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throughout the adult CNS and are actively dividing in the subventricular zone
(SVZ) and the dentate gyrus (DG) of the hippocampus. This neurogenic capacity of the SVZ and DG is
enhanced following traumatic brain injury (TBI) suggesting that the adult brain has the inherent potential to
restore populations lost to injury. This raises the possibility of developing strategies aimed at harnessing the
neurogenic capacity of these regions to repair the damaged brain. One strategy is to enhance neurogenesis
with mitogenic factors. As basic fibroblast growth factor (bFGF) is a potent stem cell mitogen, we set out to
determine if an intraventricular administration of bFGF following TBI could affect the levels of injury-induced
neurogenesis in the SVZ and DG, and the degree to which this is associated with cognitive recovery.
Specifically, adult rats received a bFGF intraventricular infusion for 7 days immediately following TBI. BrdU
was administered to animals daily at 2–7 days post-injury to label cell proliferation. At 1 or 4 weeks post-
injury, brain sections were immunostained for BrdU and neuronal or astrocytic markers. We found that
injured animals infused with bFGF exhibited significantly enhanced cell proliferation in the SVZ and the DG
at 1 week post-TBI as compared to vehicle-infused animals. Moreover, following bFGF infusion, a greater
number of the newly generated cells survived to 4 weeks post-injury, with the majority being neurons.
Additionally, animals infused with bFGF showed significant cognitive improvement. Collectively, the current
findings suggest that bFGF-enhanced neurogenesis contributes to cognitive recovery following TBI.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Over the last two decades it has become established that the
mature mammalian brain continually generates new neurons in the
regions of subventricular zone (SVZ) and the dentate gyrus (DG) of
the hippocampus throughout life (Altman and Das, 1965; Lois and
Alvarez-Buylla, 1993). More recently, it has become evident that
heightened levels of neurogenesis in the SVZ and DG, over that seen
in the normal uninjured brain, have been observed in response to
several forms of brain insult including traumatic brain injury (TBI).
Specifically, studies from our laboratory and others have shown that
TBI stimulates cell proliferation within the DG at all ages (Chiruma-
milla et al., 2002; Sun et al., 2005; Dash et al., 2001), and that these
newly generated cells mature into dentate granular neurons which
are capable of integrating into the existing neuronal circuitry (Sun et
al., 2007). Furthermore, this injury-enhanced cell proliferation has
been linked to the cognitive recovery processes (Sun et al., 2007)
observed post-TBI. Collectively, these results suggest that the mature
l rights reserved.
brain retains a degree of innate repair and regenerative potential to
restore damaged neuronal populations through endogenous neuro-
genesis. Consequently, strategies aimed at harnessing further these
endogenous repair processes may have significant therapeutic
potential for treating the injured brain.

As a result of both in vivo and in vitro studies, it has been
established that several factors regulate CNS cell proliferation and
neuronal generation (Gould and Cameron, 1996; Palmer et al., 1999).
Among these factors, growth factors have been widely accepted as
important mediators for neurogenesis. More specifically, basic
fibroblast growth factor (bFGF) has been shown to be a potent
mitogenic factor for neural stem and progenitor cells both in vitro and
in vivo. For example, in vitro studies have demonstrated that cultured
hippocampal neural progenitor cells divide only in response to bFGF
(Ray et al., 1993; Vicario-Abejon, 2004). Additionally, in vivo studies
have shown that while bFGF expression levels are elevated during
brain development, they diminish with aging (Shetty et al., 2005;
Caday et al., 1990). This reduction in bFGF levels with CNS maturity,
however, is reversed in response to various forms of brain insult
(Kumon et al., 1993; Logan et al., 1992). Furthermore, both intraven-
tricular and subcutaneous administration of bFGF to normal adult
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animals enhance the proliferation of endogenous neural progenitors
in the DG and SVZ (Kuhn et al., 1997; Wagner et al., 1999). It has also
been reported that bFGF null mice fail to exhibit an injury-induced
progenitor proliferative response, which can be restored by the
administration of exogenous bFGF (Yoshimura et al., 2001; Yoshimura
et al., 2003). Taken together, these studies demonstrate the important
role of bFGF in regulating neurogenesis and mediating brain repair
processes.

To explore the therapeutic potential of bFGF for brain repair, the
present study was undertaken to examine the effect of an exogenous
administration of bFGF on insult/trauma induced cell proliferation in
the SVZ and the DG. Furthermore, the degree to which bFGF
administration affected the maturational fate and survival of newly
generated cells following insult was assessed. Additionally, the extent
to which an infusion of bFGF can ameliorate cognitive deficits
associated with TBI was ascertained by comparing cognitive recovery
in bFGF infused animals versus those receiving vehicle. Collectively,
these studies establish a crucial link between the therapeutic
manipulation of neurogenesis and improved cognitive function
following brain injury.

Materials and methods

Animals

A total of 42 three month old male Sprague–Dawley rats (Harlan
Inc., Indiana) weighing approximately 300 g at the beginning of this
study were used. Animals were housed in the animal facility, with a
12-hour light/dark cycle, water and food provided ad libitum. All
procedures were approved by our Institutional Animal Care and Use
Committee.

