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Abstract
Memory impairment is one of the most significant residual deficits following traumatic brain
injury (TBI) and is among the most frequent complaints heard from patients and their relatives. It
has been reported that the hippocampus is particularly vulnerable to TBI, which results in
hippocampus-dependent cognitive impairment. There are different regions in the hippocampus,
and each region is composed of different cell types, which might respond differently to TBI.
However, regional and cell type-specific neuronal death following TBI is not well described.
Here, we examined the distribution of degenerating neurons in the hippocampus of the mouse
brain following controlled cortical impact (CCI) and found that the majority of degenerating
neurons observed were in the dentate gyrus after moderate (0.5 mm cortical deformation) CCI-
TBI. In contrast, there were only a few degenerating neurons observed in the hilus, and we did not
observe any degenerating neurons in the CA3 or CA1 regions. Among those degenerating cells in
the dentate gyrus, about 80% of them were found in the inner granular neuron layer. Analysis with
cell type-specific markers showed that most of the degenerating neurons in the inner granular
neuron layer are newborn immature neurons. Further quantitative analysis shows that the number
of newborn immature neurons in the dentate gyrus is dramatically decreased in the ipsilateral
hemisphere compared with the contralateral side. Collectively, our data demonstrate the selective
death of newborn immature neurons in the hippocampal dentate gyrus following moderate injury
with CCI in mice. This selective vulnerability of newborn immature dentate neurons may
contribute to the persistent impairment of learning and memory post-TBI and provide an
innovative target for neuroprotective treatment strategies.
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Traumatic brain injury (TBI) is the leading cause of death in children and young adults
(McCarthy et al., 2005; Vakil, 2005) and represents a significant socioeconomic burden
(Langlois et al., 2005; Minino et al., 2006). In the United States, there are 1.4 million TBI
incidences annually, which cost $60 billion in 2000 (Langlois et al., 2005; Minino et al.,
2006), leaving many patients with substantial cognitive impairment (Hamm et al., 1992;
Salmond and Sahakian, 2005) and epilepsy (Jiang et al., 2004; D’Ambrosio et al., 2005;
Gupta and Gupta, 2006). TBI not only results in immediate central nervous system (CNS)
tissue disruption (primary injury) but also damages the surviving cells secondarily by
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complex mechanisms triggered by the primary event (Fujimoto et al., 2004; Hall et al.,
2004; Saatman et al., 2006; Singh et al., 2006), leading to persistent cognitive, sensory, and
motor dysfunction (Fujimoto et al., 2004). The common neuropathological changes in the
hippocampus in human closed-head injury and experimental models of TBI suggest that the
hippocampus is particularly vulnerable following TBI (Isoniemi et al., 2006; Pullela et al.,
2006; Tran et al., 2006). Disturbance in hippocampal function (Pullela et al., 2006; Statler,
2006; Tasker, 2006) plays a leading role in these pathologies, insofar as this structure is
implicated in higher cognitive function (Pullela et al., 2006; Zhang et al., 2006) and is a
frequent focus of seizure generation (Gupta and Gupta, 2006; Pitkanen and McIntosh, 2006).

The controlled cortical impact (CCI) injury model is a model of contusive brain injury that
replicates focal abnormalities seen in many human TBI cases. The model was first
introduced by Lighthall (1988) for use in the ferret and was later adapted to the rat (Dixon et
al., 1991) and mouse (Smith et al., 1995). The mouse CCI model is being used with
increasing frequency to investigate posttraumatic cell death (Ariza et al., 2006; Pullela et al.,
2006). Multiple laboratories have shown that there is a prominent loss of granular neurons in
the hippocampal dentate gyrus in the mouse brain after CCI (Ariza et al., 2006; Pullela et al.,
2006). However, there are several types of cells in the hippocampal dentate gyrus, including
neural stem cells (NSCs) in the subgranular zone (SGZ) and newborn immature neurons,
developed from NSCs and located above the SGZ. These newborn neurons will further
migrate into the granular layer and usually reside at the inner one-third of the granular layer,
with mature granular neurons composing the outer two-thirds of the granular layer in the
adult hippocampal dentate gyrus. These cells are distinct cell types with different
characteristics, including morphologies, expression of cell type-specific markers,
electrophysiological activities, and functions (Mizumori and Leutgeb, 2001; Kempermann et
al., 2004a; Traub et al., 2004; Somogyi and Klausberger, 2005; Forster et al., 2006). It is still
unknown whether the cell death is evenly distributed through such cell types or whether
there is any cell type-specific vulnerability within the dentate gyrus following TBI.
Analyzing the cell type specificity of post-traumatic cell death may provide a clear target
and suggest potential therapeutic approaches to prevent cell death after TBI. In this study,
we used the CCI model and examined cell death in the hippocampus by using Fluoro-Jade B
(FJB; Schmued et al., 1997; Schmued and Hopkins, 2000) combined with cell type-specific
markers. We found that newborn immature neurons in the hippocampal dentate gyrus are the
most vulnerable cell type to the insults of CCI injury in the mouse brain.

