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Abstract

Traumatic brain injury (TBI) promotes neural stem/progenitor cell (NSC) proliferation in the adult
hippocampus; however, it remains inconclusive whether proliferation of these cells results in
newly generated mature neurons, leading to increased neurogenesis. When we traced the fates of
proliferating cells labeled with bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU) we found the
number of BrdU-positive cells increased in the hippocampus of TBI mice compared to the sham
control. However, double immunostaining to distinguish their cell types showed that most of these
cells were glia, and that only a small subpopulation is newborn granular neurons. There was no
significant difference with respect to neurogenesis in the adult hippocampus between the injured
and the control mice. These results indicate that TBI promotes cell proliferation including
astrocyte activation and NSC proliferation. Nevertheless, the majority of the BrdU-positive cells
are glia. The neurogenesis is not increased by TBI. These data suggest that TBI activates through
promotion of NSC proliferation an innate repair and/or plasticity mechanism in the brain.
However, additional intervention is required to increase neurogenesis for successfully repairing
the damaged brain following TBI.
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Introduction

Traumatic brain injury (TBI) is a serious public health problem in the United States
(Cicerone, et al., 2005, McCarthy, et al., 2005, Prigatano, 2005, Salmond and Sahakian,
2005, Stiles, et al., 2005, Vakil, 2005). It represents a complex injury with a broad spectrum
of symptoms and disabilities. Effective treatment options are nonexistent. Recent research
has identified neural stem/progenitor cells (NSCs) in the adult mammalian hippocampus that
can support neurogenesis throughout life, as demonstrated in rodents and primates, including
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humans (Cameron and McKay, 2001, Eriksson, et al., 1998, Eriksson, et al., 1998, Kornack
and Rakic, 1999, Kuhn, et al., 1996, Leuner, et al., 2007). Currently the consensus among
researchers in the field is that throughout adulthood, NSCs in the subgranular zone (SGZ) of
the hippocampal dentate gyrus (HDG) continuously generate new neurons (Kempermann
and Gage, 2000, Ming and Song, 2005) and develop into mature granular neurons (Ming and
Song, 2005, Shapiro and Ribak, 2005, Zhao, et al., 2006). The pool of NSCs is a potential
resource for repairing the damaged hippocampus following TBI.

Bromodeoxyuridine (5-bromo-2-deoxyuridine; BrdU) labeling experiments have suggested
that TBI promotes cell proliferation in the adult hippocampus (Braun, et al., 2002,
Chirumamilla, et al., 2002, Dash, et al., 2001, Kernie, et al., 2001, Ramaswamy, et al., 2005,
Rice, et al., 2003, Rola, et al., 2006, Sun, et al., 2005, Sun, et al., 2007, Yoshimura, et al.,
2003). There are distinct classes of NSCs in the adult HDG, including quiescent neural
progenitors (QNPs), which carry stem cell properties, and their progeny, amplifying neural
progenitors (ANPs) (Bull and Bartlett, 2005, Encinas and Enikolopov, 2008, Encinas, et al.,
2006, Encinas, et al., 2008, Filippov, et al., 2003, Mignone, et al., 2004, Seaberg and van der
Kooy, 2002, Seri and Garcia-Verdugo, 2001). We found that moderate TBI promotes
proliferation of QNPs in the adult hippocampus (Gao, et al., 2009).

Although TBI promotes NSCs proliferation, the effect of TBI on neurogenesis is still
controversial. There are conflicting reports about neurogenesis in the HDG. According to
some studies neurogenesis decreases after TBI (Braun, et al., 2002, Rola, et al., 2006),
whereas others have reported that it remains unchanged (Chirumamilla, et al., 2002, Rice, et
al., 2003), or that it increases (Sun, et al., 2005, Sun, et al., 2007). The experimental
procedure of these studies was to inject animals daily with BrdU consecutively for 7
days(i.p. once per day). This procedure assessed the cumulative effect of TBI on cell
proliferation. It did not address what are those proliferating cells, when cell proliferation
gets started, how long the promoted proliferation lasts, how many of those proliferating cells
survive, and what kind of cell they differentiate into. Furthermore, besides its action on
NSCs, TBI is known to induce proliferation of reactive astrocytes (Floyd and Lyeth, 2007,
Sandhir, et al., 2008). Since there is large number of reactive glial cells labeled by BrdU as
well, it is possible to mistake gliogenesis for neurogenesis following TBI. To address these
questions, here we traced the fate of those proliferating cells following TBI in the
combination of BrdU labeling, multiple cell-type specific markers, transgenic mouse, and
microscopy with 3-dimensional reconstruction.

Materials and Methods

Animal Care

Male C57 BL/6 mice (Jackson Laboratories) were group-housed and kept in a 12/12-hour
light/dark cycle with free to access to food and water ad /ibitum. The nestin-EGFP
transgenic mice (C57/BL6) were kindly provided by Dr. Enikolopov at Cold Spring Harbor
Laboratories and described previously (Mignone et al., 2004). The animals were used in
experiments at an age of 8 weeks. All procedures were performed under protocols approved
by Indiana University’s Animal Care and Use Committee.