Surgical procedure and BrdU injection

Animals were subjected to a moderate lateral fluid percussion
injury (FPI) following a previously described protocol (Sun et al.,
2005). Briefly, adult rats were anesthetized in a Plexiglass chamber
with 3% isofluorane, intubated and ventilated with 2% isofluorane in a
gas mixture (30% oxygen, 70% N2), and secured in a stereotaxic frame.
After a midline incision and exposure of the skull, a 4.9 mm
craniotomy was made on the left parietal bone half way between
the lambda and bregma sutures. A Luer lock fitting was then cemented
to the skull and a 2.2±0.02 ATM fluid pulse was administered, using a
pre-calibrated fluid percussion injury device. Sham control rats were
subjected to the same surgical procedure without receiving the fluid
pulse. After injury, the Luer lock fitting was removed, and anesthesia
was switched off. Animals were examined for the recovery of mobility
and consciousness by recording paw and tail reflex time as well as
righting time (the time lapse that an animal to return to a
spontaneous upright position from being placed on its back). Fifteen
minutes after the injury, animals were re-anesthetized with 2%
isofluorane and an Alzet brain infusion cannula (Brain Infusion Kit II,
DURECT, Cupertino, CA) was stereotactically implanted into the
posterior lateral ventricle ipsilateral to the injury site (coordinates:
AP –0.8 mm, lateral 1.4 mm, 3.5 mm beneath the pial surface). The
cannula was attached to an Alzet mini-osmotic pump (Model 1007D)
which was placed subcutaneously on the back of the neck.
Recombinant human bFGF (Roche, CA) was reconstituted in sterile
artificial CSF (148 mM NaCl, 3 mM KCl, 1.4 mM CaCl2, 0.8 mM MgCl2,
1.5 mM Na2HPO4, 0.2 mM NaH2PO4, pH 7.4) containing 100 μg/ml
bovine serum albumin and 10 μg/ml heparin for a final concentration
of 33 μg/ml. This bFGF solutionwas infused for 7 consecutive days at a
flow rate of 0.5 μl/h (approximately 400 ng/day). A total of 14 rats
received bFGF infusion whereas 14 injured animals and 14 sham
uninjured animals received a vehicle solution infusion. In order to
determine the extent of the proliferative response to TBI, animals
receive daily single i.p. injections of BrdU (50 mg/kg) for five
consecutive days beginning at 48 h after injury. This group of animals
was sacrificed at 7 days post-growth factor infusion. To determine the
maturational fate and survival of cells generated following bFGF
infusion, a second group of animals was allowed to survive for 4weeks
before sacrificing. These animals were also assessed for cognitive
recovery using the Morris Water Maze test.

Tissue processing

At 1 or 4 weeks post-TBI, animals were euthanized with sodium
pentobarbital, transcardically perfused with phosphate-buffer saline
(PBS) followed by 4% paraformaldehyde in PBS and the brains
dissected and post-fixed in 4% paraformaldehyde for 48 h at 4 °C.
Brains were cut coronally at 60 μm with a vibratome throughout the
rostro-caudal extent of the brain. Sections were collected in 24-well
plates filled with PBS plus 0.01% sodium azide and stored at 4 °C.

BrdU immunostaining and immunofluorescent double-labeling

To assess the number of BrdU-labeled cells, every 4th section was
processed for BrdU immunohistochemistry. BrdU staining was
performed following our previously published protocol (Sun et al.,
2007). Briefly, the sectionswerewashedwith PBS, DNAwas denatured
with 50% formamide for 60 min at 60 °C followed by a rinse in 2× SSC
and then incubated with 2 N HCl for 30 min at 37 °C. After denaturing,
the sections were washed with PBS and endogenous peroxidase was
blocked using 3% H2O2. After overnight serum blocking with 5%
normal horse serum, sections were incubated with mouse anti-BrdU
antibody (1:200, Dako) in PBST (PBS with 0.4% Triton) plus 5% normal
horse serum at 4 °C for 48 h. After rinsing with PBST, sections were
incubated with HRP-conjugated anti-mouse-IgG (1:200, Santa Cruz,
CA) overnight at 4 °C and visualized with 5.5 diaminobenzidine (DAB).
Sections were mounted on glass slides, lightly counterstained with
Cresyl violet and coverslipped.

To determine the maturational fate of the newly generated cells,
parallel sections were processed for immunofluorescent double
labeling using antibodies against BrdU and markers for mature
neuron (NeuN) and astrocytes (GFAP). The staining procedure was
similar to BrdU staining procedure described above. The primary
antibodies used were mouse anti-NeuN (1:500, Chemicon), rabbit
anti-GFAP (1:1000, Dako) and mouse anti-BrdU (1:200, Dako) or rat
anti-BrdU (1:200, Immunologicals Direct, Oxford, UK). Secondary
antibodies used were Alexa Fluor 488 anti-rat IgG, Alex Fluor 488 or
568 anti-mouse IgG or Alex Fluor 568 anti-rabbit IgG (1:200,
Molecular Probes). Briefly, after DNA denaturing, endogenous perox-
idase and serum blocking, sections were incubated with primary
antibodies for 72 h at 4 °C with constant agitation. After washing,
sections were then incubated with secondary antibodies overnight at
4 °C. Finally, sections were mounted on glass slides and coverslipped
with Vectorshield (Vector Lab).

Stereological quantification of BrdU-labeled proliferating cells

To quantify the number of BrdU-positive cells in the dentate gyrus
and SVZ, sections were examined with an Olympus Image System
CAST program (Olympus, Demark). Ten 60 μm thick sections spaced
240 μm apart at the level of DG spanning from −2.56 mm to −5 mm of
bregma and 10 sections through rostro-caudal extension of SVZ at the
level from +1.7mm to −0.8mmof bregma (coordinates as identified in
the rat atlas) were examined by a “blinded” observer using unbiased
stereological methods. Using a 60× oil immersion lens, BrdU-positive
cells were counted within the counting frame, ignoring cells in the
upper and lower most focal planes and focusing through the thickness
of the section (optical dissector principle) (Coggeshall and Lekan,
1996) to avoid over-sampling errors. Cells in the region of the
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subgranule zone and granular region were counted together as the
granule cell layer.