MATERIALS AND METHODS
Animals

Male C57BL/6 mice (The Jackson Laboratories) were group housed with a 12/12-hr light/
dark cycle and access to food and water ad libitum. They were used in experiments at the
age of 4 weeks. All procedures were performed under protocols approved by the Animal
Care and Use Committee of the University of Kentucky.

Controlled Cortical Impact Traumatic Brain Injury
C57BL/6 male mice 4 weeks old were subjected to moderate CCI injury as previously
described (Sullivan et al., 1999a,b; Hall et al., 2004, 2005; Saatman et al., 2006). Briefly, the
mice were anesthetized with 2.5–4% isoflurane and placed in a stereotaxic frame (Kopf
Instruments, Tujunga, CA) prior to TBI. Using sterile procedures, the skin was retracted,
and a 4-mm craniotomy centered between the lambda and bregma sutures was performed. A
point was identified midway between the lambda and bregma sutures and midway between
the central suture and the temporalis muscle laterally. The skullcap was carefully removed
without disruption of the underlying dura. Prior to the injury, the head of the animal was
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angled on a medial to lateral plane so that the impacting tip was perpendicular to the
exposed cortical surface. This was accomplished by rotating the entire stereotaxic frame in
the transverse plane while leaving the nose bar at 5.0. The mouse CCI model uses a
pneumatic impactor with which the experimenter can independently control the contact
velocity and the level of cortical deformation, thus altering the severity of the injury. In
these experiments, the contact velocity was set at 3.5 m/sec and the amount of deformation
was set at 0.5 mm, which results in an injury of moderate severity. After injury, a 4-mm disk
made from dental cement (Dentsply Trubyte) and Surgicel (Johnson and Johnson, Arlington,
TX) was laid over the craniotomy site and adhered to the skull using cyanoacrylate and
allowed to dry before the wound was stapled closed. During all surgical procedures and
recovery, the core body temperature of the animals was maintained at 36–37°C using a
heating pad and a Hova-Bator incubator (37°C; model 1583; Randall Burkey Co.). Sham
(noninjured) animals received craniotomy, but no CCI injury.

Tissue Processing
At 4, 24, and 72 hr after TBI surgery, animals were deeply anesthetized with an overdose of
sodium pentobarbital and then perfused transcardially with cold 0.9% saline, followed by a
fixative containing 4% paraformaldehyde (PFA) in PBS. The brains were removed and
postfixed in PFA overnight, then cryoprotected with 30% sucrose for 48 hr. Serial coronal
sections (30 μm thick) were cut using a cryostat (Microm HM 500 M) and stored at −20°C.
The sections were then processed for FJB and immunohistochemical analysis.

Histology and Immunohistochemistry
Staining with FJB and immunohistochemical analysis with 4′,6-diamidino-2-phenylindole
(DAPI) and cell type-specific markers was previously described (Schmued et al., 1997;
Schmued and Hopkins, 2000). For FJB staining, sections were first incubated in a solution
of 1% alkaline (NaOH) in 80% ethanol for 5 min and then were hydrated in graded ethanols
(75%, 50%, and 25%; 5 min each) and distilled water. The sections were then incubated in a
solution of 0.06% potassium permanganate for 10 min on a rotating stage, rinsed in distilled
water for 2 min, and incubated in a 0.0004% solution of FJB (Histo-Chem Inc., Jefferson,
AR) and 0.0004% DAPI (Sigma, St. Louis, MO) for 20 min. Sections were then rinsed in
distilled water (2–3 min), air dried, and placed on a slide warmer until fully dry (5–10 min).
The dry slides were cleared in xylene (2–5 min) and mounted with DPX (Fluka). For
immunostaining, sections were rinsed in phosphate-buffered saline (PBS) three times and
incubated in blocking solution (0.1% Triton X-100, 1% bovine serum albumin, 5% normal
goat serum in PBS) for 1 hr at room temperature, followed by an overnight incubation with
primary antibody at 4°C. Sections were then washed with PBS three times and incubated
with the secondary antibody at room temperature for 2 hr. After being treated with DAPI for
2 min, the sections were washed with PBS three times and mounted with Fluorescentmount
G. Primary antibodies and their final concentrations were as follows: antinestin antibody
(1:200; rabbit; Covance, Berkeley, CA), anti-NeuN antibody (1:1,000; mouse; Chemicon,
Temecula, CA), anti-GFAP antibody (1:1,000; mouse; Chemicon), anti-Doublecortin Dcx
antibody (1:1,000; guinea pig; Chemicon). Secondary antibodies from Jackson
Immunoresearch (West Grove, PA) were all applied with same dilution of 1:1,000.

