in the developing brain, 
embryos survive until birth, but the majority of the brain is 
hypoplastic. On a cellular level, this phenotype occurs as a 
result of massive neuronal apoptosis. Survivin has been linked 
to the inhibition of cell apoptosis in developing tissues, but the 
exact molecular mechanisms involved remain unclear. Studies 
have shown that the activity of caspase‑3 and caspase‑9 in 
the survivin‑null brains is increased, supporting the role of 
survivin in inhibiting caspase‑3 and caspase‑9 activity, thus 
preventing apoptosis, through either indirect or direct mecha-
nisms (26). Survivin plays a role in mitosis as a CPP (40,41). 
In this capacity, it recruits aurora B kinase to the CPP complex 
and ensures the proper alignment of chromosomes before cell 
division (42). The majority of survivin-/- embryos have grossly 
enlarged nuclei with abnormal morphology. As this pheno-
type progresses, the cells cease to complete mitosis, with the 
decreasing number of normal cells replaced by a small number 
of giant cells with large and morphologically unusual nuclei. 
Overall, survivin is an essential factor during the development 
of the mammalian nervous system.

Survivin is prominently expressed in the neurogenic 
regions of the embryonic CNS and its expression is maintained 
by a subpopulation of neural progenitor cells post-natally in the 
2 key sites of adult neurogenesis, the SVZ and the SGZ (43). 
In our study, we investigated the correlation between survivin 
expression and adult neurogenesis following TBI in the DG 
of the hippocampus. Our results revealed that the expression 
of survivin was increased in the mouse hippocampus in a 
time‑dependent manner and this change in expression was 
associated with the proliferation of stem cells early following 
TBI. Johnson et al detected changes in survivin expression 

after injury in the rat brain (30), suggesting the correlation 
between survivin and neurogenesis induced by TBI. To further 
demonstrate the role of survivin expression in neurogenesis 
following TBI, we utilized a double staining procedure of 
BrdU/DCX/GFAP/NeuN and survivin to observe cell types 
with an increased expressio of survivin following TBI. 
According to previous studies reporting the PCNA/survivin 
co-labeled cells  (33), we first observed the BrdU/survivin 
co-labeled cells in the SGZ of the DG, suggesting that survivin 
is expressed in neural stem cells. The results also revealed that 
survivin is expressed in immature neurons and in a minority 
of astrocytes, but not in mature neurons in the adult DG of 
the hippocampus following TBI. Through the use of immuno-
fluorescence staining, newly generated cells labeled with BrdU 
were detected and the majority of BrdU‑labeled cells merged 
with survivin (+) cells in the DG. The number of BrdU (+) 
and survivin (+) cells increased in the TBI group versus the 
sham-operated group. These results strongly suggest that 
TBI‑induced neurogenesis may be associated with the upregu-
lation of survivin expression and that survivin plays a role in 
promoting the proliferation of neural stem cell following injury. 
Moreover, the double staining of survivin and DCX revealed 
that a significant percentage of DCX (+) cells also expressed 
survivin in the TBI group compared with the sham- operated 
group, which indicated that the expression of survivin was 
increased in immature neurons in the DG of the hippocampus 
sooon after TBI. We consider that the expression of survivin 
is critical to the proliferation of neural stem cells and to the 
survival of existing cells in CNS development, as well as to 
the functional maintenance of the adult brain. Furthermore, 
survivin may play a role in the repair and restoration of neurons 
in certain pathological processes, such as TBI.

Injury‑induced neurogenesis is a compelling potential 
contributor to recovery post‑injury (7,8,44). Progenitor cells 
in the SGZ are activated following TBI, although it remains 
unclear whether this activation results in stable and produc-
tive neurogenesis (8). In addition, evidence for long‑lasting 
hippocampal neurogenesis after traumatic cortical injury has 
been accumulating (10). Even in adult animals, it is clear that 
progenitors are activated and neurogenesis increases following 
injury, whereby new neurons are found in the outer layers of 
the DG (45,46).

The majority of the evidence to support these findings 
is based on the increased dividing cells labeled by BrdU 
when the proliferation of stem cells/progenitors is produced 
following brain injury. The DCX-expressing cells within 
the DG re-emerge and are the likely contributors to stable 
neurogenesis (47). DCX, a marker of developing, immature 
neurons, has been found in the adult rostal migratory stream 
and in the DG of the hippocampus in adult rats during the 
early differentiation stage of adult neurogenesis (48). DCX (+) 
cells have also been shown to be present near and among the 
glial scars following brain injury (49). Similarly, our study 
showed an increase in the number of BrdU (+) and DCX (+) 
cells in the SGZ, also suggesting that the proliferation of stem 
cells/progenitors was induced by injury. On the contrary, Rola 
et al found that DCX (+) and BrdU (+) cells were reduced in the 
ipsilateral SGZ following brain injury (50). This discrepancy 
may be caused by the different experimental methods and 
animal conditions, i.e., the model established, degree of injury, 
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housing conditions and technical considerations. However, it 
is important to note that BrdU is not a marker of the S phase 
of the cell cycle; it is a marker of DNA synthesis. Therefore, 
it also labels cells undergoing DNA repair, aborting cell cycle 
re-entry, as a prelude to apoptosis (51). However, the majority 
of BrdU (+) cells were proliferating cells. Barha et al showed 
a high percentage of BrdU (+) cells co‑expressing DCX after 
TBI (89.00%±3.42) (52) and a co‑localization of BrdU and 
DCX represents stem cells soon after injury, suggesting that 
the majority of the BrdU (+) cells were the proliferating stem 
cells in the SGZ.

Yu et al observed that DCX‑expressing neural progenitors 
are required for injury‑induced remodeling to occur in a highly 
proliferative environment, as evidenced by BrdU pulsing (47) 
and we demonstrated the increased expression of survivin in 
DCX (+) cells, suggesting the crucial role of survivin in neuro-
genesis induced by injury. However, there was a discrepancy 
as regards the time point in DCX increasing expression after 
injury between our 2 research groups. The potential factors 
that caused this discrepancy were experimental methods and 
animal conditions. Furthermore, Yu et al also demonstrated 
the essential role of nestin‑expressing early neural progenitors 
in TBI‑induced hippocampal neurogenesis (47). We consider 
that survivin is expressed in the nestin‑expressing progeni-
tors and may be involved in neurogenesis completed by the 
activation of nestin‑expressing progenitors. Further studies 
are required to investigate the mechanisms of action of the 
survivin gene in injury‑induced adult neurogenesis, which is 
dependent on the participation of different phenotypes of stem 
cells/progenitors, i.e., BrdU (+), DCX (+) and nestin (+) cells. 
The necessary alteration of survivin gene expression, i.e.,  
downregulation with siRNA or the development of survivin 
transgenic mice, may aid in providing further insight into its 
role in neurogenesis.

Strong evidence is accumulating for a role of survivin in 
certain pathological processes, such as neurodegenerative 
diseases (3) and brain ischemia (29,53-56). Based on these 
data, we hypothesized that survivin, a downstream target 
gene of the Wnt/β‑catenin signaling pathway, plays a role 
in repairing deterioration and promoting recovery of neural 
function in neuronal degeneration diseases and various brain 
injuries involving ischemia and trauma. However, the mecha-
nisms of TBI require further investigatation. Our study only 
elucidated the correlation between survivin expression and 
neurogenesis following TBI and initially explored the func-
tion of survivin expression. We found that survivin plays a 
role in the proliferation and differentiation of neural cells 
following injury. Further investigation is required to further 
elucidate its role in neurogenesis, in order to provide basic 
methods of treatment for brain injury and recovery of 
dysfunction.
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