Quantification for double-labeled cells

To quantify the percentage of BrdU-positive cells that have
differentiated to the varying cell types, sections were examined by
confocal microscopy (Leica TCS SP2). In the hippocampus, the entire
granule cell layer was assessed and every BrdU-labeled cell was
examined to assess the co-labeling of BrdU with cell type specific
markers. A minimum of 100 BrdU+ cells from at least three sections
per brain were examined for each marker. Each BrdU+ cell was
manually examined in its full z dimension, and only those cells for
which the BrdU+ nucleus was unambiguously associated with a given
cell type-specific marker was considered double-labeled. The percen-
tage of double-labeled cells was calculated as the number of BrdU+/
GFAP+ or BrdU+/NeuN+ cells against the total number of BrdU+ cells.

To examine the survival of the newly generated cells, the total
number of BrdU+ cells in the entire granule cell layer from animals
sacrificed at 4 weeks post-injury was quantified using stereological
method described above and compared to the total number of BrdU+
cells in the same region at 7 days post-injury. The ratio indicated the
survival rate of newly-generated cells.

Ki67 immunostaining

To assess whether TBI as well as bFGF treatment affect cell
proliferation in the hippocampus at a later time point post-injury,
brain sections were taken from animals which underwent the MWM
test (and were sacrificed at 4 weeks post-injury) and were stained
with the proliferation marker, Ki67. The immunostaining procedure
for Ki67 was similar to BrdU immunostaining described above except
the denaturing procedure with 50% formamide and 2 N HCl was
omitted. Antibodies used were the rabbit anti-Ki67 (1:500, Abcam)
primary antibody and the biotinylated goat anti-rabbit IgG (1:200,
Jackson Lab) secondary antibody, followed by the ABC kit and DAB
substrate. To quantify the number of Ki67+ cells, 4 animals in each
experimental group (three sections per brain) were examined and
every single Ki67+ cells in the ipsilateral SGZ and GCL were counted
using a 60× oil immersion objective. The number of Ki67 in each group
was averaged and presented as the number of cells per section.

Quantification of neuronal cell numbers in the hippocampus

To examinewhether a bFGF infusion affects hippocampal neuronal
survival after injury, we counted the number of dentate granule
neurons in the ipsilateral hippocampus as well as the number of
pyramidal neurons in the ipsilateral CA3 and hilus regions where
neurons are most susceptible to LFPI injury using the stereology
optical fractionator method. Ten 60 μm thick sections at 240 μm apart
through the rostro-caudal extent of the hippocampus at the level from
−2.56 mm to −5 mm of bregma from animals which were perfused at
4 weeks following injury were mounted on microscope slides and
processed for Giemsa histochemical staining. The number of neurons
in the DG, CA3 and hilus regions was counted by a “blinded” observer.
Only neurons which had clear nucleoli within a defined nuclear
membrane were counted.

Stereological assessment

The optical fractionator method was used to estimate the total
number of BrdU+ cells in the SVZ and DG, as well the total number of
neurons in the hippocampal CA3, hilus and DG. This design-based
stereological method, which is commonly used in neuroscience
studies of this nature (Tran et al., 2006; Grady et al., 2003; Sun et al.,
2007; Keuker et al., 2001), provides an estimate of cell numbers that
is not influenced by the size, shape, spatial orientation, and spatial
distribution of the cells under study (Keuker et al., 2001). Briefly, the
region of interest was outlined using a 4× objective. A 60× oil
immersion objective was used for cell counting. In the examining
region, an optical dissector counting frame was used to count BrdU+
cells or Giemsa stained neuronal nuclei at predetermined regular x,
y intervals. The area (a) of the counting frame was known relative
to the stage-stepping intervals over the section, the sampling
fraction (asf)=a (frame)/a (x,y step). The dissector height (h) was
known relative to the section thickness (t). With these parameters,
the number of total cell counts (N) was estimated as N=(ΣQ)(t/h)(1/
asf)(1/ssf), where ssf was the section-sampling fraction (=0.25 in this
study), and ΣQ̄ was the number of cells counted.

Morris Water Maze (MWM)

To test whether bFGF infusion can affect the cognitive recovery of
rats following TBI, animals were tested on hippocampal-dependent
tasks using the MWM at days 21–25 post-injury. MWM testing was
performed following our previously published protocol (Sun et al.,
2007). In the MWM performance, goal latency and path length are
equally sensitivemeasures (Hamm, 2001). We used goal latency as the
primary dependent variable. Path length (to reach the goal in the
MWM) and swim speed were also analyzed. Prior to MWM testing, a
visual platform test was performed to confirm that the visual system
of the animal was not impaired. Briefly, the animals were placed in a
large circular tank containing opaque water and allowed to swim
freely to find the hidden goal platform (1 cm below the water surface)
in order to escape from the water. Each animal was tested four times
each day. For each trial, the animal was randomized to one of four
starting positions (N, E, S, W). MWM performance was recorded using
a computerized video tracking system (Columbus Instruments) and
latency to find the platform, total distance swum to reach the goal
platform, and swim speed were calculated for each trial. Upon finding
the platform, animals were left there for 30 s before being removed
from the maze and placed in a warming cage to dry. Animals that did
not find the platform after 120 s were placed on the platform for 30 s
and then removed from the maze. Animals unable to swim were
removed immediately from the water.

Statistical analysis

The data generated was analyzed using SPSS software. For cell
quantification a one-way ANOVA with post-hoc Fisher LSD test or the
Student t-test with an applied Bonferroni correction for multiple
groups was utilized, with p value less than 0.05 taken as statistically
significant. For MWM data analysis, the data was analyzed using a
split-plot ANOVA [Treatment×Day] comparing effect of group on goal
latency. A Fisher LSD test was performed to allow for pairwise group
contrasts. Swim speed was also analyzed using a one-way ANOVA.
Data are presented as mean±SEM in all figures.