Microscopy
The sections were analyzed by light microscopy at a primary magnification of ×10–63 with
an inverted microscopy system (Zeiss Axiovert 200 M) interfaced with a digital camera
(Zeiss Axio Cam MRc5) controlled by a computer. Images were captured in software
(AxioVision, v4.0) and assembled and labeled in Photoshop 7.0 (Adobe Systems).
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Quantification
The total number of FJB-positive neurons in each region in the hippocampus following TBI
was determined through a blinded quantitative histological analysis (five mice for each time
point). After sectioning, one in six sections of the entire extent of the hippocampal formation
was selected for assessment with FJB staining or combined with fluorescent
immunostaining. The anatomical boundaries of the individual hippocampal subregions
(dentate gyrus granule cells, CA3 pyramidal cells, and CA1 pyramidal cells) were identified
as described by Amaral and Witter (1989). To determine further the distribution of FJB-
positive cells in hippocampal dentate gyrus, the dentate gyrus was divided into inner and
outer layers, in which the granular neurons are generated from different origins during early
hippocampal development (Altman and Bayer, 1990c). The density of the granular neurons
in the inner granular neuron layer is much higher than that in the outer layer. Most of the
newborn immature neurons were located in the inner one-third of the dentate gyrus. Most of
the neurons in the outer two-thirds of the dentate gyrus are mature neurons. Every FJB-
positive neuron was counted, and its localization, in the hilus, in the inner one-third of the
dentate gyrus, in the outer two-thirds of the dentate gyrus, in CA1, or in CA3, was
determined under a fluorescent microscope with a ×40 objective. The percentages of FJB-
positive neurons in each subregion were calculated. For quantifying the Dcx-positive
newborn neurons and NeuN-positive mature neurons presented in Figure 6, the
immunostaining was performed with antibodies against Dcx and NeuN, following the
procedure described above. Three sections (40-μm intervals) at the epicenter were chose
from each animal (a total of three mice in each group) to quantify the Dcx-positive cells and
NeuN-positive cells in the dentate gyrus. For quantifying the Dcx-positive cells, the total
numbers of Dcx-positive cells in the ipislateral side or contralateral side of teach section
were counted under a fluorescent microscope with a ×40 objective. For quantifying the
NeuN-positive cells, the NeuN-positive cell number in the contralateral and ipsilateral sides
of the dentate gyrus was estimated by using the optical fractionator method (Gundersen et
al., 1988; West et al., 1991; Coggeshall and Lekan, 1996). A Bioquant stereology
workstation (BioQuant Image Analysis Corp.) for stereological analyses was used. The step
size across sections is 100 × 100 μm, which gives 10–15 intersections for the dentate gyrus.
Dissector height was 20 μm, and a 5-μm zone at the uppermost part of the section was
excluded from the analysis at every step as the upper guard zone. NeuN-positive cells in a
counting frame of 50 × 50 μm were counted under a ×40 objective, which allowed accurate
recognition. Each neuron was counted when it came into focus as the plane of focus was
moved up and down through the height of the dissector (20 μm) following the unbiased
counting rules for the optical dissector (West et al., 1991). The Cavalieri principle was used
to estimate the volume of the dentate gyrus using the same stereology workstation. The
number of Dcx-positive cell and NeuN-positive cell in the hippocampus was finally
presented as cells/mm3. Statistical analysis was performed using either Student’s t-test or
ANOVA, followed by post hoc comparison using the Fisher least squares difference test
with significance set at P < 0.05.

BrdU Administration and Cell Counting
The mice were given 3-bromodeoxyuridine (BrdU) injections per day (50 mg/kg in 0.9%
saline, i.p.; Sigma, St. Louis, MO) with 4 hr apart at different ages (4 weeks, n = 10; 6
weeks, n = 10). At the age of 8 weeks, mice were subjected to a moderate CCI TBI or sham
treatment. Twenty-four hours after surgery, the mice were sacrificed, and the brains were
fixed as described above. BrdU immunohistochemistry was performed simultaneously on
sections from all intervals. Series of every sixth section (180 μm apart) through each
hippocampus were processed. Free-floating sections were washed three times in PBS,
incubated in 2 N HCl (30 min at 37°C), and rinsed in 0.1 M borate buffer, pH 8.4, for 10
min. Then, the immunostaining was performed following the procedure described above.
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For BrdU cell counting, dentate gyrus area contours were created, and volume was measured
in Bioquant software (Nashville, TN). Every single BrdU-positive cell in the dentate gyrus
were counted under a fluorescent microscope at ×40 through whole series of sections. BrdU-
positive cells were expressed as average number/mm3.

