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Abstract. Traumatic brain injury (TBI) results in the activa-
tion of neurogenesis, but it also triggers multiple cell signaling 
pathways that may lead to either cell damage or cell survival. 
In general, the repair processes following TBI are character-
ized by a failure to replenish the neuronal population entirely. 
To date, the factors that determine whether neurogenesis will 
be sufficient for the replacement of lost neurons following 
brain injury are not fully understood. Decreased activation of 
Hes1, a transcriptional repressor, is observed as neural differ-
entiation proceeds, and this gene continues to play a role in 
the quiescence of stem cells into adulthood. Since Hes1 is 
negatively correlated with neurogenesis in adult rodents, 
the present study investigated whether this gene inhibits 
TBI‑induced neurogenesis by use of adenovirus‑mediated 
gene transfer to upregulate Hes1 expression in the dentate 

gyrus (DG) in a mouse model of TBI. Western blot analysis 
and immunofluorescent staining revealed increased Hes1 
protein expression in the subgranular zone (SGZ) of the 
DG following adenovirus‑Hes1 (Ad‑Hes1) transfection 
and a decreased number of bromodeoxyuridine‑positive 
and doublecortin‑positive cells in the SGZ in the transfec-
tion group following TBI. These data indicated a negative 
association between the expression of Hes1 and adult neuro-
genesis following the induction of TBI. Furthermore, the 
present findings demonstrate the value of downregulating 
Hes1 expression following TBI to promote the initiation of 
endogenous neurogenesis, which may be of therapeutic value 
for patients with brain injuries.

Introduction

Hes genes are essential effectors of the Notch pathway (1), 
which is an evolutionarily conserved intercellular signaling 
cascade critical for the maintenance of stem cells, the 
specification of cell fate, and cellular differentiation, prolif-
eration and apoptosis  (2). During neuronal development, 
Hes genes control the timing of cell differentiation and are 
crucial for determining the appropriate cellular size, shape 
and arrangement in brain structures (3). Hes genes contain 
a basic helix‑loop‑helix (bHLH) domain, an orange domain 
and a tetrapeptide motif. Of the bHLH genes, Hes1 is one 
of the most important regulators of cell fate decisions. This 
gene was originally identified as a mammalian homologue of 
the Drosophila hairy and Enhancer of split gene (4), which 
negatively regulates neurogenesis in Drosophila  (5). The 
Hes1 protein is expressed in a wide variety of tissues in both 
embryos and adults (6). Hes1‑deficient mice exhibit premature 
differentiation during the development of the nervous system 
and, subsequently, severe neurological defects (7). By contrast, 
overexpression of Hes1 leads to the inhibition of neurogenesis 
and the maintenance of neural stem cells (NSCs) (8). Thus, 
Hes1 gene is essential for generation of a full diversity of cell 
types by maintaining NSCs until later stages. In addition, 
Hes1 gene also regulates maintenance of boundaries in the 
developmental brain (9). Therefore, Hes1 gene controls the 
proper timing of neurogenesis and morphogenesis.
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Notch signaling is also present in two of the prominent 
niches for NSCs in the adult rodent brain, the subgranular 
zone (SGZ) of the hippocampus and the subependymal zone 
of the lateral ventricles in adult mice (10). Due to the change 
in environment during the developmental transition from 
embryonic stages to adulthood, novel molecular mechanisms 
may be involved in adult neurogenesis. In adult diseases of the 
central nervous system (CNS), Notch signaling serves a critical 
function in specific pathological processes, including synaptic 
plasticity associated with learning and memory processes (11), 
the mechanisms underlying Alzheimer's disease (12), and inhi-
bition of multipotent cellular differentiation during multiple 
sclerosis  (13). These findings suggest that Notch signaling 
is involved in adult neurogenesis under both normal and 
pathological conditions.

Neurogenesis can be induced by various types of 
traumatic brain injury (TBI)  (14,15), but specific mecha-
nisms are involved in the inhibition of proliferation and 
differentiation of new cells following injury. Hes1 gene 
inhibits the precocious differentiation and maintenance of 
NSCs during development (4). Although the precise nature 
of Notch‑Hes signaling in the adult brain remains unclear, 
Hes1 expression promotes the quiescence of hematopoietic 
stem cells (16) and controls the reversibility of the quiescent 
state in cultured fibroblast cell lines (17). Thus, it is conceiv-
able that Hes1 genes may maintain the progenitor/NSC 
state throughout life even in special microenvironments, 
including following TBI.