Results

The current study aimed to assess the extent to which an
intraventricular infusion of bFGF modifies the endogenous neurogenic
response of the CNS following traumatic brain injury and whether
aspects of this response are associated with cognitive recovery.

Righting response

To assess whether all injured animals received a similar level of
injury, we first compared the post-injury righting response in
animals which received bFGF infusion with animals received
vehicle. The return of response, which correlates with neuromotor
deficits, is generally regarded as an indicator for determining injury



Fig. 1. Growth factor infusion enhances cell proliferation in the SVZ. Coronal sections
of the ipsilateral SVZ taken from the following animals at 7 days post-injury: (A) a
sham animal that received an intraventricular infusion of vehicle only; (B) an injured
animal that received an intraventricular infusion of vehicle; and (C) an injured animal
that received an intraventricular infusion of bFGF. Increased BrdU-labeling (black cell
nuclei: arrow) was observed in the injured animal and further enhanced in the
injured animal that received bFGF as compared to the sham animal. Bar=500 μm. (D)
Quantification analysis of the degree of cell proliferation in the SVZ. Compared to
sham animals, injured animals with vehicle or bFGF infusion had significantly
enhanced cell proliferation in the SVZ both ipsilateral (⁎⁎pb0.01) and contralateral
side to the injury site (+pb0.05; ++pb0.01). Injured animals with bFGF infusion had
significantly more BrdU+ cells in the ipsilateral SVZ compared to injured animals with
vehicle infusion (#pb0.01).
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severity (Morehead et al., 1994; Hamm, 2001). The mean (SEM)
duration of suppression of the righting response after injury was
6.95±0.52 min for the vehicle-infused group and 7.27±0.34 min for
the bFGF-infused group. A t-test on this data indicated that the
groups did not significantly differ on the duration of the righting
response (t14=−0.51, p=0.62), supporting the conclusion that both
groups received a similar severity of TBI.

Intraventricular infusion of bFGF enhances TBI-induced cell proliferation
in the SVZ and dentate gyrus

In previous studies, we have reported that TBI significantly
enhances cell proliferation in the neurogenic regions of the brain, i.e.,
the SVZ and the dentate gyrus (Chirumamilla et al., 2002; Sun et al.,
2005). To explorewhether the injury-induced proliferative response in
these neurogenic regions can be further augmented with exogenous
manipulations, animals were subjected to amoderate LFPI followed by
a 7-day infusion of recombinant bFGF into the lateral ventricle
ipsilateral to the injury site. BrdU was injected daily to label the
proliferating cells in these two regions. Animalswere then sacrificed at
7 days post-injury and processed for BrdU immunohistochemistry.

In the SVZ, BrdU immunohistochemistry revealed enhanced levels
of BrdU+ proliferating cells in animals subjected to LFPI (receiving a
vehicle or bFGF infusion) as compared to sham animals (Figs. 1A–C
arrows). Unbiased stereological quantitative analysis for the total
number of BrdU+ cells showed that injured animals with vehicle or
bFGF infusion have a significantly higher number of proliferating cells
in both ipsilateral and contralateral SVZ in comparison to sham
animals (pb0.01, Fig. 1D). Moreover, injured animals receiving bFGF
infusion had a significantly higher number of BrdU+ cells in both sides
of the SVZ, particularly in the ipsilateral side, when compared to
injured vehicle treated animals (pb0.01, Fig. 1D).

In the DG, BrdU staining displayed clustered BrdU+ cells predomi-
nately located in the SGZ, with enhanced levels of cell proliferation in
injured animals (infused with vehicle or bFGF) as compared to sham
animals (Figs. 2A–C arrows). Stereological quantification analysis of
subregions within the DG showed that the total number of BrdU+ cells
was significantly increased in the hilus and granular zone (GZ,
including subgranular zone and granular cell layer) of both hemi-
spheres in injured animals infused with vehicle or bFGF as compared
to sham animals (pb0.05, Figs. 2D and E). Furthermore, injured
animals which received bFGF infusion had a significantly greater
number of BrdU+ cells in the ipsilateral GZ as compared to injured
vehicle-treated animals (pb0.05, Fig. 2D).

Collectively, these data indicate that post-TBI administration of
bFGF further enhances the injury-induced cell proliferative response
in the SVZ and DG of adult rats following TBI.

Cells generated by an infusion of bFGF survive for an extended period

To examine whether cells generated following injury and bFGF
infusion can survive for an extended period, we quantified the total
number of BrdU+ cells at 4 weeks post-injury for animals infused
with either vehicle or bFGF and shams. Because new cells generated
from the SVZ constantly migrate out to the olfactory bulb, the
number of BrdU+ cells in the SVZ at 4 weeks does not accurately
represent the number of survival cells, therefore, for this study, only
BrdU+ cells in the dentate gyrus were quantified. Brains were taken
from animals which were tested for cognitive function using Morris
Water Maze tests (see below). Stereological cell quantification was
done in a similar manner as performed on the 7 days post-injury
groups described above. In contrast to the number of BrdU+ cells
present at 7 days post-injury, a substantial proportion of the newly
generated cells were lost by 4 weeks post-injury and this decline
was more significant in the injured animals as compared to shams.
Specifically, in the sham group 70% and 82% of BrdU+ cells in the
ipsilateral and contralateral DG, respectively, survived for 4 weeks
post-injury. Whereas, in injured vehicle-treated animals, 56% and
59% of newly generated cells in the ipsilateral and contralateral DG,
respectively, survived at 4 weeks. This is comparable to injured
animals treated with bFGF, which displayed 53% survival in the
ipsilateral DG and 55% in the contralateral DG. Because bFGF was
infused for only 7 days in this study and consequently was absent
during the peak time of cell death, which was approximately
2 weeks after generation, bFGF did not have an effect in
encouraging the extended survival of newly generated cells
following TBI. However, because of the larger pool of newly
generated cells in the injured groups, by 4 weeks post-TBI, the
total number of surviving BrdU+ cells in the granular zone in injured
animals receiving either vehicle or FGF were significant higher
when compared to the sham animals in both ipsilateral side
(pb0.01, Fig. 3) and contralateral side (pb0.05, Fig. 3). Moreover,
injured animals treated with bFGF had a significantly higher number
of BrdU+ cells in the ispilateral GZ than vehicle treated animals
(pb0.05, Fig. 3).