RESULTS
Regional Distribution of Hippocampal Neuronal Death Following CCI Injury

In all animals in this study with a moderate level of CCI injury, we observed obvious FJB-
positive neurons, which are degenerating neurons (Schmued et al., 1997; Schmued and
Hopkins, 2000) in the hippocampus, beginning 4 hr after injury and extending to 72 hr. The
FJB-positive neurons at 24 hr after TBI are shown in Figure 1. The somas of degenerating
neurons are stained green by FJB. Some of the FJB-positive neurons still show clear
dendritic processes (Fig. 1c,e), suggesting that FJB can label the degenerating neurons at a
very early stage in the process of cell death. Furthermore, the FJB-positive neurons
displayed distinct apoptotic nuclei with either condensed or fragmented morphology (Fig.
1f–i, white arrows) 24 hr after CCI injury. When we counted the number of FJB-positive
neurons in each subregion in the hippocampus, including the hilus, the dentate gyrus, CA1,
and CA3, we found the greatest number of FJB-positive cells (more than 98%) in the dentate
gyrus and only a few FJB-positive neurons occasionally in the hilus (less than 2%). We did
not observe any degenerating neurons at CA3 and CA1 in mice with moderate CCI injury
(Fig. 1a,b). These results suggest that moderate CCI injury selectively caused secondary
neuronal death in the hippocampal dentate gyrus.

Rostral to Caudal Distribution of Neuronal Death in the Hippocampal Dentate Gyrus
Following CCI Injury

To characterize further the distribution of neuronal death in the hippocampal dentate gyrus
in a rostral to caudal direction, we examined the FJB-positive neurons in the serial sections
of the entire hippocampus 24 hr after TBI. We found the greatest numbers of the FJB-
positive neurons in the section at the epicenter of the CCI injury. The numbers decreased
gradually in either the rostral or the caudal direction (Fig. 2). The distribution of the FJB-
positive neurons flanked about 1.44 mm across from the first section to the last section in
which we observed the FJB-positive neurons. The most distal section with FJB-positive
neurons was 0.72 mm away from epicenter (Fig. 2). The volume of the dentate gyrus that
containing FJB-positive neurons is about half of the entire hippocampal dentate gyrus
(Redwine, 2003).

Layer-Specific Distribution of Neuronal Death in the Hippocampal Dentate Gyrus Following
CCI Injury

The hippocampal dentate gyrus is composed of the granular zone, where the granular
neurons are located, and the SGZ, where the NSCs are located. The granular zone can be
further divided into an inner and an outer layer of granular neurons in which the granular
neurons are generated from different origins during early hippocampal development
(Altman and Bayer, 1990c). The density of the granular neurons in the inner granular neuron
layer is much higher than that in the outer layer. Most of the newborn immature neurons
were located in the inner one-third of the dentate gyrus. Most of the neurons in the outer
two-thirds of the dentate gyrus are mature neurons. Because the granular neurons in the
inner and outer layers are generated from different origins (Altman and Bayer, 1990a,b;
Forster et al., 2006) and are at different maturation stages, we reasoned that their
characteristics (Forster et al., 2006), functions (Forster et al., 2006), and responses to TBI
(Tran et al., 2006) might be different as well. To characterize further the distribution of the
FJB-positive neurons in the specific sublayer in the dentate gyrus, we counted the number of
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FJB-positive neurons in the inner one-third and outer two-thirds of the hippocampal granular
cell layer from 4 hr to 72 hr after TBI (five mice for each time point and more than 20,000
FJB-posiitve cells were counted). All of the FJB-positive neurons in the dentate gyrus were
counted. We found the greatest number (about 80%) of FJB-positive neurons in the inner
granular cell layer. In contrast, there were many fewer FJB-positive neurons in the outer
granular cell layer (less than 15%), and very rarely were FJB-positive cells detected in the
SGZ of the hippocampal dentate gyrus (Fig. 3). These results further confirmed the selective
cell death of neurons in the inner granular cell layer in the dentate gyrus following moderate
CCI injury.

Cell Type Specificity of Neuronal Death in the Hippocampal Dentate Gyrus Following CCI
Injury