The repair processes enacted following TBI are character-
ized by astrogliosis (18), and inflammation has been reported to 
inhibit neurogenesis in the brain (19). Furthermore, the redox 
state suppresses neurogenesis and directs the differentiation of 
cells towards an astroglial lineage in a Sirt1‑Hes1‑dependent 
fashion (20). The in vivo knockdown of Sirt1 or Hes1 genes 
results in a higher proportion of doublecortin‑positive 
[DCX(+)] cells in mice subjected to oxidation, which indicates 
an increase in neurogenesis (20). Since inflammation is also 
associated with damage‑related processes secondary to TBI, 
it is possible that Hes1 genes are involved in the negative 
regulation of neurogenesis after TBI. Thus, the current study 
investigated the precise role of Hes1 in TBI‑related neurogen-
esis by upregulating Hes1 protein via adenovirus‑mediated 
gene transfer in a mouse model of TBI induced by lateral fluid 
percussion.

Materials and methods

Animals. The present study included 60 adult male C57BL/6 
mice obtained from the Laboratory Animal Center of Tianjin 
Medical University [Tianjin, China; certificate no. SYXK (Jin) 
2016‑0001]. The mice were 10 weeks old (25‑30 g) and housed 
in cages under a 12‑h light‑dark cycle with free access to 
food and water (temperature, 17±3˚C; humidity, 50±20%). All 
experimental procedures were approved by the Animal Ethics 
Commission of the Tianjin Fifth Central Hospital (Tianjin, 
China). The subjects were divided randomly into three groups: 
i) Sham‑operated group (n=21); ii) stereotactic injection of 
adenovirus serotype 5 (Ad5)‑expressing enhanced green fluo-
rescent protein (Ad‑EGFP group; n=21); and iii) stereotactic 
injection of adenovirus‑Hes1 (Ad‑Hes1 group; n=18).

Adenoviral vectors. All viruses used in this study were based 
on Ad5 and were E1‑deleted first‑generation adenoviral 
vectors with further deletion in E3. Expression cassettes 
were inserted into the E1 region and contained the murine 
cytomegalovirus (mCMV) promoter, the transgene and simian 
virus 40 poly(A) (21). Procedures utilizing Ad‑EGFP under 
the control of the mCMV promoter have been described previ-
ously (22,23). Briefly, the virus was packaged in 293 cells 
(Benyuan Zhengyang Gene Technology Co., Ltd., Beijing, 
China), amplified using the AdMax™ virus purification kit 
(Benyuan Zhengyang Gene Technology Co., Ltd.) according 
to the manufacturer's protocol, and titrated as previously 
described (24).

Stereotactic injections. Adenoviral vectors with Ad‑EGFP or 
Ad‑Hes1 [1x108 IU/mouse in 2 µl phosphate‑buffered saline 
(PBS)] were injected into the dentate gyrus (DG) of the hippo-
campi of adult mice. Briefly, the mice were anesthetized with 
an intraperitoneal injection of 10% chloral hydrate (400 mg/kg 
body weight) and mounted in a stereotaxic apparatus with a 
mouse adaptor (David Kopf Instruments, Tujunga, CA, USA). 
The skull was opened using a dental drill, and the adenoviral 
vectors (2 µl) were injected into the DG (AP: ‑1.9 mm, L: 
‑1.2 mm, DV: ‑1.8 mm, according to bregma) using a glass 
capillary with an outer diameter of ~70 µm mounted on a 5‑µl 
Hamilton syringe (25). The needle was lowered into the brain 
at the site of injection, and a 2‑3‑min waiting period transpired 
prior to depression of the syringe plunger delivering the vector. 
The plunger was depressed in 0.5‑µl increments over 1‑min 
periods with a 1‑min waiting period between each depression 
until the entire 2 µl of vector had been administered. Following 
the final administration, a 5‑min waiting period transpired 
before the plunger was removed to allow for dispersion of the 
vector. The sham‑operated group was subjected to identical 
surgery but without injection.