Fig. 2. Growth factor infusion enhances cell proliferation in the DG. Coronal sections of the ipsilateral DG taken from the following animals at 7 days post-injury: (A) sham with
vehicle infusion; (B) injured with vehicle infusion; and (C) injured with bFGF infusion. Increased numbers of BrdU+ cells were observed in the injured animals with either vehicle or
bFGF infusions compared to the sham (black dots indicated by arrow). BrdU+ cells in the DGwere clustered andmainly located in the SGZ. Bar=200 μm. (D) Quantification analysis of
the degree of cell proliferation in the DG. Compared to shams, injured animals with vehicle or bFGF infusion had significantly more proliferating cells in the ipsilateral granular zone
(⁎pb0.05) and the contralateral side (+pb0.05). Injured animals which received bFGF had significantly higher number of BrdU+ cells in the ipsilateral granular zone compared to
injured animals with vehicle (#pb0.05). (E) Quantification analysis of the degree of cell proliferation in the hilus region. Compared to sham animals, proliferation cells in both the
ipsi- and contralateral hilus were significantly higher in the injured animals with either vehicle or bFGF (⁎/+pb0.05).

Fig. 3. Infusion of bFGF enhances the survival of newlygenerated cell in the DG following
injury. Graph showing the number of BrdU+ cells in the granular zone at 4 weeks post-
injury in sham animals, injured animals infused with vehicle or injured animals infused
with bFGF. Notice that at this time point post-injury, a significantly higher number of
BrdU+ cells were observed in injured animals treated with vehicle or those treated with
bFGF in both ipsi- and contralateral sides (⁎/+pb0.05; ⁎⁎/++pb0.01). Moreover, injured
animals which received bFGF infusion had a higher number of BrdU+ cells than vehicle
treated animals, and this was significant in the ipsilateral side (#p=0.05).
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A significant number of neurons are generated in the DG following an
infusion of bFGF

Previously, we reported that the majority of the cells that were
generated in the DG following injury, which had survived for an
extendedperiod, becamemature granular neurons (Sunet al., 2007). To
examinewhether a post-injury intraventricular infusion of bFGFaffects
the maturational fate of the newly generated cells, coronal hippocam-
pal sections taken from animals which received bFGF or vehicle
infusion and survived for 4 weeks post-TBI were processed for
immunofluorescent double-labeling of BrdU with either NeuN or
GFAP (Fig. 4). In the granular zone, many newly generated BrdU+ cells
were co-labeled with the mature neuronal marker, NeuN (Figs. 4A–C)
or the astrocytic marker, GFAP (Figs. 4D–F). The percentage of newly
generated cells in the ipsilateral granular zone (SGZ+GCL) which had
differentiated into mature neurons as demonstrated by double-
labeling of BrdU and NeuN was 72.7±2.7% for shams, 66.7±2.6% for
injury/vehicle infused and 67.8±5.4% for injury/bFGF-infused animals.
The percentage of cells that had differentiated into astrocytes as shown
as BrdU/GFAP double-labeling was 25.8±7.7% for shams, 19±3.8% for
injury/vehicle infused, and 20.4±3.2% for injury/bFGF-infused animals.
In the contralateral side of granular zone, similar percentages of BrdU/
NeuN and BrdU/GFAP double-labeled cells were found as in the
ipsilateral side (Fig. 5). While there are no significant differences in the
percentage of cells that take a neuronal or glial phenotype between the



Fig. 4.Newly generated cells in the DG following injury differentiate into both neurons and astrocytes. Confocal microscopic images of the DG at 4 weeks following injury showing
double-labeling of BrdU+ cells with the neuronal marker NeuN and the astrocytic marker GFAP. (A–C) Arrows indicate BrdU-positive cells (green, A) in the DG were co-stained
with the mature neuronal marker NeuN (red, B) and merged as yellow (C). (D–F) Arrow indicates co-localization of a BrdU-labeled cell (green, D) with GFAP (red, E) in the
granular cells layer throughout z-axis (F, DAPI-blue). Scale bar=50 μm.
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groups,when these percentages are extrapolated to the total number of
proliferating cells found in the DG following bFGF infusion at 4 weeks
(Fig. 3), it is estimated that 2574 new neurons are added to the granule
cell population in injured animals treated with bFGF as compared to
1706 and 699 new neurons in the injured treated with vehicle and
sham animals respectively.