There are different cell types within the hippocampal dentate gyrus, including NSCs,
newborn immature granular neurons, and mature granular neurons (Kempermann et al.,
2004a; Traub et al., 2004; Forster et al., 2006). These cells originate from different
embryonic sources during early hippocampal development (Altman and Bayer, 1990a,b;
Forster et al., 2006) and are distinct cell types with different characteristics, including
morphologies, expression of cell type-specific markers, electrophysiological activities, and
functions. To determine the cell types of FJB-positive cells in the hippocampal dentate
gyrus, we doubly labeled the sections with FJB and cell type-specific markers, such as
nestin for NSCs (Lendahl et al., 1990; Dahlstrand et al., 1992; Kim et al., 2003), Dcx for
newborn immature neurons (Gleeson et al., 1999; Chen et al., 2004; Koizumi et al., 2006),
and NeuN for mature neurons (Mullen et al., 1992; Korzhevskii et al., 2006). The results
from the brains 4 hr after TBI are shown in Figure 4. The results show that nestin-positive
NSCs (Fig. 4a), Dcx-positive newborn immature neurons (Fig. 4b), and NeuN-positive
mature neurons (Fig. 4c) are localized in three distinct layers (Fig. 4d). The FJB-positive
degenerating neurons (Fig. 4e) are sharply localized in the inner one-third of the granular
cell layer (Fig. 4g), confirming the results described above showing that the majority of
FJB-positive cells are located in the inner granular cell layer. Double staining shows that
FJB-positive cells were localized at the Dcx-positive newborn neuron layer (Fig. 4h),
whereas they were located above the nestin-positive NPC layer (Fig. 4j) and below the
NeuN-positive mature neuron layer (Fig. 4l). These results suggest that most of the FJB-
positive cells might be newborn immature neurons. Indeed, the FJB-positive neurons are
colabeled with Dcx (Fig. 4i). In contrast, we observed more than 1,000 JFB-positive cells
and did not observe any FJB-positive cells colabeled with nestin (Fig. 4j,k) and only found
two FJB-positive cells expressing weak NeuN (data not shown). We also performed
confocal microscopy to confirm that FJB-positive cell expresses Dcx (Fig. 5). Together,
these results suggest that CCI injury selectively induced newborn immature neuron death in
the hippocampal dentate gyrus.

Number of Newborn Neurons in the Adult Hippocampal Dentate Gyrus Dramatically
Decreased Following CCI Injury

To confirm further the selective death of newborn neurons following CCI injury, we
determined the numbers of Dcx-positive newborn neurons and NeuN-positive mature
neurons in both the ipsilateral side and the contralateral side of the hippocampal dentate
gyrus 24 hr after moderate CCI by using double immunostaining with antibody against Dcx
and antibody against NeuN, a marker for mature neurons. The results show that the Dcx-
positive newborn neurons are dramatically decreased in the ipsilateral side of hippocampal
dentate gyrus (Fig. 6b) compared with the contralateral side (Fig. 6a). (three mice and
>1,000 Dcx-positive cells were counted) The number of newborn neurons in the ipsilateral
side is only about half (Fig. 6g) of the number of Dcx-positive newborn neurons in the
contralateral side of hippocampal dentate gyrus. The statistical analysis shows that this

Gao et al. Page 6

J Neurosci Res. Author manuscript; available in PMC 2013 August 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



difference is significant (P < 0.001). In contrast, the number of NeuN-positive mature
neurons in the ipsilateral side of hippocampal dentate gyrus (Fig. 6d) is about the same (Fig.
6h) as the number of NeuN-positive mature neurons in the contralateral side (Fig. 6c). There
is no statistically significant difference in the number of NeuN-positive mature neurons
between the ipsilateral side and the contralateral side of hippocampal dentate gyrus
following CCI injury (P > 0.05). These results confirm the selective death of newborn
neurons in the adult hippocampal dentate gyrus following moderate CCI injury.

To determine further the selective death of newborn neurons in the hippocampal dentate
gyrus following moderate CCI injury, we examined the ages of the neurons at the time when
they were induced to die from CCI injury. It has been shown that newly generated neurons
in the adult hippocampal dentate gyrus take about 4 weeks to express NeuN, a marker for
mature neurons; at least 3 months to functionally mature; and more than 6 months to
integrate into the existing network (Zhao et al., 2006; Toni et al., 2007). Therefore, neurons
at age 2 weeks were considered as young immature neurons. Neurons 4 weeks old were
considered as “mature” based on marker expression. To distinguish the type of cell death
following CCI injury, we specifically labeled and traced the fates of young immature
neurons and “mature” neurons following CCI injury. In this study, we observed a significant
decrease of Dcx-positive cells 24 hr after moderate CCI in the adult hippocampal gyrus.
Newborn neurons express Dcx from the time when they are generated and maintain the
expression up to about 3 weeks. Therefore, most of these dead Dcx-positive newborn
neurons should be generated before CCI injury. To label the young immature neurons at age
2 weeks and “mature” neurons at age 4 weeks at the time of CCI injury, we injected BrdU at
2 weeks or 4 weeks before the mice were subjected to CCI injury or sham treatment (n = 5
for each group). All mice were subjected to moderate CCI injury or sham treatment 24 hr
after surgery and then were sacrificed to examine the BrdU-labeled cells in the hippocampal
dentate gyrus. Immunostaining with anti-BrdU antibody was performed to identify BrdU-
labeled cells. BrdU-positive cells in the dentate gyrus were quantified. For the mice that
received BrdU 4 weeks before surgery, there were 238.3 ± 4.6/mm3 BrdU-positive cells in
the dentate gyrus of sham-treated mice. Instead, there is 186.3 ± 11.9/mm3 of BrdU-positive
cells in the dentate gyrus of TBI-injured mice. These results indicate that TBI injury
increased death of 52.0 ± 16.4/mm3 BrdU-positive “mature” neurons in dentate gyrus.
However, for the mice in which BrdU was injected 2 weeks before surgery, there were 357.6
± 57.6/mm3 BrdU-positive cells in the dentate gyrus of sham-treated mice and 175.9 ± 24.0/
mm3 BrdU-positive cells in the dentate gyrus of TBI-injured mice. These results indicate
that TBI increased the death by 181.7 ± 34.3/mm3 BrdU-positive young immature neurons
in the dentate gyrus. These results indicate that, 24 hr following TBI, 22.3% of dead cells
are “mature” neurons and 77.7% are young immature neurons, suggesting the selective
death of young immature neurons in the adult hippocampal dentate gyrus following CCI
injury.