Lateral fluid percussion model of TBI. On day 3 after the 
stereotactic injections, mice of the group subjected to bromo-
deoxyuridine (BrdU) immunofluorescent staining received 
intraperitoneal injections of BrdU (200 mg/kg dissolved in 
saline to a final concentration of 20 mg/ml; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) 30  min prior to the 
induction of TBI. Following BrdU injection, the mice were 
anesthetized via an intraperitoneal injection of 10% chloral 
hydrate (400 mg/kg body weight) and fixed into the stereo-
tactic apparatus. The dorsal scalp was then exposed via a 
midline cut, and a 3‑mm craniotomy was made on the right 
parietal bone 1 mm lateral to the sagittal suture between the 
lambda and bregma sutures. Luer lock fitting was cemented 
to the skull as described previously (26), and the mice were 
subjected to a lateral fluid percussion injury of 202±2 kPa using 
a pre‑calibrated fluid percussion injury device. Following the 
induction of TBI, the Luer lock fitting was removed, the wound 
was sutured, and the mice were returned to their cages.

Tissue preparation and immunofluorescent staining. Mice 
were placed under deep anesthesia and perfused with cold PBS 
followed by 4% paraformaldehyde solution. The brains were 
removed, kept in 4% paraformaldehyde for 24 h after fixation 
and immersed in 30% sucrose for 24‑48 h at 4˚C, then frozen 
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at ‑80˚C. The frozen brains were sliced in 35‑µm‑thick coronal 
sections through the entire hippocampus using a cryostat, and 
the slices were collected in 6‑well plates filled with PBS. A 
1‑in‑5 series of sections was collected from each animal 
and processed for immunostaining to assess the number of 
positively stained cells, as described previously  (27). The 
sections were incubated in a solution of blocking medium 
(0.3% Triton‑X‑100 and 2% goat serum in 0.1 M PBS; Abcam, 
Cambridge, MA, USA) for 60 min at 37˚C and then with Hes1 
(rabbit anti‑Hes1; 1:200 dilution; cat. no. ab108937; Abcam), 
BrdU (rat anti‑BrdU; 1:50 dilution; cat. no. ab6323; Abcam) 
or DCX (mouse anti‑DCX; 1:100 dilution; cat. no. sc‑271390; 
Santa Cruz Biotechnology, Inc, Dallas, TX, USA) primary 
antibodies diluted in blocking solution overnight at 4˚C on a 
shaker. Finally, the sections were incubated with fluorescent 
secondary antibodies (Alexa Fluor 555 goat anti‑rabbit IgG, 
cat. no.  4413; Alexa Fluor 555 goat anti‑mouse IgG, cat. 
no. 4409; and Alexa Fluor 488 goat anti‑rat IgG, cat. no. 4416; 
all 1:1,000 dilution; all from Cell Signaling Technology, Inc, 
Danvers, MA, USA) diluted in 0.1 M PBS (pH 7.4) with 0.3% 
Triton X-100 solution for 1 h at 37˚C. The DNA was stained 

with DAPI in mounting medium for 5 min at 37˚C (Santa 
Cruz Biotechnology, Inc.). The negative control slices for 
Hes1 staining were subjected to an identical staining proce-
dure without the primary antibody. All fluorescent images 
were acquired using a fluorescence microscope and an image 
capture system.

Quantification of immunofluorescence results. All analyses 
were performed using stereological counting methods. The 
immunofluorescent staining for BrdU was conducted 3 days 
after the TBI procedure (n=6) on the hippocampal slices 
(bregma ‑1.3 to ‑3.1 mm) from each subject. A systematic 
random sampling of a 1‑in‑5 series of coronal sections was 
prepared from each brain and processed for immunofluo-
rescence. The entire SGZ of the DG was assessed and every 
BrdU‑positive [BrdU(+)] cell was counted and examined using 
a fluorescent microscope with x40 objective lens. Ten sections 
per brain specimen from 6 mice per group were examined, 
and the total number of cells counted in the sections from each 
mouse was multiplied by 5 to estimate the total number of 
positive cells in the SGZ.

