
INTRODUCTION

Traumatic brain injury (TBI) represents a significant 
unmet medical condition in the US. According to the 
National Institutes of Health, about 5 million new head 
injuries occur in the US each year, with 2 million patients 
who suffer from brain injuries that result in lifelong 
difficulties in daily activities (44). Annually, the economic 
cost for TBI is $56 billion (28). Over the last two decades, 
an increase in TBI cases is associated with combat inju-
ries, including blast, impact, or acceleration/deceleration 
injuries to the head, sustained in Iraq and Afghanistan 
may result in TBI characterized by damage to the frontal 
and temporal lobes (5,16,20,40). Despite the recognition 
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Our understanding of biological mechanisms and treatment options for traumatic brain injury (TBI) is limited. 
Here, we employed quantitative real-time PCR (QRT-PCR) and immunohistochemical analyses to determine 
the dynamic expression of cell proliferation and apoptosis in an effort to provide insights into the therapeutic 
window for developing regenerative strategies for TBI. For this purpose, young adult Sprague–Dawley rats were 
subjected to experimental TBI using a controlled cortical impactor and then euthanized 1–48 h after TBI for 
QRT-PCR and immunohistochemistry. QRT-PCR revealed that brains from TBI-exposed rats initially displayed 
nestin mRNA expression that modestly increased as early as 1 h post-TBI, then significantly peaked at 8 h, 
but thereafter reverted to pre-TBI levels. On the other hand, caspase-3 mRNA expression was slightly elevated 
at 8 h post-TBI, which did not become significantly upregulated until 48 h. Immunofluorescent microscopy 
revealed a significant surge in nestin-immunoreactive cells in the cortex, corpus callosum, and subventricular 
zone at 24 h post-TBI, whereas a significant increase in the number of active caspase-3-immunoreactive cells 
was only found in the cortex and not until 48 h. These results suggest that the injured brain attempts to repair 
itself via cell proliferation immediately after TBI but this endogenous regenerative mechanism is not sufficient 
to abrogate the secondary apoptotic cell death. Treatment strategies designed to amplify cell proliferation and 
to prevent apoptosis are likely to exert maximal benefits when initiated at the acute phase of TBI.
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that TBI is a serious public health problem, there is cur-
rently no proven effective therapy for this disorder. The 
numbers of affected individuals and the costs necessary to 
facilitate their care and rehabilitation coupled with the lack of 
therapies indicate that TBI requires urgent research attention 
for better understanding of the disease pathophysiology 
and its treatment. 

Two commonly employed in vivo TBI models are the 
fluid percussion and the controlled cortical impact (CCI) 
injury techniques; both models produce motor and cogni-
tive impairments resembling many of the behavioral abnor-
malities seen in TBI patients (23,43). The brain injury 
produced by the CCI model is reminiscent of the clinical 
TBI pathology, which presents initially as a necrotic cell 
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death in the underlying cortical tissue and white matter 
axonal injury, but also followed by an apoptotic cell death 
in surrounding tissue due to multiple subsequent events 
such as edema, ischemia, excitotoxicity, and altered gene 
expression (11,32,36,46). 

Neurogenesis is a potent endogenous repair mecha-
nism that the brain mounts against injury, which has been 
shown to accompany TBI (41,47). However, this self-
repair process of the injured brain is transient and partial, 
thus neither abrogating the disease progression nor 
translating into stable functional recovery. To this end, 
we posit that gaining insights into the temporal pattern 
of TBI-induced apoptosis and neurogenesis should allow 
a better understanding of disease pathophysiology and 
its treatment. Thus, in the present study, we employed 
quantitative real-time PCR and immunohistochemical 
assays in order to unravel the early molecular and cellular 
responses of the brain to severe TBI produced by the 
controlled cortical impact (CCI) model. Here, we tested 
our hypothesis that TBI acutely entails neurogenesis, 
which fails to prevent the secondary apoptotic cell death. 
If this hypothesis holds true, the subsequent goal is to 
amplify neurogenesis and /or block apoptosis as a therapeutic 
strategy for treating TBI.