Controlled Cortical Impact Traumatic Brain Injury

Eight-week-old mice were subjected to moderate, controlled cortical impact injury (CCI) or
sham surgery as previously described (Gao and Chen, 2008, Gao, et al., 2008, Hall, et al.,
2004, Hall, et al., 2005, Saatman, et al., 2006, Sullivan, et al., 1999, Sullivan, et al., 1999).
Briefly, the mice were anesthetized and placed in a stereotaxic frame (Kopf Instruments,
Tujunga, CA) prior to TBI. Using sterile procedures, the skin was retracted and a 4 mm
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craniotomy centered between the lambda and bregma sutures was performed. A point was
identified midway between the lambda and bregma sutures and laterally midway between
the central suture and the temporalis muscle. The skullcap was carefully removed without
disruption of the underlying dura. Prior to injury induction, the tip of the impactor was
angled and kept perpendicular to the exposed cortical surface. The mouse CCI model uses
an electromagnetic impactor that allows one to alter the severity of the injury by controlling
contact velocity and the level of cortical deformation independently. In the experiments for
this study, the contact velocity was set at 3.0 m/sec and deformation at 1.0 mm. These
settings will result in an injury of moderate severity. Following injury induction, a 4 mm
wide disk made of dental cement (Dentsply Trubyte, Johnson and Johnson, Arlington, TX)
was placed over the craniotomy site, adhered to the skull using cyanoacrylate, and allowed
to dry prior to suturing of the wound. During surgery and recovery, the core body
temperature of the animals was maintained at 36—37°C using a heating pad. Sham
(noninjured) animals were subjected to craniotomy, but did not receive a CClI injury.

Pulse-Labeling of the Proliferating Cells Following TBI

The mice were subjected to moderate TBI or sham surgery as described, followed by
administration of BrdU immediately after (time 0), and at 20 hours, 44 hours, 68 hours, and
1 week following TBI (5 mice for each time point; BrdU: 100 mg/kg in saline, i.p.; Sigma,
St. Louis, MO). The mice were perfused 4 hours after BrdU injection to assess proliferation
of NSCs and activated astrocytes.

Determining the Fate of the Proliferating Neural Stem/Progenitor Cells Following TBI

Eight-week-old male C57/BL6 mice were subjected to moderate TBI or sham surgery as
described. The sham and the injured mice (5 animals for each group) were given
bromodeoxyuridine (BrdU) injections once per day for 7 days (50 mg/kg in saline, i.p.;
Sigma, St. Louis, MO). Four weeks after the final BrdU injection the brains were fixed to
evaluate the differentiation of BrdU-labeled cells in the hippocampus.

Tissue Processing

The animals were deeply anesthetized and then perfused transcardially with cold saline,
followed by a fixative containing 4% paraformaldehyde (PFA) in PBS. The brains were
removed, post-fixed overnight in PFA, and cryoprotected for 48 hours in 30% sucrose.
Serial 30 um thick coronal sections were cut using a cryostat (Leica CM 1950), and stored
at —20°C. The sections were then processed for immunohistochemical analysis.

Immunohistochemistry

Every sixth section (180 wm interval), covering the distance of the hippocampus, was
processed for immunohistochemical analysis. Free-floating sections were washed twice in
PBS, incubated in 2N HCI for 1 hour at room temperature, and then soaked in 0.1 M borate
buffer for 10 minutes (pH 8.4). After washing with PBS (3 times), the sections were
incubated in blocking solution (0.1% Triton X-100, 1% bovine serum albumin, and 5%
normal goat serum in PBS) for 1 hour at room temperature, followed by overnight
incubation with primary antibody at 4°C. The sections were washed again with PBS (3
times), and incubated at room temperature for 2 hours with the secondary antibody. After
treatment (2 minutes) with DAPI (4’,6-diamidino-2-phenylindole), the sections were
washed with PBS (3 times), and mounted using Fluorescent Mount G. Primary antibodies
and their final concentrations were as follows: anti-BrdU (1:400, rat, Accurate Chemical and
Scientific), anti-NeuN (1:1000, mouse, Millipore), anti-nestin (1:1000; rabbit; Covance,
Berkeley, CA), anti-GFAP (1:100, rabbit, Sigma), anti-lba-1 (1:200, goat, Abcam), anti-
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EGFP (1:1000, rabbit, Invitrogen), anti-S100 (1:200, rabbit, Sigma). Secondary antibodies
from Jackson ImmunoResearch Laboratories, Inc. were applied in a dilution of 1:1000.