In the hilus region, we found many BrdU/GFAP double-labeled
cells but only a few BrdU/NeuN double-labeled cells (data not
shown). Specifically, in sham, injury vehicle and injured bFGF
Fig. 5. The maturational fate of the newly generated cells in the DG at 4 weeks post-
injury is not affected by bFGF infusion. Quantitative analysis at 4 weeks following TBI
showing that the percentage of BrdU+ cells double-labeled with NeuN was similar in
sham animals, and injured animals with vehicle infusion or injured animals with bFGF
infusion, in both ipsilateral and contralateral DG. Moreover, the percentage of BrdU/
GFAP labeled cells in the ipsilateral GZ was similar in sham groups as compared with
injured vehicle and bFGF groups. No statistic significance was found between groups.
groups 38.6±9.9%, 35.9±1.81% and 36.6±6% BrdU+ cells were co-
labeled with GFAP, respectively, in the ipsilateral hilus region. The
contralateral hilus region had a similar rate of BrdU/GAFP co-
labeling for each group. In contrast, only 7.8±1.7% BrdU+ cells were
found to be co-labeled with NeuN in the sham group and less than
2% BrdU/NeuN double-labeled cells were found in both injured
groups.

These data suggested that bFGF had no influence on the
endogenous cell fate choice made by these cells in the DG. Never-
theless, since a bFGF infusion generated many more proliferating cells
than found in the other animal groups, the total number of neurons
added into the existing pool of cells in the granular zone of the DGwas
significantly higher.

Intraventricular infusion of bFGF has no effect on cell proliferation at
4 weeks post-injury

Previously we had reported that the level of TBI-induced cell
proliferation peaked at 2 days post-injury and decreased with time so
as to return to near sham levels by 2 weeks post-injury (Sun et al.,
2005). Since bFGF further enhanced cell proliferation, we sought to
determine the length of time this FGF treatment could affect cell
proliferation in vivo. Specifically, using the proliferation marker Ki67,
we surveyed the degree of cell proliferation in the hippocampus in
animals sacrificed at 4 weeks post-TBI. Ki67 antigen is a cell cycle
related nuclear protein expressed by proliferating cells in all phases of
the active cell cycle. By examining the location of Ki67+ cells in the
hippocampus of these animals, we found that at the time of perfusion
they were mostly located in the SGZ (Fig. 6A). Moreover, at 4 weeks
post-injury, the level of cell proliferation as established by the number
of Ki67+ cell was similar in sham and injured animals that were
infused either vehicle or bFGF (Fig. 6B). This data suggested that
neither TBI nor bFGF treatment has any prolonged effect on cell
proliferation in the hippocampus.



Fig. 6. Intraventricular infusion of bFGF for 7 days does not have prolonged effect on cell
proliferation in the DG. (A) Microscopic image of the DG which stained with
proliferation marker Ki67 showing clustered Ki67+ cells were located in the SGZ
between the GCL and hilus. Scale bar=20 μm. (B) Graph showing the number of Ki67+
proliferation cells in the ipsilateral DG in sham, injured animals received either bFGF or
vehicle infusion at 4 weeks following TBI. Notice that therewas no significant difference
in all three groups.

Fig. 7. Growth factor infusion improves cognitive recovery following TBI. Graph
compared MWM performance of injured rats infused with either bFGF or vehicle, to
sham animals infused with vehicle alone. Injured rats infused with bFGF showed a
significant improvement of cognitive recovery as compared to injured rats with vehicle
(⁎pb0.01, n=10 in each group). This cognitive recovery, as characterized by shorter goal
latency in the water maze performance reached similar levels to that observed in sham
animals through days 22–25 following injury.

62 D. Sun et al. / Experimental Neurology 216 (2009) 56–65
Intraventricular infusion of bFGF improves recovery of TBI-induced
cognitive deficits

Moderate lateral fluid percussive injury induces cognitive deficits
which recover with time. We previously found that the time course of
the spontaneous cognitive recovery is associated with the TBI-
induced neurogenesis and the integration of newly generated granule
neurons into the hippocampus (Sun et al., 2007). Since a post-TBI
infusion of bFGF was found to enhance neurogenesis in the DG and
SVZ, the cognitive recovery of these injured animals was assessed
using the Morris Water Maze (MWM) test. Specially, MWM was
assessed in sham animals as well as TBI animals which received
intraventricular infusions of bFGF or vehicle for 7 days post-injury.
These tests were performed daily from 21–25 days post-TBI. The
mean latency (s) to reach the goal platform for each group is
presented in Fig. 7. We found that injured animals which received a
bFGF infusion had a significantly shorter latency to reach the platform
than vehicle treated animals (pb0.01, Fig. 7) suggesting that bFGF
treated animals displayed better performance or quicker learning in
the MWM. The data were analyzed by a split-plot analysis of variance
(ANOVA, Group×Day). The results of ANOVA revealed a significance
Group effect (F2,21 =39.19, pb0.001), Day effect (F4,84 =73.18,
pb0.001), and Day×Group interaction (F8,84=3.23, pb0.003). To
examine specific group differences, Fisher LSD tests were performed.
This analysis found that the TBI+Vehicle group had significantly
longer goal latencies than TBI+bFGF and Sham+Vehicle groups
(pb0.001). In addition the TBI+bFGF group did not differ in goal
latency from the Sham+Vehicle group (p=0.37). No differences were
observed in swim speed between groups indicating that motor
impairments did not contribute to the different latencies. Taken
together, these data demonstrate that injured animals display a
significant improvement in cognitive function when treated with an
intraventricular infusion of bFGF.

Post-TBI infusion of bFGF increases the total number of dentate granule
neurons but does not affect neurons in the CA3 and hilus

Since bFGF displays both mitogenic and neurotrophic functions,
we attempted to verify which of these properties were likely to
participate in the cognitive recovery observed following bFGF infusion
in injured animals. Since bFGF infusion significantly enhances cell
proliferation in the DG, we wanted to attest whether bFGF treatment
would affect the total number of DG granule cells. As hippocampal
neurons in the CA3 and hilus regions are particularly vulnerable to
secondary insults following TBI and their loss contributes to cognitive
deficits as assessed by MWM, we also sought to determine whether a
post-injury administration of bFGF protects these neuronal popula-
tions from injury-induced damage. Using unbiased stereological
method, the total number of neurons in the ipsilateral dentate granule
layer, CA3 and hilus regions was quantified at 4 weeks post-injury in
animals which went through MWM tests.