MATERIALS AND METHODS

Surgical Procedures
All animal procedures followed approved IACUC 

guidelines for use of animals in research. Ten-week-old 
Sprague–Dawley rats (n = 3–5 from triplicate independent 
experiments) were subjected to TBI using a controlled 
cortical impactor (Pittsburgh Precision Instruments). Animals 
initially received buprenorphine (0.05 mg/kg, SC) at the 
time of anesthesia induction (ketamine, 100  mg/kg, IP, 
mixed with 5 mg/kg xylazine, IP). Once deep anesthesia 
was achieved (by checking for pain reflexes), individual 
animals were fixed in a stereotaxic frame (David Kopf 
Instruments). After exposing the skull, a craniectomy 
(4 mm) was performed over the right frontoparietal cortex 
(0.5 mm anterior and +2.8 mm lateral to the midline). 
The pneumatically operated TBI device (diameter = 3 mm) 
impacted the brain at a velocity of 6.0 m/s, reaching a 
depth of 2.0 mm below the dura matter layer and remained 
in the brain for 150 ms. The impactor rod was angled 15° 
to the vertical to maintain a perpendicular position in ref-
erence to the tangential plane of the brain curvature at the 
impact surface. A linear variable displacement transducer 
(Macrosensors), which was connected to the impactor, 
measured velocity and duration to verify consistency. 
Bone wax was used to cover the craniectomized region, 
and the skin incision was sutured thereafter. Sham injury 
surgeries (i.e., uninjured controls; n = 8) consisted of animals 
exposed to anesthesia, scalp incision, craniectomy, and 
suturing. A computer-operated thermal blanket pad and 

a rectal thermometer allowed maintenance of body tem-
perature within normal limits. All animals were closely 
monitored until recovery from anesthesia and over the 
next 48 h. Animals were randomly selected and euthanized 
between 1 and 48 h after TBI. 

Quantitative Real-Time PCR Analysis (QRT-PCR) of 
Caspase-3 and Nestin Gene Expression

Brains from euthanized rats were instantaneously frozen 
in liquid nitrogen and stored at –80°C until processing for 
quantitative real-time PCR analysis (QRT-PCR). QRT-
PCR was performed using the entire brain. Total RNA 
was extracted from the frozen brain using mirVana™ 
miRNA isolation kit (Ambion) according to the manu-
facturer’s instructions and the A260/280 ratio of RNA 
extraction corresponded to 2.2, which is considered high 
quality. RNA integrity was confirmed under UV light by 
visualization of 28S- and 18S-rRNA bands on a denaturing 
gel containing ethidium bromide (Fig. 1A).

For cDNA synthesis, total RNA (2 µg) was reverse-
transcribed in a 20-µl volume of reaction mixture, using 
a RETROscript (Ambion) according to the manufacturer’s 
instructions. Transcript reactions without the reverse 
transcriptase enzyme were performed for negative controls 
in subsequent PCR reactions. The primer sequences of 
nestin (NM047626) and caspase-3 (NM047473) were 
as follows: nestin  (NM047626) forward 5¢-CTGAGG
CCTCTCTTCTTCCA-3¢,  reverse  5¢-ACTCCTGTACCG
GGTCTCCT-3¢ and caspase-3 (NM047473) forward 
5¢-GGACCTGTGGACCTGAAAAA-3¢, reverse 3¢-GCA
TGCCATATCATCGTCAG-3¢. For  quantitative nes-
tin and caspase-3 gene expression, PCR amplification 
was performed in each reaction mixture containing 
300 ng cDNA sample, 200 nM of each primer, 0.1 Unit 
Taq DNA polymerase (Ambion), 200 µM dNTPs, and 
1.5 mM MgCl2 (total volume, 25 µl) using mirVana™ 
qRT-PCR miRNA detection kit (Ambion). The reaction 
mixture was heated at 94°C for 3 min, followed by 40 
cycles, each consisting of incubation for 30 s at 94°C, 
40 s at 72°C, and 30 s at 55°C. Amplification and Sybr 
Green I (Applied Biosystems) detection were performed 
on iCycler iQ™ Real-Time PCR Detection System 
(Bio-Rad). Primers specific for the housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
were used as internal control for the amounts of cDNA 
generated from each sample. The primer sequences of 
GAPDH (NW047696) were as follows: forward 5¢-ATG
GGAAGCTGGTCATCAAC-3¢ and reverse 5¢-GTGGT
TCACACCCATCACAA-3¢. For each gene, PCRs were 
run in triplicate, and the amplified transcripts were quan-
tified using the comparative Ct method. Briefly, threshold 
cycle (Ct) values were calculated by the equation D DCt = 
DCt nestin or caspase-3 – DCt GAPDH, where DCt is the difference  
in Ct values between nestin or caspase-3 and the GAPDH.  
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The relative quantity of mRNA expression in the right 
hemisphere (i.e., TBI target region) was compared 
with the control hemisphere (i.e., sham operated, intact 
brain). Xn can be calculated by the formula Xn = 2meanDDCt. 
Differences between Ct values were less than 2%. The 
amplified PCR productions were electrophoresed on a 
2% agarose gel containing 0.2 µg/µl ethidium bromide, 
and the sequences were confirmed using ABI 3730 XL 
96-capillary sequencer (data not shown). The productions 
were visualized under UV light, saved digitally with 
AlphaImager 2000 (Alpha Innoteck Corporation), and 
represented as single and theoretical base pair bands 
(Fig. 1B). For all experiments, controls without template 
were incubated. Each primer pair was, when possible, 
designed to span an exon–exon boundary.