Cell Counting

Microscopy

Immunohistochemistry was performed simultaneously on sections to detect the target cells.
Series of every sixth section (30 um thickness, 180 wm apart) through each hippocampus
were processed. The cell density was determined through a blinded quantitative histological
analysis. The profile count method was used. Every single BrdU-positive cell (even the
partial of BrdU-positive nuclei at the border of section), or BrdU and specific cell marker
(NeuN for mature neurons and GFAP for astrocytes) double-labeled cell in the different
subregion of the dentate gyrus (including the molecular layer [ML], the granule cell layer
[GCL], the subgranular zone [SGZ], and the hilus) in the multiplanes throughout the entire
30 wm section, was counted under a fluorescent microscope using the 40x objective through
a whole series of sections.

The double-labeled cell was determined as follows. We used BrdU as an indicator. When
the BrdU-positive cell showed up, we switched to the channel matching the cell specific
marker. If the target cell also had been marked, we considered it as double-labeled cell. The
total number of quantified cells was justified by correction (Coggeshall and Lekan, 1996).
The contours of the dentate gyrus area and each subregion were created, and the volume was
measured using Bioquant software (Nashville, TN). BrdU-positive or double-labeled cells
were expressed as average number/mm3 (n=>5 for each group).

The sections were analyzed using an inverted microscopy system (Zeiss Axiovert 200 M)
combined with apotome and interfaced with a digital camera (Zeiss Axio Cam MRc5)
controlled by a computer. Images were captured using apotome in software (AxioVision,
v4.8) and assembled and labeled in Photoshop 7.0 (Adobe Systems).

Statistical Analysis

Results

The collected data were analyzed using Student’s t-test with significance set at p<0.05.

Moderate TBI Transiently Promotes Cell Proliferation in the Hippocampal Dentate Gyrus

Analysis of the cumulative effect of TBI on cell proliferation 1 week after injury induction
showed that TBI significantly promotes cell proliferation in the HDG (Braun, et al., 2002,
Chirumamilla, et al., 2002, Dash, et al., 2001, Kernie, et al., 2001, Ramaswamy, et al., 2005,
Rice, et al., 2003, Rola, et al., 2006, Sun, et al., 2005, Sun, et al., 2007, Yoshimura, et al.,
2003). However, the temporal profile and long-term phenotypic fate of proliferating
hippocampal cells are not well investigated. To address these questions, we assess cell
proliferation at different days following TBI using a pulse-labeling with BrdU. As shown in
Figure 1a, BrdU was injected either right after injury or, 1, 2, 3, or 7 days after injury. The
mice were sacrificed 4 hours after BrdU injection (Figure 1a). This study allowed us to
assess the proliferating cells within a 4-hour time window at different days after injury using
immunostaining with anti-BrdU antibody. In the sham-controls, there was only a low level
of cell proliferation labeled by BrdU in the HDG (927 + 33/mms3, n=5) (Figure 1b, h). There
was no significant increase in the density of BrdU-positive cells right after injury (928 + 12/
mm3, p=0.96, n=5) (Figure 1c, h) and 24 hours after injury (942 +61/mm3, p=0.84, n=5)
(Figure 1d, h). The density of BrdU-positive cells in the HDG increased dramatically at 48
hours (11882 + 99/mm3, p<0.001, n=5) (Figure 1e, h) following TBI. At the 72-hour time
point post-TBI the density of BrdU-positive cells was still high (6723 + 448/mm3, p<0.005,
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n=5) (Figure 1f, h) but almost 50% lower than the peak at 48 hours. The density of BrdU-
positive cells returned to near pre-injury baseline levels 7 days after surgery (1123 £19/
mm3, p=0.056, n=5) (Figure 1g, h). These pulse-labeling experiments indicate that TBI
transiently but significantly promotes cell proliferation in the adult HDG.

TBI significantly promotes gliogenesis while it only transiently increase NSC proliferation
in the hippocampus