In the DG, injured animals which received vehicle infusion had
significant neuronal cell loss as compared to sham animals (p=0.02,
Fig. 8A), whereas injured animals which received bFGF infusion had
slightly but not significantly low neuronal cell counts as compared to
shams (p=0.125, Fig. 8A). Moreover, injured animals receiving bFGF
had a higher number of dentate granule neurons as compared to
injured animals infused with vehicle, however, the difference was not
significant (p=0.187). In both the CA3 and hilus regions, injured
animals treated with either bFGF or vehicle had significant neuronal
cell loss compared to sham animals (pb0.01, Figs. 8B, C). Injured
animals treated with vehicle had slightly but not significantly more
cell loss in both regions as compared to bFGF treated animals (pN0.05,
Figs. 8B, C). This data suggests that an intraventricular infusion of bFGF
increases the total number of dentate granule neurons, which is likely
due to the addition of large numbers of newly generated granule
neurons induced by bFGF treatment. The data also suggests that the



Fig. 8. Growth factor bFGF preserves the total number of dentate granule cells but does
not have a neuroprotective effect on the survival of neurons in the CA3 and hilus region
following injury. Four weeks after FPI, injured animals infused with either vehicle had
significant neuronal cell lose in the ipsilateral dentate gyrus (A), CA3 region (B) and
hilus region (C) as compared to sham animals (⁎pb0.05, ⁎⁎pb0.01, n=4 in each group).
Compared to sham animals, injured animals which received bFGF infusion also had
significantly neuronal cell lose in the CA3 and hilus regions (B and C, ⁎⁎pb0.05) but not
in the DG (A). No significant difference was observed in the number of total neuronal
counts between injured animals infused with bFGF and vehicle treated animals in all
three regions (A–C).
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short term bFGF treatment following TBI does not have a significant
neural protective effect on the CA3 and hilus neurons in the injured
hippocampus.

Discussion

The current study demonstrates that traumatic brain injury
induces cell proliferation in the subventricular zone and the dentate
gyrus of the hippocampus which can be further augmented with an
exogenous application of bFGF. Specifically, an intraventricular
infusion of bFGF immediately following TBI significantly increased
the number of newly generated cells in the subventricular zone and
the dentate gyrus. Moreover, by determining the cell fate of these
newly generated cells it was ascertained that this growth factor
treatment generated a larger pool of neurons than that found in
injury alone or with a vehicle infusion. Furthermore, bFGF admin-
istration improved cognitive functional recovery in injured animals
as assessed by Morris Water Maze tests. As a post-injury bFGF
infusion did not prevent injury-induced neuronal cell loss of
hippocampal neurons in the CA3 and hilus regions but rather
increased the total number of dentate granule neurons, it is likely
that the mechanism of bFGF-enhanced cognitive recovery is indepen-
dent of its neuroprotective effect.

The injury-induced proliferation response observed in this study is
in agreement with our previous investigations into endogenous repair
mechanisms of the brain following TBI as well as reports from other
labs (Dash et al., 2001; Chirumamilla et al., 2002; Sun et al., 2007). The
current study extends these observations by assessing cell prolifera-
tion in the DG and SVZ in both the ipsilateral and contralateral
hemispheres. Importantly, we demonstrate that this injury-induced
cell proliferation within the SVZ and DG can be further enhanced by
intraventricular administration of bFGF. This observation is somewhat
at odds with the findings of Kuhn et al. (1997) that bFGF infusion
solely enhances cell proliferation in the SVZ without affecting cell
proliferation or differentiation in the DG. However, the current
observation as well of those of others has shown that bFGF treatment
does indeed enhance neurogenesis in the dentate gyrus (Wagner et
al., 1999; Tureyen et al., 2005). This disparity could be due to
differences in sampling or quantification methods, dose of bFGF,
timing or length as well as route of growth factor administration.

In the hippocampus in normal adult rodents, newly born cells are
likely to degenerate within approximately 1–2 weeks of their
formation (Cameron and McKay, 2001; Dayer et al., 2003). Moreover,
the percentage of surviving newly born cells at 1 month after
generation in the normal animals varies in different studies and in
difference species. For example, Dayer et al. (2003) have reported a
50% survival rate by the time of 1 month in normal rats, whereas
Kempermann et al. reported a varying degree of survival in different
aged mice from near 25% in 2 month old animals (Kempermann et al.,
2003) to 43% in 6 month old and 61% in 18 months old (Kempermann
et al., 1998). In the current study, we found that following injury, bFGF
or vehicle injured animals had slightly lower percentage of survival
rate than the sham (56–59% versus 70–80%). This datawas compatible
towhat we reported previously (Sun et al., 2007). In the current study,
the lower survival rate observed in injured animals may due to the
shortage of neurotrophic support for far too many newly generated
cells and/or the less conducive injured environment for cell survival.
Compared to other published data, the higher percentage of survival
in the sham animals in this study is likely due to the differences in
animal species and age as well as the tissue sampling and
quantification methods. While the current study does not provide
definitive proof that the cognitive recovery observed following bFGF
infusion is the direct result of this enhanced neurogenesis, the large
numbers of newly generated cells that mature into neurons within the
DG, survive for an extended period and increase the total number of
dentate granule neurons provide compelling evidence that these
events are related. Independent of the precise mechanism, this study
is the first of its kind to demonstrate that a post-injury intraven-
tricular infusion of bFGF can improve cognitive recovery following
traumatic brain injury.