Western blot analysis. The subjects were sacrificed, and the 
ipsilateral hippocampal tissue samples were snap‑frozen in 
liquid nitrogen immediately. The samples were homogenized 
in ice‑cold radioimmunoprecipitation assay buffer (Beijing 
Solarbio Science & Technology Co., Ltd., Beijing, China) 
using a sonicator (130 W; 35%) for 5‑10 sec at 4˚C, centrifuged 
at 15,520 x g for 10 min at 4˚C. Protein concentrations were 
determined by bicinchoninic acid assay (Beijing Solarbio 
Science & Technology Co., Ltd.). The proteins (30 µg/lane) 
were transferred onto a polyvinylidene difluoride (PVDF) 
membrane (EMD Millipore, Billerica, MA, USA) following 
electrophoretic separation on a 10% SDS‑PAGE gel. The 
PVDF membranes were incubated in blocking buffer (TBST 
containing 5% milk) for 2 h at room temperature and probed 
with primary antibodies (rabbit anti‑Hes1, 1:1,000 dilution, 
cat. no. ab108937, Abcam; mouse anti‑DCX, 1:500 dilution, 
cat. no.  sc‑271390; Santa Cruz Biotechnology, Inc.; rabbit 
anti‑GAPDH, 1:1,000 dilution, cat. no. 5174; Cell Signaling 
Technology, Inc.) overnight at 4˚C. Goat anti‑rabbit (1:2,000 
dilution; cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.) 
or goat anti‑mouse (1:2,000 dilution; cat. no. sc‑2005; Santa 
Cruz Biotechnology, Inc.) secondary antibodies conjugated 
to horseradish peroxidase were then applied for 2 h at room 
temperature, and the bound antibodies were detected using 
an enhanced chemiluminescence assay (SuperSignal™ 
West Pico Chemiluminescent Substrate; Thermo Fisher 
Scientific, Inc, Waltham, MA, USA). Changes in the levels 
of proteins were evaluated using ImageJ image analysis 
software (version, 2.0.0‑rc/1.51u; National Institutes of Health, 
Bethesda, MD, USA).

Statistical analysis. All data are presented as the 
mean ± standard error of the mean. One‑way analysis of vari-
ance and post hoc Bonferroni tests were performed using SPSS 
(version 18.0; SPSS, Inc., Chicago, IL, USA) to compare the 
levels of Hes1 and DCX proteins and the number of BrdU(+) 
cells among groups. P<0.05 was considered to indicate a 
statistically significant difference.

Figure 1. Expression of EGFP following adenovirus‑mediated transfection 
in the hippocampus. (A) Staining for EGFP in the transfected mouse dentate 
gyrus of the ipsilateral hippocampus on day 3 following stereotactic injection 
of Ad‑EGFP. (B) There was no expression of EGFP in the sham‑operated 
group. n=3. Scale bar=200 µm. EGFP, enhanced green fluorescent protein; 
Ad‑EGFP, adenovirus serotype 5 expressing EGFP.
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Results

Adenovirus‑mediated transfection of the Hes1 gene in the 
hippocampi of adult mice. To detect adenovirus‑mediated 
transfection and expression of Hes1 in the hippocampus, 
the expression of EGFP in the DG was identified first, and 
the expression of the Hes1 protein was then examined using 
immunofluorescent staining and western blot analysis. 
EGFP was highly expressed in the SGZ of the DG for 3 
days following transfection (Fig.  1), demonstrating the 
effectiveness of adenovirus‑mediated transfection. The 
expression of Hes1 was also clearly observed in the SGZ 
on day 3 following transfection using immunofluorescent 
staining (Fig. 2A‑C). To further characterize the expression 
of Hes1, western blot analyses were performed on day 3 
following transfection. Compared with the control groups, 
there was a significant increase in the relative expression of 
Hes1 in the transfection group (P<0.01; Fig. 2D). Together, 
these results indicate that in  vivo Ad‑Hes1 transfection 
effectively increased Hes1 expression in the mouse hippo-
campus and that Hes1 is expressed primarily in the SGZ of 
the hippocampus.

Ad‑Hes1 transfection reduces the proliferation of NSCs in 
the DG following TBI. To confirm the association between 
Hes1 and the proliferation of NSCs following TBI, the 
number of BrdU(+) cells on day 3 after TBI induction was 
quantified by immunofluorescent staining. When comparing 

the extent of cell proliferation among the groups, the number 
of BrdU(+) cells in the DG of mice was significantly higher 
in the sham‑operated and Ad‑EGFP groups compared with 
the Ad‑Hes1 group (1,515±77 and 1,588±56 vs.  703±58; 
n=6; P<0.001; Fig.  3). Immunofluorescence revealed a 
significant reduction in the number of NSCs in the SGZ 3 
days after TBI induction in the Ad‑Hes1 group, indicating 
that Hes1 negatively regulates the proliferation of NSCs in the 
hippocampus after TBI.