Immunohistochemical Analysis of Caspase-3 and 
Nestin-Positive Cells

Rats were randomly euthanized between 1 and 48 h 
post-TBI using carbon dioxide overdose. The rats were 
perfused transcardially with 200 ml of cold phosphate-

buffered saline (PBS) and 200 ml of 4% paraformal-
dehyde in PBS. Brains were removed and postfixed in 
the same fixative overnight at 4°C and then embedded 
in paraffin. The brains were coronally sectioned at the 
thickness of 8 µm. All sections were mounted on glass 
slides for immunohistochemical examinations and were 
first deparaffinized through three washes in xylene and 
then rehydrated through graduated alcohol solution, fol-
lowed by washing three times for 5 min in PBS. Sections 
were then incubated overnight at 4°C with mouse anti-
nestin antibody (1:200, Millipore) or rabbit anti-active 
caspase-3 antibody (1:500, Abcam), primary antibody, 
and washed three times in PBS. The sections were then 
incubated with the corresponding secondary antibodies 
(goat anti-mouse IgG-Alexa 594 or goat anti-rabbit IgG-
Alexa 488, Invitrogen) for 90 min. Finally, sections were 
washed three times for 5 min each, washed in distilled 
water, and cover-slipped with Fluoromount (Sigma). 
Control studies included exclusion of the primary anti-
body substituted with 10% normal goat serum in PBS. 
No immunoreactivity was observed in these controls. For 

A.

B.

C.

D.

Figure 1.  QRT-PCR analyses of nestin and caspase-3 expression in TBI brains. QRT-PCR was conducted using the entire brain. 
(A) confirms RNA integrity under UV light by visualization of 28S- and 18S-rRNA bands on a denaturing gel containing ethidium 
bromide. (B) shows amplified PCR productions visualized with ethidium bromide under UV light. (C, D) reveals QRT-PCR analyses 
of nestin and caspase-3 gene expression (n = 3–5 from triplicate independent experiments) performed at 1, 4, 8, 24, and 48 h after TBI 
(nestin, p < 0.05 for control vs. 8 h; caspase-3, p < 0.05 for control vs. 48 h). Bars represent mean values ± SEM. *p < 0.05.
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morphological analyses, immunoreactive cells in the 
cortex, corpus callosum, and subventricular zone (SVZ) 
within the ipsilateral to the TBI hemisphere were examined 
using Axio Imager.Z1 (Carl Zeiss). Specifically, six coronal 
sections at every 300 µm that approximately captured the 
entire damaged cortex (AP –2.0 to +2.0 mm from bregma) 
were examined from each rat, the number of positive cells 
was counted in each six high-power fields, and the averages 
were used for statistical analyses.

Statistical Analyses

Repeated measures of ANOVA followed by post hoc 
test using Fisher’s protected least significant difference 
(PLSD) was used to reveal statistical significance in both 
QRT-PCR and histological data. A statistically significant 
difference was preset at p < 0.05.