TBI not only promotes NSC proliferation, it also activates glia to enter the cell cycle (Laird,
et al., 2008). BrdU labels cells in proliferating, it does not distinguish whether a proliferating
cell is a NSC or a reactive glial cell. However, NSCs and reactive glial cells distribute at
different locations in the hippocampus and express different cellular markers. These
characteristics provide approaches to distinguish proliferating NSCs from reacting glial cells
after injury. NSCs reside in the SGZ while gliogenesis mainly occurs in the other regions,
such as the molecular layer (ML) and the hilus in the HDG (Myer, et al., 2006). In order to
distinguish proliferating NSCs from reactive glia, we first analyzed where the proliferating
cells were located. In the HDG of the sham control, the majority (74%) of the BrdU-positive
cells were located in the SGZ, there was a very small number of BrdU-positive cells in other
regions, including ML, GCL, and the hilus (Figure 2a). In the HDG of the TBI mice, no
significant differences were observed in the number and distribution of the BrdU-positive
cells in the HDG up to the 24 hours after injury. Nonetheless, at 48 hours and 72 hours
following TBI (Figure 2a), the numbers of BrdU-positive cells were not only dramatically
increased (Figure 1e, f and h), they were no longer restricted to the SGZ. Instead they were
distributed over the entire hippocampus and the BrdU-positive cells were mainly found in
the ML and the hilus of the HDG. The density of the BrdU-positive cells in the SGZ
increased only transiently and showed a prominent peak increased at 48 hours after surgery
(1623 = 49/mm3, 2.3 times higher than the sham control 700 + 32.8/mm3, p<0.001, n=5 for
each group) (Figure 2a). The number of the BrdU-positive cells in the SGZ only represented
13.7% of the total number of BrdU-positive cells in the HDG. Nonetheless, there was a very
dramatic increase of the number of BrdU-positive cells in the ML (7475 + 77/mm3, n=5),
GCL (1212 + 85/mm3) and the hilus (1572 + 49/mm?3, n=5) 48 hours post-injury (Figure 2a),
representing 62.9%, 10.2% and 13.2%, respectively, of the total number of BrdU-positive
cells in the HDG at this particular time point after TBI. The number of BrdU-positive cells
remained very high in the ML (4378 + 362/mm3), GCL (558 + 22/mm?3) and the hilus (938
+ 77/mm?3) in mice 72 hours post-injury (Figure 2a), representing 65.2%, 8.3% and 20.1%,
respectively, of the total number of BrdU-positive cells in the HDG for this time point.
However, these results show that TBI promotes significant cell proliferation in the adult
hippocampal dentate gyrus (HDG), mainly in the ML, GCL and hilus, while cell
proliferation in the SGZ is only transient with a peak at around 48 hours after injury. With
respect to the proliferating cells in the different regions of the HDG 48 hours after TBI by
immunostaining with different cell-specific markers, further analysis found that most of the
BrdU-positive cells in the ML either colocalize with the astrocyte marker GFAP or with the
microglia marker, Iba-1 (Figure 2b, c). Only the BrdU-positive cells in the SGZ colocalized
with Nestin, which is a NSC marker (Figure 2d). To further assess the BrdU-positive cells in
the SGZ, we took advantage of a nestin-EGFP transgenic mouse, in which EGFP driven by
nestin promoter is expressed in the NSCs in the SGZ. In the sham operated mice, 48 hours
after surgery, there were a total of 780 £+ 59 BrdU-positive cells in the entire ipsilateral SGZ
of the hippocampus. Of these BrdU-positive cells, 98.5% co-labeled with EGFP (Figure 2e—
g, white arrows). While as in the TBI injured mice, there are a total of 1742 + 122 BrdU-
positive cells in the entire ipsilateral SGZ of the hippocampus, among them 97% of the
BrdU-positive cells colocalized with EGFP (Figure 2h—j, white arrows), indicating that most
of the BrdU-positive cells in the SGZ are NSCs either in the sham operated mice or in the
TBI-injured mice. In contrast, the BrdU-positive cells in the GCL did not colocalize with
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EGFP (white arrowheads, Figure 2h—j). Most of the BrdU-positive cells in the GCL, ML and
hilus colocalizwed with Iba I, a cell type specific marker for microglial at this time point
after injury (Data not shown). Together, these results suggest that TBI significantly
promotes gliogenesis in the ML and hilus, while it only transiently increases NSC
proliferation in the SGZ with a peak at 48 hours after injury.

Most of the surviving BrdU-positive cells were located in non-neurogenic areas in the
hippocampus following TBI

Eight-week-old male mice were subjected to moderate CCI injury or sham treatment as
described (Gao and Chen, 2009, Gao, et al., 2008, Gao, et al., 2009). Subsequently the
animals were injected with BrdU (50mg/kg) in saline consecutively for 7 days following
CCl injury (i.p. once per day). Since it takes about 1 month for the newborn neurons to
develop into mature neurons, the mice were kept for 28 days after the last injection with
BrdU. After 1 month they were perfused transcardially with 4% paraformaldehyde, followed
by removal of the brains for analysis. BrdU-labeled cells in the HDG were visualized by
immunostaining with anti-BrdU antibody, which visualized a significant number of
surviving BrdU-positive cells in the dentate gyrus (Figure 3a, b). Quantification showed
1104 % 127/mm?3 BrdU-positive cells in the HDG of the sham mice, while 4592 + 329/mm3
BrdU-positive cells were counted in the HDG of the injured mice (Figure 3c). These results
indicated that the number of BrdU-positive cells in the HDG of the injured mice was
significantly higher than in the control mice (p<0.0001, n=5 for each group) 5 weeks
following TBI.