Ad‑Hes1 transfection reduces the number of DCX(+) immature 
neurons in the DG following TBI. In the present study, Hes1 
negatively regulated hippocampal neurogenesis following TBI. 
To determine whether Hes1 mediates differentiation during 
hippocampal neurogenesis following injury in adult mice, the 
number of DCX(+) cells in the SGZ of the DG was measured 
7 days after the induction of TBI. Immunofluorescent staining 
revealed a marked decrease in the number of DCX(+) cells 
in the Ad‑Hes1 group compared with the sham‑operated and 
Ad‑EGFP groups (Fig. 4A‑C). Similarly, western blot analysis 
revealed that the expression of DCX was significantly lower in 
the Ad‑Hes1 group compared with the other groups (P<0.01; 
Fig. 4D) indicating that the expression of Hes1 decreased 
the number of DCX(+) immature neurons in the DG. These 
findings suggest that Hes1 negatively regulates the survival 
of immature neurons in the DG following TBI and/or inhibits 
the differentiation of these immature neurons into granular 
neurons.

Figure 2. Expression of Hes1 following adenovirus‑mediated transfection into the hippocampus. Fluorescent staining for Hes1 (red) and DAPI (blue) in 
the mouse dentate gyrus of the ipsilateral hippocampus on day 3 following injection in the (A) sham‑operated, (B) stereotactic injection of Ad‑EGFP and 
(C) stereotactic injection of Ad‑Hes1 groups (n=3/group). Scale bar=200 µm. (D) Western blot analysis for the expression of Hes1 in the ipsilateral hippo-
campus of the sham‑operated, stereotactic injection of Ad‑EGFP, and stereotactic injection of Ad‑Hes1 groups. GAPDH was used as an internal control. 
Hes1 expression was quantified using semi‑quantitative densitometry. Data are presented as the mean ± standard error of the mean (n=3). **P<0.01 vs. the 
sham‑operated and stereotactic injection of Ad‑EGFP groups. Ad‑EGFP, adenovirus serotype 5 expressing enhanced green fluorescent protein; Ad‑Hes1, 
adenovirus serotype 5 Hes1.
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Figure 3. Proliferation of neural stem cells following TBI in each group. Fluorescent staining for BrdU (green) in the mouse dentate gyrus of the ipsilateral 
hippocampus on day 3 after TBI in the (A) sham‑operated, (B) stereotactic injection of Ad‑EGFP and (C) Ad‑Hes1 groups. Scale bar=200 µm. (D) Quantitative 
analysis of the extent of cell proliferation in the SGZ of the DG. n=6. ***P<0.001 vs. the sham‑operated and stereotactic injection of Ad‑EGFP groups. TBI, 
traumatic brain injury; BrdU, bromodeoxyuridine; Ad‑EGFP, adenovirus serotype 5 expressing enhanced green fluorescent protein; Ad‑Hes1, adenovirus 
serotype 5 Hes1.

Figure 4. Expression of DCX in immature neurons of the dentate gyrus following TBI induction in each group. Fluorescent staining of DCX (red) in the mouse 
dentate gyrus of the ipsilateral hippocampus on day 7 after TBI in the (A) sham‑operated, (B) stereotactic injection of Ad‑EGFP and (C) stereotactic injection 
of Ad‑Hes1 groups (n=3/group). Scale bar=200 µm. (D) Western blot analysis of the expression of DCX in the ipsilateral hippocampus in the sham‑operated, 
stereotactic injection of Ad‑EGFP and stereotactic injection of Ad‑Hes1 groups. GAPDH was used as an internal control. DCX expression was quantified 
using semi‑quantitative densitometry. Data are presented as the means ± standard error of the mean (n=3). **P<0.01 vs. the sham‑operated and stereotactic 
injection of Ad‑EGFP groups. TBI, traumatic brain injury; DCX, doublecortin; Ad‑EGFP, adenovirus serotype 5 expressing enhanced green fluorescent 
protein; Ad‑Hes1, adenovirus serotype 5 Hes1.
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Discussion

It is well established that new neurons are generated in 
the adult mammalian brain throughout life. Neurogenic 
regions in the adult CNS include the SGZ of the DG in 
the hippocampus and the subventricular zone (SVZ) of the 
lateral ventricles in the forebrain (28,29), which maintain 
relatively quiescent states in a stable microenvironment. 
In a post‑injury state in adult animals, progenitor cells in 
the SGZ are activated  (30,31), and this injury‑induced 
neurogenesis is a compelling potential contributor to 
post‑injury recovery  (14,15,32). In fact, the concept of 
replacing neurons lost following TBI is becoming a realistic 
treatment strategy (33). However, the ability of endogenous 
neurogenesis to contribute to recovery following brain 
injury is insufficient, and the incomplete replacement of 
damaged neurons may account for clinical deficits. TBI 
triggers multiple and distinct cell signaling pathways that 
may lead to either cell damage or cell survival. Thus, in 
order to completely restore CNS function following TBI, the 
negative regulators of neurogenesis should be considered 
as potential therapeutic targets in addition to the positive 
factors modulating this process. In the future, the effective 
downregulation of negative factors offers a novel mode of 
treatment for TBI.