RESULTS

TBI Induces the Gene Expression of 
Nestin and Caspase-3

ANOVA revealed significant timing effects for both 
nestin mRNA and caspase-3 mRNA expressions after 
TBI (p’s < 0.01) (Fig. 1C and D). The levels of nestin 
mRNA expression, a marker of neurogenesis, were slightly 
increased at 1 and 4 h post-TBI but did not reach statistical 
significance compared with controls (p’s > 0.05). At 8 h 
post-TBI, there was a onefold increase in nestin mRNA 
expression that was significantly higher than controls 
(p < 0.05). However, such elevated neurogenic response 
was transient in that at 24 and 48 h post-TBI, the levels 
of nestin mRNA expression reverted to pre-TBI levels 
and did not differ from the controls (p’s > 0.05). On the 
other hand, the levels of caspase-3 mRNA expression, 
a marker of apoptosis, were not altered at 1 and 4  h 
post-TBI (p’s > 0.05); although modest elevations were 
detected at 8 and 24 h post-TBI, they remained not statis-
tically significant compared with the controls (p’s > 0.05). 
However, a dramatic twofold increase (p < 0.05 vs. con-
trols) in caspase-3 mRNA expression was detected at 48 h 
post-TBI. 

Time Dependence of TBI-Induced Neural Progenitor 
Cell Proliferation 

In general agreement with differential mRNA expressions 
of nestin and caspase-3 after TBI, immunofluorescent 
microscopic examination revealed an earlier post-TBI 
increase in the number of neurogenic nestin-immunoreactive 
cells compared with apoptotic active caspase-3-immunoreactive 
cells within the TBI hemisphere (Figs. 2 and 3). ANOVA 
again revealed significant timing effects on nestin and 
active caspase-3 immunoreactivity following TBI induc-
tion (p’s < 0.01). Few nestin-immunoreactive cells were 
detected between 1 and 8 h post-TBI in all three brain 
regions, namely the cortex, the corpus callosum, and the 

SVZ ipsilateral to TBI, examined here (p’s > 0.05). At 
24 h post-TBI, both the cortex and the SVZ displayed a 
significant surge in nestin immunoreactive cells, which 
was less pronounced at 48 h post-TBI compared with 
the controls (p’s < 0.05). A significant increase in nestin-
immunoreactive cells in the corpus callosum was also 
recognized at 24 h post-TBI (p < 0.05 vs. controls). On 
the other hand, a significant increase in active caspase-3 
expression was only found in the cortex and limited to 
the 48 h post-TBI period (p < 0.05 vs. controls). Across all 
time points post-TBI, both the corpus callosum and the 
SVZ did not exhibit any detectable increments in active 
caspase-3 expression (p’s > 0.05 vs. controls). 

DISCUSSION

The present study demonstrates a discrete temporal pat-
tern of cell proliferation and apoptosis produced by TBI 
as revealed by both mRNA and immunohistochemical 
analyses of nestin and caspase-3 expression, respectively. 
Here, we show that cell proliferation precedes apoptosis, 
suggesting that the host brain in response to injury imme-
diately activates a self-repair mechanism. However, the 
rapid switch from cell proliferation (peaks between 8 and 
24 h post-TBI) to apoptotic cell death (48 h post-TBI) 
indicates that endogenous processes alone are not capable 
of retarding cell death progression. In addition, the 
observed distinct onset of nestin and caspase-3 gene and 
protein expression offers insights into the optimal timing 
post-TBI for initiating treatment strategies designed to 
enhance cell proliferation, hopefully resulting in neuro-
genesis, and to suppress apoptosis.

Accumulating scientific evidence has demonstrated 
that following injury the adult brain undergoes remod-
eling reminiscent of ontogeny, characterized by tissues 
proximal to the site of injury as well as distinct neurogenic 
sites (i.e., SVZ and dentate gyrus), exhibiting enhanced 
cell proliferation, as seen here, and subsequent neuro
genesis that are normally inherent in embryonic or neo-
natal stages of development (4,41,47,48). Unfortunately, 
the host brain’s attempt to repair itself via this ontogenic 
remodeling is incomplete, thus neither abrogating the cell 
death progression nor translating into a significant clini-
cal improvement epitomizing the limited plasticity of the 
adult brain. Accordingly, restorative therapies, such as 
exogenous stem cell transplantation and endogenous stem 
cell mobilization (12,15,19,26,35), have been introduced 
to enhance the host brain remodeling repair mechanism. 