DISCUSSION
Despite the understanding that TBI results in neuropathological changes in the hippocampus
that cause neurological dysfunction, i.e., cognitive impairment (Hamm et al., 1992; Scheff et
al., 1997; Prigatano, 2005; Salmond and Sahakian, 2005) and epilepsy (Kelly, 2004;
D’Ambrosio et al., 2005; Pitkanen and McIntosh, 2006), little is known about the cell type
specificity of cell death, the mechanisms underlying selective cell death in the hippocampus,
or the neuroprotective approaches that might prevent the specific type of cell death in the
hippocampus following TBI. In the present study, we show that newborn immature neurons
in the hippocampal dentate gyrus are the cell types perhaps most vulnerable to moderate
CCI injury in the mouse brain. These results may provide insight into the mechanisms of
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selective cell death in the hippocampus and may also provide an innovative target for the
development of potential treatment strategies following TBI.

We examined secondary cell death in the hippocampus between 4 and 72 hr after CCI
injury. We observed a great number of FJB-positive degenerating neurons 4 hr after CCI,
suggesting that secondary cell death in the hippocampus happens soon after injury and that
its inhibition has to be undertaken as early as possible.

It has been previously shown that the hippocampus is particularly vulnerable to TBI with
various experimental injury models, including CCI (Lighthall, 1988; Scheff et al., 1997;
Hall et al., 2005), fluid percussion (Thompson et al., 2005), and stretch injury (McCarthy,
2003; Mehrholz et al., 2005). The distribution and amount of cell death in the hippocampus
vary in different injury models (Kelly, 2004), with various injury severities (Hellmich et al.,
2005), and at different ages (Tong et al., 2002). In addition, the amounts are slightly
different between research groups. Generally, in the CCI injury model (Anderson et al.,
2005; Saatman et al., 2006), the hippocampal dentate gyrus shows the highest number of
FJB-positive neurons. In contrast, in the fluid percussion injury model (Lowenstein et al.,
1992; Cater et al., 2006; Morrison et al., 2006), the CA3 and CA1 regions show the highest
numbers of FJB-positive neurons. Furthermore, in the in vitro hippocampal slice stretch
injury model (DeRidder et al., 2006), CA3 and the dentate gyrus show the highest numbers
of FJB-positive neurons. In addition, the severity of injury contributes to the distribution and
amount of cell death in the hippocampus as well (Markgraf et al., 2001; Hellmich et al.,
2005). The less severe the injury, the more restricted the cell death is in the specific regions
mentioned above. With more severe injury, the distribution of cell death becomes less
localized. In our present study, mice were subjected to moderate (0.5 mm) CCI injury, in
which the majority of the degenerating neurons were located in the dentate gyrus. These data
suggest the complexity of damage with different types of injury models. Understanding the
different distribution and selective cell death with different injury models would provide
critical information on guiding the potential therapeutic approaches.

The granular neurons in the dentate gyrus are divided into inner and outer layers, in which
the granular neurons are generated from different sources during early hippocampal
development (Altman and Bayer, 1990a,c). The granular neurons in the outer layer of the
dentate gyrus originate from the densely packed, spindle-shaped cells of the secondary
dentate matrix, which is a derivative of the primary dentate neuroepithelium (Altman and
Bayer, 1990a,b). These neurons are generated mainly during the first week after birth
(Kempermann et al., 2004a; Forster et al., 2006). In contrast, the granular neurons in the
thicker inner layer of the dentate gyrus originate from an intrinsic tertiary germinal matrix.
The granular neurons in the inner layer are born during the infantile and juvenile periods.
The tertiary dentate matrix disappears between day P20 and P30, and the proliferating cells
become largely confined to the SGZ at the base of the granular layer. This subset of cells
proliferates actively after birth and begins to give rise to neurons located in the inner
granular layer around the first week after birth (Kempermann et al., 2004a; Forster et al.,
2006). Because the granular neurons in the inner and outer layers are generated from
different origins (Altman and Bayer, 1990a,c), their characteristics (Forster et al., 2006),
function (Forster et al., 2006), and response (Tran et al., 2006) to TBI might be different as
well. When we examined the distribution of the FJB-positive neurons in the injured dentate
gyrus, we found most of the FJB-positive neurons located in the inner granular layer,
suggesting that the granular neurons in the inner layer are much more vulnerable to TBI than
the granular neurons in the outer layer of the dentate gyrus.