We further determined the distribution of the surviving BrdU-positive cells in the different
hippocampal subregions, namely the ML, GCL, SGZ, and the hilus. In the control mice most
of the BrdU-positive cells were located in the inner one-third of the GCL, while the BrdU-
positive cells on the ipsilateral side of the CCl-injured mice were scattered over the entire
hippocampus. As shown in Figure 3d, in the control mice, we found 193 + 29/mm3, 762 +
77/mm3, and 149 + 40/mm3 of the surviving BrdU-positive cells in the ML, GCL/SGZ, and
the hilus, respectively. These numbers represent 17.5%, 69%, and 13.5% of the total number
of BrdU-positive cells in the ML, GCL/SGZ, and the hilus, respectively. In the control mice
69% of the surviving BrdU-positive cells were located in the neurogenic area, including the
GCL/SGZ, and only a small percentage of the surviving BrdU-positive cells were located in
the non-neurogenic area, including the ML and hilus. In contrast, in the HDG of the injured
mice, we found 2401 + 196/mm3, 1365 + 101/mm3, and 827 + 50/mm3 of the surviving
BrdU-positive cells were in the ML, GCL/SGZ, the hilus, respectively. These humbers
correspond to 52.3%, 29.7%, and 18% of the total number of BrdU-positive cells in the ML,
GCL/SGZ, and hilus, respectively. Most of the surviving BrdU-positive cells were located in
non-neurogenic areas including the ML and the hilus (70.3%). Only 29.7% of the surviving
BrdU-positive cells were located in the neurogenic area, including the GCL/SGZ. These
results suggest that 5 weeks after surgery the number of BrdU-positive cells in the
hippocampus is still significantly higher in the HDG of the CCI-injured mice than the sham
mice. In the sham-control mice most of the surviving BrdU-positive cells were located in the
GCL/SGZ, where the newborn neurons reside. In contrast, in the TBI-mice, the majority of
the surviving BrdU-positive cells were located in the molecular layer, which does not
undergo neurogenesis. These results suggest that the surviving BrdU-positive cells in the
sham group might be newborn neurons, while most of the surviving BrdU-positive cells in
the TBI group are likely reactive astrocytes.

Moderate TBI Promotes Gliogenesis in the Hippocampal Dentate Gyrus

TBI is known to induce proliferation of reactive astrocytes as well as stem/progenitor cells
(Floyd and Lyeth, 2007, Sandhir, et al., 2008). To distinguish between the 2 processes we
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analyzed the cell types of the surviving BrdU-positive cells by double immunostaining.
Brain sections collected 28 days after BrdU injection were immunostained with anti-BrdU
antibody and the antibody against GFAP, an astrocyte marker. The stained sections were
evaluated under a Zeiss microscope. We observed a dramatic increase in the number of
GFAP-positive cells in the HDG of the injured mice compared to the control mice (Figure
4). This result was confirmed by imaging of 3-dimesional reconstruction using a Zeiss
microscope equipped with an apotome (Figure 4. ¢ and f). The GFAP-positive cells were
mainly located in the non-neurogenic regions, such as the ML and the hilus (Figure 4). A
very large portion of the BrdU-positive cells in the ML (Figure 4) and the hilus (data not
shown) colocalized with GFAP in cells that showed typical stellate-shaped astrocyte
morphology. The results of the next studies, shown in Figure 5 and Figure 6, confirmed the
increase of astrocytes in the ML and the hilus. These data indicate a significant increase in
gliogenesis in the HDG following TBI.