The purpose of this study is to investigate the time 
course of cell proliferation and apoptosis after TBI. 
Although it has been shown that apoptosis peaks 1–2 
days after injury (2,31), for TBI-induced cell proliferation, 
however, it is less clear. The present observation that maximal 
cell proliferation occurs 8 h after injury is the most novel 
aspect of this study. This observed nestin expression 
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Figure 2.  Nestin expression in the cortex, the corpus callosum, and the subventricular zone after TBI. Nestin-positive cells were hardly seen 
in both cortex and corpus callosum at 1, 4, and 8 h post-TBI. At 24 h post-TBI, the cortex was highly populated with nestin-positive cells, and 
while still detected, nestin immunoreactivity was less pronounced at 48 h post-TBI. In the corpus callosum, the number of nestin-positive cells 
increased gradually at 24 h and peaked at 48 h post-TBI. A pattern of nestin immunoreactivity in the subventricular zone resembles that seen 
in the cortex. Very few nestin-positive cells were detected at 1, 4, and 8 h post-TBI, and a robust nestin immunoreactivity was recognized at 
24 h post-TBI, which became less pronounced at 48 h post-TBI. Quantitative cell counts are presented in the graphs, and error bars represent 
mean values ± SEM. *p < 0.05 versus controls. LV, lateral ventricle; CPu, caudate putamen; SVZ, subventricular zone. Scale bars: 30 µm. 
Nondetectable immunofluorescence accompanied the controls.
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Figure 3. Active caspase-3 expression in cortex, corpus callosum, and subventricular zone after TBI. Throughout the entire 48 h post-
TBI, the corpus callosum displayed sporadic active caspase-3-positive cells. The cortex also remained relatively negative for active 
caspase-3 immunoreactivity up to 24 h post-TBI, but a massive surge in active caspase-3-positive cells was detected at 48 h post-TBI. 
In parallel with near complete absence of caspase-3 immunoreactivity in the corpus callosum, the subventricular zone also exhibited 
very few active caspase-3-positive cells at all time points post-TBI. Quantitative cell counts are presented in the graphs, and bars repre-
sent mean values ± SEM. *p < 0.05 versus controls. LV, lateral ventricle; CPu, caudate putamen; SVZ, subventricular zone. Scale bars: 30 µm. 
Nondetectable immunofluorescence accompanied the controls.   
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likely reflects an early attempt of the brain to initiate neuro
genesis in response to injury. Nestin is used widely as a cell 
type marker for stem/progenitor cells, and recently its activa
tion has been implicated as critical to neurogenesis (22,47). 
However, equating expression of brain nestin with neuro
genesis needs clarification. In fact, nestin expression is 
not limited to neural stem/progenitors but is also found in 
endothelial cells, mesenchymal derivatives, such as muscle, 
and reactive astrocytes (34,49). Nestin, an intermediate 
filament protein, is expressed in reactive astrocytes in the 
injury areas including cerebral cortex and white matter 
tract (6,14,21,30,37). The reactive astrocyte expression 
is relevant in this study because TBI causes significant 
reactive astrocytosis (10,13). In addition, we concur that 
our quantitative data come from the entire brain of injured 
animals when there is only a partial portion of the brain that 
is relevant to injury-induced neurogenesis. However, the 
present immunohistochemical assessment adds corrobo-
ration with this QRT-PCR analysis, allowing delineation of 
astrocytosis from cell proliferation, at least in discrete brain 
regions. Nonetheless, we agree that further investigations are 
warranted to fully reveal the neurogenic cell phenotype, 
including QRT-PCR assays of specific brain areas, as 
well as immunohistochemical double labeling of nestin 
with neuronal or astrocytic markers. Delayed expression 
of nestin (i.e., 1–4 weeks) following TBI has been reported 
by Kaya and colleagues (18). These findings suggest that 
further investigations examining nestin expression following 
TBI during a longer time course are warranted. 