There are different types of cells (Kempermann et al., 2004a) in the inner layer of the
dentate gyrus, including newborn immature neurons and mature neurons. Newborn
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immature neurons are continually being generated from the SGZ, where the NSCs line the
hilar side of the granular neuron layer (Gage et al., 1998; Kempermann and Gage, 2000; van
Praag et al., 2002; Jagasia et al., 2006) and migrate into the granular zone of the dentate
gyrus (Kempermann et al., 2004a). The newborn immature neurons transiently express a
specific marker, Dcx (Gleeson et al., 1999; Chen et al., 2004), and are located deep within
the inner granular neuron layer. The newborn immature neurons will migrate farther out
within the granular layer and develop into mature neurons that express the specific marker
NeuN (Mullen et al., 1992). We can determine, based on the position and cell type-specific
markers, the different identities of the degenerating cells in the dentate gyrus. Accordingly,
when we examined the cell type of FJB-positive degenerating neurons with FJB staining
combined with double staining with cell type-specific markers, we found that the vast
majority (more than 80%) of the degenerating neurons after moderate CCI injury are
newborn immature neurons in the inner granular layer. In contrast, there was only a small
portion of degenerating cells that were mature granular neurons. These results suggest that,
among the highly vulnerable dentate gyral neurons, the newborn immature neurons are
especially vulnerable following moderate CCI injury. Normally, these newborn neurons are
continuously generated, integrated into the existing neural network in the hippocampus, and
thought to function in the consolidation of new memories or learned behaviors and increased
performance in behavioral tasks (Eriksson et al., 1998; Gage, 2002; Taupin and Gage, 2002;
van Praag et al., 2002; Kempermann et al., 2004b; Kempermann et al., 2006). Therefore, the
selective death of newborn neurons following TBI might be involved in the impairment of
learning and memory following TBI. It has been shown that newly generated neurons in the
adult hippocampal dentate gyrus take about 4 weeks to express NeuN, a marker for mature
neurons, at least 3 months to mature functionally, and more than 6 months to integrate into
the existing network (Zhao et al., 2006; Toni et al., 2007). Therefore, the death of newborn
neurons might not significantly affect learning and memory at the acute phase following
TBI, but it might be involved in the impairment of learning and memory in the chronic
phase.