Moderate TBI Does Not Increase Neurogenesis in the Hippocampal Dentate Gyrus

We proceeded to determine the cell types of the surviving BrdU-positive cells by triple
immunostaining with anti-BrdU, anti-GFAP, and anti-NeuN antibodies. NeuN is a marker
for mature neurons. The results of these experiments showed a significant increase in the
number of BrdU-positive cells in the HDG in the injured mice. These cells were mainly
distributed in the ML and the hilus (Figure 5), which confirms our previous results (Figure
3d). We selected 1-in-6 series of brain sections containing hippocampus to evaluate the
BrdU-positive cells in the GCL, which is known to be neurogenenic. As shown in Figure 3d,
we found a total of 762 + 77/mm? surviving BrdU-positive cells in the entire GCL of the
control mice, while the entire GCL of the CCI-injured animals in comparison had 1365 +
101/mm3 (Figure 6f). This difference is statistically significant (£<0.001, n=5 for each
group), suggesting that more BrdU-positive cells survive in the GCL of the CCl-injured
mice than in the GCL of the control animals. An analysis of the morphologies of the BrdU-
positive nuclei in the GCL under high magnification or by fluorescent imaging found that, in
the control mice, the BrdU-positive cells were mainly located in the inner one-third of the
GCL, where the newborn neurons are located. The newborn neurons can be identified
morphologically by their round shape and size of more than 10 pum in diameter (Figure 6a,
pointed out by arrows). In contrast, in the GCL of the injured mice, the BrdU-positive cells
were distributed over the entire GCL, and exhibited 2 very different nuclear morphologies.
One type was of a round shape and more than 10 wm in diameter (Figure 6b, pointed out by
arrows), while the other one was an oval or spindle shape with a diameter of less than 10 um
(Figure 6b, pointed out by arrowheads). The round nuclei colocalized with NeuN, but not
with GFAP, indicating they were newborn granular neurons (Figure 6c, d). In contrast, the
spindle-shaped nuclei did not colocalize with NeuN, but colocalized with GFAP (Figure 6e),
indicating they were astrocytes. It is interesting that the appearance of some of the GFAP+/
BrdU+ cells in the GCL do not take on the classic stellate astrocyte appearance but appear
more similar to type-1 nestin expressing stem/progenitor cells extending long GFAP
processes through the GCL (figure 6b). When we distinguished the type-1 nestin expressing
NSCs from reactive astrocytes using a nestin-transgenic mouse in which EGFP only
expressed in the type-1 NSCs but not in the astrocytes. The results showed that most of the
GFAP-positive processes in the granular cell layer extending from SGZ and hilus are from
GFAP-positive astrocytes, not from nestin+/GFAP+ type-1 neural stem/progenitor cells,
only a few of them are from nestin+/GFAP+ type-1 neural stem/progenitor cells
(Supplemental Figure 1). These results confirmed that there is a significant increase of
gliogenesis in the GCL following TBI. We further quantified the cell types of BrdU-positive
cells using 1-in-6 series of sections containing hippocampus. The results showed that 61 +
5% of the BrdU-positive nuclei in the GCL of the control mice were newborn granular
neurons, while only 33 = 3% of the BrdU-positive nuclei in the GCL of the CCl-injured
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mice represented newborn neurons (Figure 6g). In the GCL of the control mice, the majority
of the BrdU-labeled cells (465 + 38/mm?3) were co-labeled with NeuN (Figure 6h). They
represented 43% of the total BrdU- positive cells in the entire HDG of the sham mice.
Though a significant number of BrdU-positive cells was located in the GCL of the CCI-
injured mice at a higher density than in the sham mice, only a small portion (445 + 45/mm3)
of these BrdU-positive cells was colabeled with NeuN (Figure 6h). These co-labeled cells
represented just 9 % of the total BrdU-positive cells in the entire HDG of the injured mice.
These results indicate that there is no significant difference in the number of newborn
neurons between the sham and the injured mice (P=0.75, n=5 for each group) at 28 days
after TBI. To assess whether this is partially because TBI delayed neuron maturation, we
examined BrdU-positive cell with immunostaining using an antibody against doublecortin
protein (Dcx). At 28 days after injury the BrdU cells no longer expressed Dcx
(Supplemental Figure 2). This result did not support that TBI delayed the maturation of
newborn neurons in the adult hippocampus. These studies indicated that TBI promotes the
proliferation of NSCs without increasing neurogenesis.

Discussion

Traumatic brain injury (TBI) promotes cell proliferation in the adult hippocampus,
suggesting that the brain has innate repair and/or plasticity mechanisms. However, when we
assessed the distribution of these proliferating cells in the hippocampus, and traced their fate
following TBI, we found that the proliferation of NSCs is only transiently increased, the
majority of the proliferating and surviving BrdU-positive cells appeared to be astrocytes,
and neurogenesis in the adult hippocampus did not significantly increase following TBI. In
order to increase neurogenesis following TBI, and to repair the damage, additional events
are required.

Recent reports that describe the use of bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU)
labeling indicate that TBI increases proliferation of NSCs in the hippocampus (Braun, et al.,
2002, Chirumamilla, et al., 2002, Dash, et al., 2001, Kernie, et al., 2001, Ramaswamy, et al.,
2005, Rice, et al., 2003, Rola, et al., 2006, Sun, et al., 2005, Sun, et al., 2007, Yoshimura, et
al., 2003). However, at this point these results are still controversial. Other reports have
found that after TBI neurogenesis in the HDG decreases (Braun, et al., 2002, Rola, et al.,
2006), increases (Sun, et al., 2005, Sun, et al., 2007), or remains unchanged (Chirumamilla,
etal., 2002, Rice, et al., 2003). One reason for these conflicting results might be that they
were obtained using different injury models, and that they differ in the severity level of the
inflicted injury and in the technical difficulties encountered when assessing neurogenesis.
Following TBI, the BrdU-labeled cells in the HDG could either be proliferating NSCs,
newborn astrocytes from proliferating NSCs, or reactive astrocytes. Since there is a large
number of reactive astrocytes in the dentate gyrus, with many of them proximally located to
the newborn neurons in the subgranular zone, an analysis of NSC proliferation and
neurogenesis in the HDG following TBI is complicated, in particular, when such an analysis
is solely based on BrdU labeling. Because of the close proximity, the BrdU-labeled nucleus
of the reactive glia at the border between the hilus and SGZ can be mistaken for the nucleus
of a neuron and can be incorrectly identified as a newly generated neuron. Thus, one option
to study neurogenesis following TBI could be to use triple immunostaining and a
combination of an anti-BrdU antibody and antibodies against other cell-type-specific
markers. This approach would allow one to distinguish the newborn neurons and the
proliferating NSCs from the glia.