Several signaling cascades that play roles in the 
maintenance of stem cells have been identified, including the 
Notch‑Hes pathway (34,35). Hes genes appear to be expressed 
in stem cell zones during adulthood, and the expression of 
Hes1 is crucial for the maintenance of quiescent hematopoietic 
stem cells (16). Thus, Hes1 may play a role in the maintenance 
of the progenitor/NSC state in the adult CNS. In the present 
study, the adenovirus‑mediated gene transfer of Hes1 into the 
SGZ of adult mice effectively upregulated the expression of 
Hes1 following brain injury.

Viral vector‑mediated gene delivery is an attractive method 
for introducing genes into the brain. Adenoviral vectors have 
a cloning capacity of several kilobases, and adenoviral DNA 
does not integrate into the host genome, thereby avoiding the 
risk for mutagenesis associated with retroviral vectors (36). 
Most recombinant adenoviral vectors use viral promoters, 
such as the CMV promoters, which induce high levels of 
transcription. Because the injection of adenoviral vectors 
into the CNS triggers an acute dose‑dependent but relatively 
mild inflammatory response, characterized by the infiltration 
of immune cells from the circulatory system (37,38,21), the 
vectors may be scavenged rapidly, and transgene expres-
sion cannot be maintained for an extended period of time. 
This acute inflammatory response is dose‑dependent with 
a particular threshold (1x108  IU) when injected into the 
brain  (39). Data from our laboratory have demonstrated 
that injection of Ad‑mCMV expressing EGFP at a dose of 
1x108 IU lasts ≥2 months in the hippocampus (40). In the 
present study, Ad‑mCMV with Hes1 was injected at a dose of 
1x108 IU, which ensured a high level of Hes1 expression in the 
hippocampus. Immunofluorescent staining and western blot 
analyses demonstrated stable expression of Hes1 following 
adenoviral‑mediated transfection. Furthermore, this indicated 
that the use of specific viral promoters may drive long‑term, 
cell‑specific gene expression in exclusive cell populations. 

In the present study, an adenoviral vector carrying mCMV 
promoter, was constructed. Transgene expression mediated 
by Ad‑mCMV was primarily observed in the SGZ and 
SVZ, with NSCs in the SGZ transduced preferentially. This 
characteristic is suitable for the study of neurogenesis in the 
adult hippocampus. Since Hes1 is primarily expressed in 
the neurogenic regions (SGZ and SVZ) of the adult brain, 
its upregulation in these regions using Ad‑mCMV‑mediated 
gene transfer is appropriate to investigate adult neurogenesis 
following TBI.

In the current study, Ad‑mCMV‑Hes1 was transferred 
into the hippocampus of an adult mouse, and this upregulated 
the expression of Hes1 in the SGZ, which reduced the number 
of BrdU(+) and DCX(+) cells. DCX is a marker of immature 
neurons, observed in the DG during the early differentiation 
stages of adult neurogenesis (41). DCX‑expressing cells likely 
contribute to stable neurogenesis in the DG (42). BrdU is a 
marker of DNA synthesis and thus prominent in proliferating 
cells. However, BrdU labeling is also detected in cells under-
going DNA repair and those aborting cell cycle re‑entry as a 
prelude to apoptosis (43). DCX and BrdU indicate activation 
of NSCs in the SGZ following TBI, and in the present study, 
the upregulation of Hes1 expression inhibited the prolifera-
tion of progenitor/stem cells and the survival of immature 
neurons. These results indicate that Hes1 negatively regulated 
adult neurogenesis in the SGZ following TBI. It is possible 
that the upregulation of Hes1 following TBI inhibited the 
transformation of stem cells from progenitor cells to imma-
ture neurons.

The present study provides strong evidence supporting 
the role of Hes1 in the negative regulation of specific neuro-
genic processes in the adult brain following TBI. This type of 
negative regulation inhibits positive neurogenesis and inter-
feres with the complete recovery of neural function following 
brain injury, and thus, it is important to continue exploring 
the mechanisms underlying the action of Hes1 to enhance 
endogenous neurogenesis. The present findings suggest that 
downregulation of Hes1 expression, due to its therapeutic 
potential, may be an effective strategy for the treatment of 
TBI.
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