Although novel and of significant clinical relevance, the current
observations are hardly unexpected. Basic FGF is a well-known
mitogen for both neuronal and non-neuronal cells, showing both
multifunctional and pleiotropic activities in vitro and in vivo. For
example, during development, bFGF provides important extracellular
signals for regulating the proliferation and fate determination of stem
and progenitor cells in the CNS (Calof, 1995; Maric et al., 2007; Raballo
et al., 2000). In vitro, bFGF provides mitogenic and differentiating
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signals for neuroblasts and glial cells, as well as supporting cultured
neural stem cell proliferation and survival (Gritti et al., 1996; Palmer et
al., 1999; Qian et al., 1997). In addition to its effects on neuronal cells,
bFGF induces astrocyte and oligodendrocyte proliferation as well
(Bogler et al., 1990; Fressinaud et al., 1993; Hagood et al., 2006). In
vivo, bFGF has been shown to increase cell proliferation in the SVZ in
normal animals when administered intraventricularly (Kuhn et al.,
1997) or subcutaneously (Wagner et al., 1999). Basic FGF can also
restore neurogenesis in the hippocampus and subventricular zone in
aged animals (Jin et al., 2003; Rai et al., 2007). Collectively, these
observations demonstrate that the proliferation, differentiation and
survival of cells within the CNS are crucially dependent on signals
provided by bFGF.

In the mature brain, bFGF is expressed in both glia and neurons.
Relevant to the current study, however, is the fact that bFGF and its
receptor FGFR1 are expressed at high levels in subependymal cells
(Gonzalez et al., 1995). Moreover, bFGF immunoreactive cells are
present in the DG subgranular zone (Weickert et al., 2005). The
anatomical distribution of bFGF and its receptor FGFR1 in these
neurogenic regions suggests a role for bFGF in endogenous neurogen-
esis in the adult brain. Indeed, using bFGF gene knock out mice,
Yoshimura et al. (2001; 2003) have shown that bFGF is necessary to
stimulate cell proliferation and differentiation of neuroprogenitor
cells in the adult hippocampus. Specifically, bFGF knock out mice
exhibited diminished hippocampal DG neurogenesis in response to
seizure or trauma, which can be reversed by administration of bFGF. In
a related study, (Tao et al., 1997) showed that neurogenesis in the
hippocampus and cerebellum of newborn rats can be inhibited with a
neutralizing monoclonal antibody against bFGF. Taken together, these
studies demonstrate the importance of bFGF in the regulation of
neurogenesis within the neurogenic regions of the brain.

In addition to its mitogenic function, bFGF is also a well-known
neurotrophic factor for cells of the CNS. In vitro, bFGF protects neurons
from glutamate toxicity (Freese et al., 1992; Casper and Blum, 1995)
and prevents hippocampal cell death caused by hypoxia (Akaneya et
al., 1993) and hypoglycemia (Cheng and Mattson, 1991). In vivo, bFGF
protects hippocampal CA1 neuronal cell loss following forebrain
ischemia (Nakata et al., 1993). However, these neuroprotective effects
of bFGF treatment in animals are not consistently observed following
TBI. For example, (Dietrich et al., 1996) found that intravenous
administration of bFGF significantly decreased cortical neuronal cell
death and contusion volume following amild tomoderate parasagittal
fluid percussion injury. On the contrary, others have reported that
bFGF treatment attenuated post-TBI memory dysfunction but had no
effect on hippocampal neuronal cell loss or cortical contusion volume
in a lateral fluid percussion model (McDermott et al., 1997) or a
cortical contusion injury model (Yan et al., 2000). Likewise, in the
current study, we found that an intraventricular infusion of bFGF
attenuated cognitive deficits of injured animals in the absence of
significant protective effects on hippocampal CA3 and hilus neurons.
Taken together, these studies suggest that the neuroprotective effect
of bFGF on neuronal preservation following TBI is rather limited, and
the beneficial effect of bFGF treatment on cognitive function is not due
to its protection on cyto-architecture but rather through other
mechanisms. Other possible mechanisms by which bFGF may be
aiding in cognitive recovery when given systemically include synaptic
plasticity such as long term potentiation and memory and learning
(Schuman, 1999), modulatory effects on axonal branching and
arborization (Ramirez et al., 1999), by affecting ion channel function
and synaptic efficacy (Fitzsimonds and Poo, 1998). In vitro evidence
have demonstrated that bFGF can enhance synaptogenesis (Li et al.,
2002) and promote branching and growth of axons in cultured rat
hippocampal neurons including dentate gyrus neurons (Aoyagi et al.,
1994; Patel and McNamara, 1995) though these effects are in a dose
dependent manner and require continuous presence of bFGF (Patel
and McNamara, 1995; Aoyagi et al., 1994). Furthermore, the beneficial
effect of bFGF on functional recovery may due to the increased
connectivity. Monfils et al. (2008) have shown that bFGF induces
functional recovery in motor cortex injured animals through stimulat-
ing reconnection of cortical spinal projections. Although we cannot
discount these possibilities, in our study bFGF is infused focally into
the ventricular system which mostly affects areas around the lateral
ventricle. Therefore, it is reasonable to assume that its beneficial
effects are related to its actions on cells within proximity of the
ventricles, i.e., those within the SVZ and DG.

The results of current study demonstrated that an intraventricular
infusion of bFGF immediately following brain injury significantly
enhance endogenous neurogenesis and has profound beneficial
effects on the cognitive recovery of injured animals. Independent of
its mode of action, the therapeutic potential of bFGF should be
explored further as a viable option for treating patients suffering from
traumatic brain injury.
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