The location of the BrdU-positive cells in the hippocampus may provide supporting

evidence for cell identity, as well. The HDG can be divided into 4 subregions: the ML,
GCL, SGZ, and the hilus. Different subregions are composed of very different cell types.
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NSCs reside in the subgranular zone. Newborn neurons derived from the NSCs usually
migrate into the GCL and are located in the inner granular cell layer close to the SGZ.
Therefore, the BrdU-positive cell population in the GCL might include reactive astrocytes
labeled by BrdU at the time of surgery, or they might be newborn neurons originating from
the SGZ, which have migrated into the GCL. Typically, newborn granular neurons will
neither migrate into the hilus nor the molecular layer. Thus, the BrdU-positive cells in these
2 subregions are likely not newborn granular neurons. A combination of immunostaining
with a battery of antibodies, positional information, and high resolution imaging techniques
should help us to assess gliogenesis and neurogenesis in the hippocampus following TBI.

When a combination of these techniques was used, we found that TBI significantly
increased cell proliferation in the hippocampal dentate gyrus 48 to 72 hours after TBI.
However, BrdU-positive cells were, for the most part, located in the ML and hilus, which
are non-neurogenic. Cell proliferation in the SGZ, where the NSCs reside, was increased for
a short period of time 48 hours after injury induction. These results suggest that most of the
proliferating cells are not NSCs. Immunostaining with GFAP, and Ibal, further confirmed
that the proliferating cells in the HDG are mostly reactive glia. TBI-enhanced NSC
proliferation occurred only for a short period of time.

Further analysis showed that the number of BrdU-positive cells in the hippocampal dentate
gyrus was significantly increased 5 weeks following TBI, and that the majority of these cells
were reactivated astrocytes. Only a subpopulation of BrdU-positive cells in the hippocampal
dentate gyrus represented newborn neurons. However, when we examined the fate of the
proliferating NSCs 5 weeks after TBI by fluorescent microscopy followed by 3-dimensional
reconstruction, we found no increase in neurogenesis in the hippocampus. On the contrary,
neurogenesis was slightly decreased. These results indicate that moderate TBI enhances
proliferation of NSCs without significantly increasing neurogenesis in the adult
hippocampus. Other reports found an increase in neurogenesis after fluid percussion induced
brain injury (Sun, et al., 2005) or hypoxic-ischemic brain injury (Miles and Kernie, 2008) in
juvenile animals suggesting this may be age and injury model dependent. Our previous
results, as well as the report by Rola et al. (Rola, et al., 2006), showed that most of the
degenerating neurons in the inner granular neuron layer are immature newborn neurons.
Further quantitative analysis demonstrated that the number of immature newborn neurons in
the dentate gyrus is dramatically decreased in the ipsilateral hemisphere compared to the
contralateral side (Gao, et al., 2008), and, therefore, might prevent neurogenesis from
proliferating NSCs following TBI. TBI induces proliferation of NSCs in the HDG.
However, neurogenesis is not increased, possibly due to the selective susceptibility of
immature newborn neurons.

Our data suggest that TBI potentially activates an innate repair and/or plasticity mechanisms
in the brain. Unfortunately, this process is not always successful. NSCs reside in a
specialized microenvironment or niche (Wurmser, et al., 2004). Self-renewal and
differentiation of NSCs is regulated by interactions between NSCs and the 3-dimensional
local milieu or niche (Alvarez-Buylla and Lim, 2004, Doetsch, 2003, Fuchs, et al., 2004,
Shen, et al., 2004, Tumbar, et al., 2004, Watt and Hogan, 2000, Wurmser, et al., 2004). The
molecular mechanisms promoting NSC proliferation are still largely unknown. NSCs may
respond to circulating molecules either released by the dying neurons or secreted from
reactive glia following TBI. We are very interested in these molecules, and we would like to
understand how NSCs are induced to enter the cell cycle after injury. Toward this goal, we
have developed a method to isolate NSCs /n situto investigate the molecules that are
modified by TBI (Gao and Chen, 2008). In order to successfully repair damage to the brain
caused by TBI, additional events are required to increase not only proliferation of NSCs, but
also to prevent newborn neurons from dying. Our recent data have shown that brain-derived
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neurotrophhic factor (BDNF) is involved in regulating newborn neuronal survival in the
hippocampus following TBI (Gao and Chen, 2009). Characterizing the response of NSCs to
TBI and understanding the molecular mechanisms that underlie the susceptibility of the
newborn neurons might lead to novel therapeutic strategies that might serve as
neuroprotective and neuroregenerative treatments. Thus, strategies that enhance
neurogenesis are of particular interest based on their potential to replace the damaged
neurons, as well as to improve post-traumatic neurological recovery.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel1. TBI insults promote NSC praliferation in the adult hippocampus

(a) The schematic shows pulse labeling of proliferating cells in the hippocampus at different
days following traumatic brain injury (TBI). (b—g) Immunostaining with an anti- BrdU
antibody (red) to identify proliferating cells in the hippocampus of sham control (b) or TBI
mice at different time points after surgery (c—g). Nuclei are stained with DAPI (blue) to
show the structure of the dental gyrus. (h) Quantification of BrdU-positive cells in the
hippocampal dentate gyrus following TBI. (*** p<0.0001; ** p<0.001, n=5 for each group).
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Figure 2. Spatial and temporal distribution of the proliferating cellsand their fatein the
hippocampus one week after TBI