Cell proliferation (i.e., neurogenesis) and apoptosis 
following TBI are two separate events located in different 
regions in the brain. Numerous studies have shown that 
TBI-induced neurogenesis occurs predominantly in the 
neurogenic regions, i.e., the SVZ and the dentate gyrus of 
the hippocampus, areas that are relatively away from the 
injury impact (3,9,33,41,42). Whereas injury-induced 
neurogenesis in the hippocampus may play a role in regen-
eration, the role of neurogenesis in the SVZ following TBI 
remains poorly understood. It is well known that neurons 
generated from the SVZ migrate along rostral migrate 
stream to the olfactory bulb (1,17). Unlike ischemic 
injury model, in TBI models, no study has demonstrated 
that the SVZ-generated cells migrate to the injury areas. 
Due to mitochondrial dysfunction in the injured areas, 
TBI-induced apoptosis as demonstrated by TUNEL 
staining and caspase-3 mRNA and protein expression is 
mostly located in areas at the site directly under the injury 
impact (2,7,45). The caspase-3 expression in this study 
also showed a similar pattern. Accordingly, while it is 
recognized that injury-induced neurogenesis and apoptosis 
are two different entities, many newly generated cells in the 
hippocampus undergo apoptosis during disease progression, 
which appears to be the same temporal profile displayed 
by the injured cortex. Because the cortex is considered 

a nonneurogenic site, the source of enhanced nestin-
expressing cells in this area might have resulted from the 
migration of newly formed cells from SVZ via the corpus 
callosum; both regions shown here are also highly populated 
by nestin-positive cells.

The therapeutic window for targeting neurogenesis 
and apoptosis in TBI appears critical if stable functional 
recovery is desired. The logical timing post-TBI is to 
coincide treatment intervention with the onset of endogenous 
repair mechanism. Based on the present mRNA expression 
of nestin, the 8-h post-TBI corresponds to the maximal 
upregulation of this cell proliferative gene, while the 
translation of this genetic signal into a phenotypic pro-
tein expression occurs at 24 h post-TBI. Taken together, 
these results suggest that the period between 8 and 24 h 
post-TBI represents an appropriate time frame to amplify 
host neurogenic effects. That amplifying nestin expres-
sion is key to endogenous neurogenesis concurs with 
recent studies demonstrating that activation of nestin is 
necessary for brain remodeling after injury, including 
TBI (29,47). On the other hand, both mRNA and immuno
histochemical data revealed that apoptosis commences 
not until 48 h post-TBI, suggesting that antiapoptotic 
treatments may have a wider therapeutic window than 
neurogenesis-enhancing regimens. Indeed, antiapoptotic 
drugs have been shown to inhibit caspase-mediated apop-
tosis after TBI (8,24). A combination of cell proliferative 
(i.e., neurogenic) and antiapoptotic therapies may further 
improve the prognosis of TBI.

The brain region-specific expression of nestin and caspase-3 
following TBI reveals that the endogenous remodeling 
process involves cell proliferation in both cortex and 
SVZ and likely cell migration along the corpus callosum, 
whereas apoptosis appears limited to the cortex. The 
absence of apoptotic signals in the SVZ and corpus callosum 
suggests that the migratory pathway between the SVZ 
and the injured cortex via the corpus callosum is intact at 
least up to 48 h post-TBI. However, many of the newly 
formed cells remained lodged within the corpus callosum 
at 48 h when a massive apoptotic cell death had already 
commenced in the cortex. Thus, proper migration of the 
endogenously proliferated cells to the site of injury may 
not be optimal at this 48-h post-TBI period, implying that 
initiation of therapeutic intervention at a much earlier 
time point may be more beneficial.

CONCLUSION

Our study provides evidence of cell proliferation prior to 
apoptosis after TBI. Amplification of the brain self-regeneration 
process, either via cell replacement therapy (27,38) or phar-
macologic mobilization of endogenous stem/progenitor cells 
(e.g., G-CSF or erythropoietin) (25,39), in combination with 
antiapoptotic medications (8,24), within the acute postinjury 
period may prove effective in treating TBI.
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