The mechanisms underneath this injury phenotype are still unknown. However, recent
studies on the electrophysiological characteristics during development of newborn immature
neurons in the dentate gyrus show that newborn immature neurons are
electrophysiologically distinct from the mature granular neurons in the dentate gyrus (Liu et
al., 1996; Tovar and Westbrook, 1999; Sipila et al., 2005; Ye et al., 2005; Ge et al., 2006;
Giza et al., 2006; Larson et al., 2006; Overstreet-Wadiche et al., 2006). It has been agreed
that the GABAA receptors are first expressed in migrating neuroblasts and migrating
newborn neurons, followed by α-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid
(AMPA) receptors, and finally N-methyl-aspartate (NMDA) receptors expressed during
newborn neuron maturation (Liu et al., 1996; Ye et al., 2005; Pandis et al., 2006; Thomas et
al., 2006). The newborn granular neurons in the dentate gyrus appear to be the first to
receive γ-aminobutyric acid (GABA)-ergic synaptic input at about 1 week after birth while
migrating into the granular neuron layer (Overstreet-Wadiche and Westbrook, 2006). These
newborn granular neurons then receive glutamatergic inputs by 2 weeks while undergoing
transition from immature to mature neurons (Overstreet-Wadiche and Westbrook, 2006).
Although, GABA is the main inhibitory neurotransmitter in the adult brain, GABAergic
transmission is excitatory, rather than inhibitory, during early stages of development and
postnatal periods because of elevated intracellular chloride and the relatively depolarized
value of the GABA type A (GABAA) reversal potential (EGABA; Chen et al., 1996; Ben-
Ari, 2002; Owens and Kriegstein, 2002; Payne et al., 2003; Represa and Ben-Ari, 2005;
Rivera et al., 2005). In addition to the possibility of a GABAergic excitotoxic response of
the newborn immature granule neurons, it is also known that the newborn immature neurons
display exaggerated excitatory responses to glutamate receptor stimulation, possibly because
of the transition of receptor expression from NR2B to NR2A while they are transitioning
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into mature granular neurons (Flint et al., 1997; Tovar and Westbrook, 1999; Ye et al., 2000;
Snyder et al., 2001; Thomas et al., 2006). It will be very interesting to determine whether the
differences in the location and excitabilities of GABA and glutamate receptors on immature
granular neurons vs. mature granular neurons contribute to the greater vulnerability of the
immature neurons following TBI. If so, then pharmacological approaches that inhibit
glutamate release, or glutamatergic receptor activation, might specifically be applied to
protect the highly vulnerable newborn hippocampal neurons.
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Fig. 1.
Secondary neuronal death in the hippocampus following CCI injury. Fluoro-Jade B (FJB)
staining to show the degenerating neurons in the mouse brain 24 hr following controlled
cortical impact. a: Degenerating neurons are stained by FJB in green. The section was
stained with DAPI in blue. b: Enlarged image from panel a to show the degenerating
neurons in the hippocampal dentate gyrus. c: High-magnification view to show the
morphology of degenerating neurons with FJB staining in green in the dentate gyrus. d:
DAPI staining to show the nucleus. e: Merged image of c and d. f: Enlarged image from c to
show the degenerating neurons. g: DAPI staining in blue to show the apoptotic neurons with
condensed or cleaved nuclear morphologies, marked with a white arrow. h: Merged imaged
of f and g. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 2.
Distribution of degenerating neurons in hippocampal dentate gyrus following moderate
traumatic brain injury. FJB staining to show the degenerating neurons in green in the mouse
brain following controlled cortical impact. The section was stained with DAPI in blue. a–d:
Sections rostral to epicenter. e: Section at epicenter. f–i: Sections caudal to epicenter. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 3.
Layer-specific distribution of secondary neuronal death in the hippocampal dentate gyrus
following CCI injury. FJB staining to show the degenerating neurons in green in the mouse
brain following controlled cortical impact. DAPI was used to stain with DAPI in blue to
show the structure of the hilus and the dentate gyrus. Left: Degenerating neurons were
observed in the hilus, SGZ, inner granular layer, outer granular layer, and molecular layer
(ML). Right: Quantification of degenerating neurons in the hippocampal dentate gyrus.
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 4.
Cell type specificity of secondary neuronal death in the hippocampal dentate gyrus
following CCI injury. a: Nestin antibody was used to show the neural stem cells in yellow in
the hippocampal dentate gyrus. b: Dcx antibody to show newborn neurons in pink in the
hippocampal dentate gyrus. c: NeuN antibody to show mature neurons in the hippocampal
dentate gyrus. d: Merged image of a–c to show the layer of neural stem cells, newborn
neurons, and mature neurons in the hippocampal dentate gyrus. e: Degenerating neurons
were stained with FJB in green. f: Merged image of a–e to show the location of FJB-positive
neurons between the nestin-positive cell layer and the NeuN-positive cell layer. g: The
section was counterstained with DAPI in blue to show the location of FJB-positive cells in
the hippocampal dentate gyrus. h: Separately merged images of Dcx staining and FJB
staining to show the position of newborn neurons and degenerating neurons in the
hippocampal dentate gyrus. i: Enlarged view of h to show the cells doubly stained with Dcx
and FJB, marked by a white arrow. j: Separately merged images of nestin staining and FJB
staining to show the position of neural stem cells and degenerating neurons in the
hippocampal dentate gyrus. k: Enlarged view of j to show that there is no colocalization of
Dcx with FJB. l: Separately merged images of NeuN staining and FJB staining to show the
position of mature neuron and degenerating neurons in the hippocampal dentate gyrus.
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Fig. 5.
Confocal microscopy to confirm that FJB stained degenerating newborn neurons in the
hippocampal dentate gyrus following TBI. a: Confocal image of FJB-positive cell
expressing Dcx in the hippocampal dentate gyrus using FJB staining combined with
immunostaining with antibody against Dcx. The section was counterstained with DAPI in
blue. Enlarged view of FJB- and Dcx-positive cell in the white box is shown in separated
channels in b–d. e: Merged image of b–d. Focal sections through the FJB- and Dcx-positive
cell are shown in f–i. f: Merged image of f1–f3. g: Merged image of g1–g3. h: Merged
image of h1–h3. i: Merged image of i1–i3.
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Fig. 6.
The number of newborn neurons in the adult hippocampal dentate gyrus dramatically
decreased following CCI injury. Double immunostaning to show the newborn neurons with
Dcx antibody and mature neurons with NeuN antibody in the contralateral (a,c,e) and
ipsilateral (b,d,f) sides of the hippocampal dentate gyrus 24 hr after moderate CCI injury. a:
Dcx-positive newborn neurons in the contralateral side of adult hippocampal dentate gyrus.
b: Dcx-positive newborn neurons in the ipsilateral side of adult hippocampal dentate gyrus.
c: NeuN-positive mature neurons in the contralateral side of adult hippocampal dentate
gyrus. d: NeuN-positive mature neurons in the ipsilateral side of adult hippocampal dentate
gyrus. e: Merged image of a and c. f: Merged imaged of b and d. g: Quantification of Dcx-
positive newborn neurons in the contralateral and ipsilateral sides of the adult hippocampal
dentate gyrus. h: Quantification of NeuN-positive mature neurons in the contralateral and
ipsilateral sides of the adult hippocampal dentate gyrus.
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