(a) Quantification of the proliferating cells in the hippocampus after traumatic brain injury
(TBI) and their spatial and temporal distribution (n=5). * p<0.05; ** p<0.001; ***
p<0.0001. (b) Double immunostaining with anti-BrdU (red) and anti-GFAP (green)
antibodies to identify proliferating astrocytes in the injured hippocampus. (c) Double
immunostaining with anti-BrdU (red) and Ibal (green) antibodies to identify proliferating
microglia in the injured hippocampus. (d) Double immunostaining with anti-BrdU (red) and
anti-nestin (green) antibodies to identify proliferating neural stem/progenitor cells (NSCs) in
the injured hippocampus. () Immunostaining with anti-BrdU (red) to identify proliferating
cells in the hippocampal dentate gyrus (HDG) of nestin-EGFP transgenic mice after sham
treatment. (f) Immunostaining with anti-EGFP (green) to identify EGFP expressing NSCs in
the HDG of nestin-EGFP transgenic mice after sham treatment. (g). Merged image of (e)
and (f). The BrdU and EGFP double-positive cells are pointed out by white arrows. (h)
Immunostaining with anti-BrdU (red) to identify proliferating cells in the hippocampal
dentate gyrus of nestin-EGFP transgenic mice after TBI. (i) Immunostaining with anti-EGFP
(green) to identify EGFP expressing NSCs in the HDG of nestin-EGFP transgenic mice after
TBI. (j). Merged image of (h) and (i). The BrdU and EGFP double-positive cells are pointed
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out by white arrows. The BrdU+ positive cells without expressing EGFP are pointed out by
white arrowheads.
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Figure 3. Spatial and temporal distribution of the proliferated cells

5 weeks after TBI.

Immunostaining with an anti-BrdU (red) antibody to identify proliferated cells in the
hippocampus of the sham control (a) or TBI mice (b) 5 weeks after surgery. Nuclei are
stained with DAPI (blue) to show the hippocampal dentate gyrus (HDG) structure. (c)
Quantification of BrdU-positive cells in the HDG following TBI. (d) Distribution of BrdU-
positive cells in the HDG following TBI. GL: granule cell layer. ML: molecular layer. (***
p<0.0001; ** p<0.001; * p<0.01, n=5 for each group).
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Figure 4. Astrocyte activation in the hippocampal dentate gyrusfollowing TBI

Double immunostaining with anti-BrdU (red) and anti-GFAP (green) antibodies to identify
the proliferating astrocytes in the hippocampus of the sham (a—c) or traumatic brain injury
(TBI) mice (d—f). The nuclei are stained with DAPI (blue) to show the hippocampal dentate
gyrus (HDG) structure. (a, d) Proliferating astrocytes in the hippocampus of the sham or TBI
mice at low magnification. BrdU-positive cells appear in red and GFAP-positive cells in
green. (b, ) BrdU-positive astrocytes (indicated by the white box) in the molecular layer of
sham or TBI mice at high magnification. (c, f) Fluorescent images with 3-dimensional
reconstruction to confirm the proliferating astrocytes (indicated by a white box) in the
molecular layer of sham or TBI mice.
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Figure5. Gliogenesisin the adult hippocampus following TBI

Immunostaining with anti-BrdU (red), anti-NeuN (green), and anti-GFAP (yellow)
antibodies to identify gliogenesis and neurogenesis in the hippocampus of sham (a) and TBI
mice (b) 5 weeks after injury. (al—a4) are the separated channels of (a). (b1-b4) are the
separated channels of (b). Nuclei are stained with DAPI (blue) to show the HDG structure.
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Figure 6. Neurogenesisin the hippocampal dentate gyrusfollowing TBI

(a, b) Enlarged images to show the granular cell layers in the hippocampus of sham control
(a) and traumatic brain injury (TBI) mice (b) in Figure 5. Nuclei are stained with DAPI
(blue) to show the granule cell layer (GCL) structure. (al—a4) are the separated channels of
(a). (b1-b4) are the separated channels of (b). The nuclei in cells that are round and have a
diameter of more than 10 mm are pointed out by white arrows; oval- or spindle-shaped cells
with a diameter of 10 mm or less are indicated by white arrowheads. (c1-c4) Enlarged
images to confirm BrdU and NeuN double positive newborn neurons in the inner GCL of
the control hippocampus. (d1-d4). Enlarged images to confirm BrdU and NeuN double
positive newborn neurons in the inner GCL of the injured hippocampus. (e1-e4) Enlarged
images to confirm BrdU and GFAP double positive astrocytes in the GCL of the injured
hippocampus. (f) Quantification of the surviving BrdU-positive cells in the GCL of the
hippocampus following TBI. (g) Quantification of neuronal differentiation in the
hippocampal dentate gyrus following TBI. (h) Quantification of newborn neurons in the
hippocampus following TBI. (** p<0.001, n=5 for each group).
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